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Abstract
Multiple-detect test sets have been shown to be ef-

fective in lowering defect level. Other researchers have
noted that observing the effects of a defect can be con-
trolled by sensitizing affected sites to circuit outputs but
defect excitation is inherently probabilistic given a de-
fect’s inherent, unknown nature. As a result, test sets
that sensitize every signal line multiple times with vary-
ing circuit state has a greater probability of detecting
a defect. In past work, the entire circuit is considered
when varying circuit state from one vector to another
for a given signal line. However, it may be possible
to improve defect excitation by exploiting the localized
nature of many defect types. Specifically, by varying
circuit state in the physical region or neighborhood sur-
rounding a line affected by a defect, the defect excita-
tion and therefore detection can be improved. In this
paper, we present a method for extracting a physical
region surrounding a signal line but more importantly,
techniques for analyzing the excitation characteristics
of the region. Analysis of � -detect test sets reveals that���

% to � � % of signal line regions do not achieve at
least four unique states, indicating opportunity to fur-
ther reduce defect level.

1 Introduction

A multiple-detect (or � -detect) test set requires
that every single stuck-line (SSL) fault be detected
multiple times [1, 2]. The original work in this area
[1] revealed that defect coverage was significantly im-
proved in a test chip when � -detect test sets were em-
ployed. Subsequent work [3,4] provided both a theoret-
ical and statistical evidence supporting the effectiveness
of multiple-detect test sets.

Defect detection is both a deterministic and proba-
bilistic process [3]. Specifically, observation of the ef-
fects of defects (i.e. errors) requires path sensitization
from the affected signal lines to circuit outputs. Sig-
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Figure 1: Circuit diagram illustrating the potential inef-
fectiveness of � -detect test patterns.

nal line sensitization can be easily accomplished using
well-known test generation algorithms [5], and there-
fore is a deterministic task. However, the excitation or
activation of a defect is inherently probabilistic since
the exact nature of a defect is virtually unknown. Thus,
observing a signal line �
	 multiple times with varying
excitation conditions increases the likelihood of detect-
ing a defect that affects ��	 . It therefore follows that
test sets that detect every SSL fault multiple times with
varying circuit state has an improved defect level over
standard 1-detect test sets.

Test patterns for a given SSL fault affecting a signal
line � 	 in an � -detect test set requires that the excitation
conditions be different for every one of the � test pat-
terns. There is however no formal or systematic method
utilized for altering the excitation conditions. The only
requirement is that the test patterns be unique, that is,
for any two test patterns �
	 and ��� , it must be true that
the logic value for at least one circuit input is different.
This approach to � -detect test generation is satisfactory
if a defect can physically span a significant portion of
the circuit under test. However, if defects are assumed
to be localized, then it is more appropriate to restrict
the variation of the excitation conditions to the neigh-
borhood or region surrounding the targeted signal line
� 	 .

For example, consider a bridge defect between two
lines � and � as shown in Figure 1. Assume that the
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bridge manifests as a dominant bridge fault where � , the
aggressor, always imposes its logic value on the victim
line � . A test that detects this fault requires that sig-
nal line � be sensitized to some output (e.g. � ) while at
the same time, � and � are driven to opposite logic val-
ues by their respective driving gates. The deterministic
portion of � -detect test generation requires that line �
be tested for both the stuck-

�
and stuck- � fault, each

with at least � different test patterns. The excitation
requirements, on the other hand, only require that the
� patterns be unique from the perspective of the logic
values assigned to the primary inputs. Ideally, for this
particular fault, it would be desirable to find test pat-
terns that alter the inputs of sub-circuit one since this
increases the likelihood of generating a test pattern that
excites the dominant bridge fault between lines � and
� . The worst-case situation occurs however when all
� test patterns stem from changes made to the inputs
of sub-circuit two. For this latter situation, the proba-
bility of excitation of the bridge fault is not increased
although the criteria for � -detect has been satisfied.

Assuming a defect is localized, it is logical to as-
sume that its excitation conditions are localized as well
to the physical neighborhood or region surrounding the
signal line(s) affected by the defect. Our aim is to in-
crease the likelihood of defect detection by confining
the excitation requirements of � -detect test patterns to
the physical, three-dimensional region surrounding the
targeted signal line ��	 . In particular, by explicitly model-
ing various types of excitation conditions using fault tu-
ples [6,7], we can (1) grade existing test sets, including
� -detect test sets, to measure their ability to vary ex-
citation conditions within the regions of targeted signal
lines, and (2) generate test patterns that satisfy random
or deterministic excitation conditions within regions for
the purposes of improving defect excitation and there-
fore, detection.

In this paper, we show that � -detect test patterns
generated for a signal line � 	 with no restrictions on the
excitation conditions inadequately varies the values of
signal lines within the physical region �����
� 	�� contain-
ing � 	 . This observation establishes the need for a more
effective means of guiding the � -detect test generation
process. Previous research work [8–10] has primarily
focussed on evaluating � -detect tests based on a spe-
cific defect surrogate.

The rest of this paper is organized as follows. Sec-
tion 2 describes how physical regions are extracted from
a layout a description of the circuit under test. Various
options for utilizing the regions for defect excitation are
described in section 3. In section 4, we investigate how
well � -detect tests exercise physical regions for a 4-bit
ALU and several ITC99 benchmark circuits [11]. Fi-

nally, in section 5, we draw conclusions and outline ar-
eas of future work.

2 Region Extraction

In this section, we describe our methodology for
extracting the physical neighborhood or region of a sig-
nal line from its layout description.

There has been a significant body of work that has
examined the physical layout of a circuit to identify
the most likely defect sites and types [12–16]. Our
purpose is not to duplicate that work but leverage it
for the objectives described in this paper. LANNE, a
LAyout based Net Neighborhood Extractor, was devel-
oped to derive physical, three-dimensional regions. The
tool utilizes a publicly-available design exchange for-
mat (DEF) parser [17]. LANNE accepts a layout de-
scription of a circuit 	 in DEF and a user-provided re-
gion radius 
 . As output, LANNE produces a physical
region � � of radius 
 for each logical line ��	 in the gate-
level description of 	 .

A region � � � � 	 ��� � ��
�� ����� ������������� ��� � is a set of
logical signal lines, where each � ��� �����
� 	�� has a cor-
responding net � � such that the distance � 	 � between � 	
and � � is at most 
 , that is, � 	 �! 
 . A net � 	 is the
physical correspondent of the logic-level signal line � 	 .
Specifically, a net � 	"� �$# 	�
 � # 	%� ��������� # 	%& � is a set of '
segments that consists primarily of metal interconnects
and vias. We obtain the region � � �
� 	 � for a line � 	 by
extracting the region for each segment

# 	 � � � 	 .
In general, the distance between any two segments

is determined by computing the distance between the
polygons representing the segments. For example, con-
sider the layout shown in Figure 2(a). The polygons
show the physical layout of two parallel nets. The line
AB shows the line of symmetry for each rectangle. The
distance � 	 � between the nets � 	 and � � is determined
by computing the distance between the lines AB, i.e.,
the lines of symmetry of the polygon for net � 	 and
the polygon for net � � . There are special cases when
the distance computation is somewhat complicated. For
example, consider the layout of two nets shown in Fig-
ure 2(b). The distance � 	 � between nets � 	 and � � is
the distance between the edges of the polygons. For the
layout shown in Figure 2(c), distance � 	 � between nets
� 	 and � � is the distance between the edge of the poly-
gon for � 	 and the line of symmetry for the polygon for
� � . Figure 2(d) illustrates the distance between nets in
different layers. The polygons show the layout of the
two nets � 	 and � � in metal layers ( and (*)+� . The dis-
tance � 	 � between � 	 and � � is the distance between the
lines of symmetries of the two polygons.
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Figure 2: Different cases for computing net distances:
(a) distance between lines of symmetry of nets in the
same layer, (b) distance between edges of nets in same
layer, (c) distance between edge and line of symmetry
of nets in same layer and (d) distance between lines of
symmetry of nets in different layers.

Figure 3 lists the pseudo-code for extracting the re-
gion of a net � 	 . For each segment

# 	 � � � 	 , all other
net segments contained in the three-dimensional cylin-
der with radius 
 that surrounds net

# 	 � is identified by
computing the distance between segment

# 	 � and every
other net segment

# & � in the same layer and in adja-
cent layers. Each logic line � & with segment

# & � with
distance � 	%&  
 is added to � � � � 	 � . This process con-
tinues for all the segments of the target net � 	 .

Consider the layout shown in Figure 4. The target
net is � 
 and the target segment is

# 
 
 . The gray box
around the segment

# 
 
 shows the complete region of
radius 
 around the segment. The segments within 

distance of segment

# 
 
 is the set
�$# � 
 � # � � � #�� 
$� #�� 
 � ,

where
# � 
 is a segment of net �"� , # � � is a segment

of � � , #�� 
 is a segment of � � and
#�� 
 is a segment of

� � . Thus, the region extracted for line � 
 is �����
� 
�� �� � � � � � � � � � � � � .

Region analysis was performed using benchmarks

net region( ��� ,L)
� � : Target net
L: Layout of circuit under test
begin

1:
	�
 ����
�� segments of ���

2: foreach segment � � ��� ��� to �	�
 � � 
�� do
3: ��� layer of ��� � in L
4: foreach net ����� � � to

number of nets in � do
5:

	�
 ��� 
!� segments of nets
�"� in layer �

6: foreach segment �#�%$'&�(�)� � ,* �+� to � 	�
 ����
�� do
7: ,-� distance( �#�.$ , �)� � )
8: if ,0/21 then // r is user-

defined region radius
9: add net( ���.$ ) to 3�4 
65 � 


10: end if
11: end for
12: end for
13: end for

end

Figure 3: Pseudo-code for extracting the surrounding
region of a net.

b10, b11 and b12 from the ITC99 benchmark suite [11]
and the well-known 4-bit ALU [18]. ST Microelectron-
ics

� � ��798 m technology was used to automatically gen-
erate the layouts using Cadence Silicon Ensemble. Fig-
ure 5 shows the minimum, average and maximum sizes
(i.e. the number of signal lines) of the regions extracted
using LANNE. The region radii considered ranged from� � �;: 8 m to <�� � : 8 m. As the region radius increases, the
average region size for each benchmark does not signif-
icantly increase. For example, for benchmark b12 the
maximum region size for radius < �%� : 8 m is = : but the
average region size is significantly lower at � : . Smaller
regions are preferable since it implies that defect detec-
tion can be accomplished using fewer tests.

3 Region Analysis

In this section, we describe how regions are used
to guide the generation of multiple-detect test patterns.
First, we describe the alternatives available for selecting
excitation condition within the regions. We then discuss
the available techniques for actually generating test pat-
terns that satisfy the various excitation conditions.
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Figure 5: Maximum, minimum and average region sizes for various values of 
 for (a) alu4, (b) b10, (c) b11s and
(d) b12.

3.1 Region Excitation

Given a signal line � 	 and its corresponding re-
gion � ��� � 	�� , a question worth considering is how ����� � 	��
should be utilized in order to excite a defect that affects
line � 	 . There are a number of possibilities.

Obviously, since the nature of the defect is un-
known, it is reasonable to employ random excitation
conditions where lines within a region are randomly as-
signed logic values. Note however that the random ex-
citation does not need to be constrained to one clock
cycle. For example, it may be desirable to apply se-
quences of values to the regional lines that include an
arbitrary number of rising and falling transitions.

If a region size is small ( � � � ��� �
or � ), then exhaus-

tive excitation of the region may be viable. In this case,
all

:�� �����
combinations of logic values would be applied

to the signal lines of � � . Again, the excitation of the
region can be generalized to include sequences. For ex-
ample, all possible sequences of length two would re-
sult in a super-exhaustive exercise of the region involv-

ing
:	� �����	
 � :	� ������� � � transitions.

Excitation of the region can also be tailored to spe-
cific defect types. As mentioned earlier, there has been
a significant amount of work dedicated to the extrac-
tion of likely defect sites and types [13–16]. Our ap-
proach to region extraction is less sophisticated but can
be used for similar objectives. For example, we can
formulate excitation conditions for a region based on
various types of bridge faults (zero-dominating, one-
dominating, etc.) that can occur between one or more
regional lines and the targeted line � 	 . For other defect
types that include, for example, resistive bridges and
opens, the regional lines can be used to alter the de-
fect’s environment. For instance, imposing transitions
in the region of an interconnect open on �
	 may slow
down gates driven by ��	 or cause them to switch alto-
gether from their correct value [19].

We also recognize that the excitation conditions can
vary from region to region. In other words, it not nec-
essary that the excitation condition for a region � � �
� 	 �
be similar to a region � � �
� � � . A region’s size and ex-
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Figure 4: Region extracted LANNE for net � 
 (a) intra-
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citation conditions, in general, should be a function of
the circuit structure and fabrication technology. For ex-
ample, it may be more appropriate to have excitation
conditions biased towards bridge defects for a dense,
hand-drawn layout of a datapath circuit. However, for
synthesized logic, random excitation conditions may be
sufficient. For this latter case, the size of the region
should also be increased to ensure that lines that can in-
fluence excitation of the defect affecting line �
	 are iden-
tified. As already mentioned, the fabrication technology
can also play a role. For instance, in technologies where
copper is used to construct the nets, it is well-known
that open defects are more likely [20]. Thus, the exci-
tation conditions can be biased towards their activation
requirements. In addition, the experience gained from a
mature fabrication technology through failure analysis
can be used to select region size and excitation condi-
tions as well.

3.2 Fault Tuples

The variety of excitation conditions requires a gen-
eral technique for analysis. However, traditional test
analysis algorithms for fault simulation and test gen-
eration are limited to just a few fault types and there-

fore a few excitation conditions. Arbitrary signal line
conditions can be represented however using fault tu-
ples [6, 7, 21] and IBM pattern faults [22]. Fault tuples
are more general in that they can represent conditions
across multiple clock cycles and are not limited to a sin-
gle erroneous line ��	 .

A fault tuple is a three tuple � � �
�
	 ������� ��� � , where
� 	 is any signal line in the circuit, � and � are from the
set

� � ��� ��	 ��
 � etc. � , and � is an inter-clock cycle con-
straint range that describes when �
	 must equal � . Fault
tuples can be ANDed together to form products, and
products can be ORed together to form macrofaults. A
macrofault can be used to represent multiple and alter-
native activation and observation requirements for the
logic misbehavior of one or more defects. The com-
plete, formal specification of fault tuples can be found
in [23].

Similar to IBM pattern faults, macrofaults can be
logically ANDed or ORed together. A product of
macrofaults ( � 
�
��!��
 ������
���� ) requires a single test
or test sequence that detects each macrofault. The dif-
ference between a product of macrofaults and a product
of fault tuples is that the former represents � separate
faulty machines, while the latter is a single faulty ma-
chine. In other words, a product of fault tuples repre-
sents the set of activation and observation conditions for
one or more defects while a product of macrofaults de-
scribes the required properties of a test or test sequence.
Similarly, a sum of macrofaults ( � 
 )�� � ) ������)�� � )
requires a test or test sequence that detects at least one
� 	 .

Macrofaults can be easily used to represent the var-
ious excitation conditions for a region. For example,
Tables 1 and 2 illustrates exhaustive and 2-line bridge
excitation conditions, respectively, for a signal line � 	
and its region � �
��	 � � � ��
 � ��� � .

4 Simulation Results

For each SSL fault located at signal line � 	 , an � -
detect test should detect the fault at least � different
times with � unique value combinations in the physical
region �����
� 	�� . As mentioned earlier, such an � -detect
test set is meaningful if one assumes that any defect
that affects � 	 is confined to � � �
� 	 � . The effectiveness
of an � -detect test set for a line ��	 stuck-at � ( � � � ��� )
is defined to be the number of combinations or states
established in ��� �
� 	 � when the fault is detected. One
way to measure effectiveness is by simulating an � -
detect test for an SSL fault ��	 stuck-at � against the set of
fault tuple based macrofaults that describe all possible
excitation conditions for the physical region � ���
� 	�� .

Paper 34.3

880



Excitation description Macrofault description5�� 5�� � ���
and

5 � stuck-at 1 � 
65���� �
	�� ��
 
���� 
65���� �
	�� � � 
���� 
65 � � ��	 � � �;
��5�� 5�� � � � and
5 � stuck-at 1 � 
65���� �
	�� ��
 
���� 
65���� � 	�� � � 
���� 
65 � � ��	 � � �;
��5�� 5�� � � � and
5 � stuck-at 1 � 
65���� � 	�� ��
 
���� 
65���� �
	�� � � 
���� 
65 � � ��	 � � �;
��5�� 5�� � ��� and
5 � stuck-at 1 � 
65���� � 	�� ��
 
���� 
65���� � 	�� � � 
���� 
65 � � ��	 � � �;
��5 � 5 � � ���

and
5 � stuck-at 0 � 
65 � � �
	�� ��
 
���� 
65 � � �
	�� � � 
���� 
65 � � ��	�� � �;
��5 � 5 � � � � and
5 � stuck-at 0 � 
65 � � �
	�� ��
 
���� 
65 � � � 	�� � � 
���� 
65 � � ��	�� � �;
��5 � 5 � � � � and
5 � stuck-at 0 � 
65 � � � 	�� ��
 
���� 
65 � � �
	�� � � 
���� 
65 � � ��	�� � �;
��5 � 5 � � ��� and
5 � stuck-at 0 � 
65 � � � 	�� ��
 
���� 
65 � � � 	�� � � 
���� 
65 � � ��	�� � �;
��

Table 1: Macrofault representation of exhaustive excitation conditions for � � � � 	 � � � ��
 � ��� � .

Excitation description Macrofault description5��
dominates

5 � � 
65���� �
	�� ��
 
 
65 � � ��	�� ��
 
�� 
65���� ��	 � ��
 
 
65 � � �
	�� ��
 
��5 �
dominates

5 � � 
65 � � �
	�� ��
 
 
65 � � ��	�� ��
 
�� 
65 � � ��	 � ��
 
 
65 � � �
	�� ��
 
��
AND-type(

5 � � 5 � ) � 
65 � � �
	�� ��
 
 
65 � � ��	�� ��
 
�� 
65 � � ��	�� ��
 
 
65 � � �
	�� ��
 
��
AND-type(

5 � � 5 � ) � 
65 � � �
	�� ��
 
 
65 � � ��	�� ��
 
�� 
65 � � ��	�� ��
 
 
65 � � �
	�� ��
 
��
OR-type(

5 � � 5 � ) � 
65 � � � 	�� ��
 
 
65 � � ��	 � ��
 
�� 
65 � � ��	 � ��
 
 
65 � � � 	�� ��
 
��
OR-type(

5 � � 5 � ) � 
65 � � � 	�� ��
 
 
65 � � ��	 � ��
 
�� 
65 � � ��	 � ��
 
 
65 � � � 	�� ��
 
��
Table 2: Macrofault representation of various bridge excitation conditions for � ���
� 	 � � � � 
 � � � � .

We performed the effectiveness measurement on
the four benchmark circuits presented in Section 2, us-
ing various values of � (number of multiple detects)
and 
 (region radius). In order to demonstrate our
methodology, we present here results for � � � and
region radius of 
 � � � : 7 8 m. All the simulations were
performed on a SUN Fire 280R (1.0 GHz) processor
with � � � GB of physical memory running Sun Solaris 8.

The effectiveness of the multiple-detect tests can be
better understood if the actual number of unique states
possible in each physical region can be obtained. For
example, in the layout of b10, the SSL faults � 
 �
U206 stuck-at

�
and � � � RTR stuck-at

�
have region sizes of six and nine signal lines, respec-
tively, for 
 � � � : 7 8 m. Theoretically,

:�� � � � and:�� � < � : different unique states are possible in the
physical regions of � 
 and � � , respectively. But due
to the logic structure of b10, 72 unique states are possi-
ble for ��� , while only 2 states are possible in � 
 . Thus,
an � -detect test set can, at best, obtain only an effec-
tiveness measure of two for � 
 for the physical region
considered. We refer to the actual number of unique
states of a physical region as the physical upper bound
of a region. It would have been desirable to compute the
physical upper bound for each SSL. However, comput-
ing the upper bound for faults in larger circuits is quite
intractable. SSL faults that require significant computa-
tional effort for deriving their physical upper bound are
therefore, not analyzed completely.

Table 3 provides statistics concerning the SSL
faults of each benchmark considered for our experi-
ments. Column “No. of SSL Faults” shows the to-

tal number of SSL faults for each benchmark. Col-
umn “No. of Faults Dropped” shows the number of
SSL faults dropped from complete analysis. Specifi-
cally, column “No. of � -Red” shows the number of SSL
faults that are redundant, column “No. of � -Red” shows
the number of SSL faults that do not have � distinct
tests, and column “Intractable Upper Bounds” shows
the number of faults removed because the correspond-
ing upper bounds could not be computed in a reasonable
amount of time. Finally, column “No. of Faults Con-
sidered” shows the total number of faults considered in
our analysis1.

Table 4 shows the distribution of the physical upper
bounds of the SSL faults considered for the experiment.
Column “Physical Upper Bounds” lists the number of
SSL faults that have physical upper bounds of � , :

,
�

and � � states. Since a � -detect test set is used for the
simulation experiments, only the above-mentioned cat-
egories are needed to analyze the effectiveness of the
multiple-detect test sets. For example, of the 7 � < SSL
faults that have at least four unique tests for b10, only
�;= 7 have four or more unique states possible within
their corresponding physical regions. Due to the cir-
cuit structure, the remaining

� � �
faults cannot achieve

four unique states even though � -detect tests exist for
all of them.

In this paper, the effectiveness of two different
types of multiple-detect test sets are examined. For the

1The number of faults dropped due to intractable upper bounds
is large in the case of benchmarks b11s and b12. Therefore, these
benchmarks are not considered in the analysis based on physical up-
per bounds.
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No. of faults dropped No. of
No. of Intractable faults

Benchmark SSL faults No. of � -red No. of � -red upper bounds considered
alu4 ����� � � � �����
b10 ����� � � � � �����
b11s

� � �	� ��� � 
 ��� ���
b12 ����� � � � 
 �
�����

Table 3: Characteristics of the SSL faults considered for physical upper-bound analysis.

Physical Upper Bound
Benchmark � � � ���

alu4 ��� ��� ��� �����
b10 � � � ����� ��� �����

Table 4: Categorization of the SSL faults based on the
upper bound on the number of states possible in their
physical regions.

first type, called “exact � -detect test set,” exactly �
tests are generated for each SSL fault, that is, each SSL
fault has � tests, no more, no less. Since it is likely
an SSL fault is detectable by more than � tests, five
different exact- � test sets are created and used to ex-
amine effectiveness of exact- � test sets. In the second
multiple-detect test set, called “traditional � -detect test
set,” an � -detect test set is generated in the traditional
fashion as described in Figure 6. Similar to exact � -
detect, five different traditional � -detect test sets are
created and used to measure effectiveness of this cate-
gory of � -detect test sets.

tranditional N( � )
� : Minimum no. of tests required for each SSL fault
begin

1: foreach fault ��� 
 �+� to Total do
2: if detect count( �)� ) /�� then
3: 1��	��� 
 1��), = detect count( � � ) - �
4: � � = generate 1������ 
 1���, tests for � �
5: fault simulate( ��� , all faults)
6: update detect counts of faults
7: Add � � to test set
8: end if
9: end for

end

Figure 6: Pseudocode for generating a traditional � -
detect test set.

The details of the test sets that achieve the maxi-
mum number of unique states across all the SSL faults
for the five different test sets are presented here. Specif-
ically, the faults for which the physical upper bounds
could be determined are partitioned into several “buck-
ets,” each representing an upper bound ranging from 1
to � � . Figure 7 shows the partitioning of SSL faults

for the two types of � -detect test sets for alu4 and b10.
The � -axis is the size of the physical upper bound (i.e.
the number of possible states in the physical region) and
the � -axis shows the number of SSL faults that have the
indicated bound size. The chart bars denoted “Physi-
cal Upper Bounds” provides the number of SSL faults
with the specific physical upper bounds (presented ear-
lier in Table 4). For example, �;= 7 faults in b10 have an
upper bound of four or more. The bars titled “Exact � -
Detect” and “Traditional � -Detect” show the effective-
ness of SSL faults achieved by the exact and traditional
� -detect test sets, respectively. For example, for bench-
mark b10 the exact � -detect test set had an effectiveness
of four for only

� < � of the �;= 7 SSL faults that can have
an effectiveness of four, while the traditional � -detect
test set did appreciably better with � 7 � . In general, the
exact-4 test set is quite ineffective. For instance, ��7 �
of the 7 � < SSL faults in b10 failed to reach their upper
bound using the exact- � test set. For the traditional � -
detect test set, the number of faults that fail to achieve
an effectiveness equal to their upper bound reduces to: :

, but still falls short of achieving maximum effective-
ness.

The following observations can be made about the
data presented in Tables 3 and 4 and Figure 7.

1. First, both types of � -detect test sets fail to reach
maximum effectiveness for b10 and alu4. For the
best traditional � -detect test set,

: � = % ( � � � � � < 

� ��� ) and

: � � % (
: : � 7 � < 
 � ��� ) of the SSL faults

with known upper bounds fail to reach their max-
imum effectiveness for alu4 and b10, respectively.
For these faults, the 4-detect tests are unable to
maximally excite their corresponding physical re-
gions. Thus, the resources used to generate and
apply a 4-detect test set are wasted and should be
better utilized to exercise the physical regions sur-
rounding these faults.

2. Second, resources are also misdirected for SSL
faults that have upper bounds smaller than � . Ta-
ble 3 shows that alu4 and b10 have � � < and 7 � <
SSL faults that have at least four unique tests, re-
spectively. However, Table 4 indicates that only
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Figure 7: Effectiveness measures obtained by the best exact and traditional � -detect test sets for (a) alu4 and (b)
b10 in context of the achievable effectiveness.

43% ( ��7�� � � � < 
 � ��� ) and 60% ( �;= 7 � 7 � < 
 � ��� ),
respectively, of these faults can have an effec-
tiveness of four. Thus, the remaining faults are
“region-redundant,” that is, generating additional
tests that exceeds their upper bound is unnecessary
since all possible unique states in the region should
have been excited by previous tests.

3. Observations one and two lead to the conclusion
that � -detect test generation can and should be
improved using the physical regions or some other
signal line characteristics as a guide. However,
there is additional cost associated with identifying
the most pertinent signal line characteristics and
using them in an ATPG environment. Moreover,
the improvement in part quality (e.g. escape rate),
if any, should be assessed more formally in mov-
ing from traditional � -detest sets to those guided
by signal line characteristics such as the physi-
cal neighborhood. Hence, additional research is
needed to address these issues.

Figure 8 reports effectiveness for all benchmark
SSL faults that have at least four tests. (Thus, faults
for which the physical upper bound is not known are
also included here.) The results in Figure 8 stem from
the most effective exact and traditional 4-detect test
sets from five different runs. Each bar corresponding
to a benchmark circuit is partitioned into four sections
based on the effectiveness achieved by an exact test set
(Figure 8(a)2) and a traditional � -detect test set (Fig-
ure 8(b)). Consider benchmark b12. It has � � � = SSL
faults, each of which has at least four unique tests (see
Table 3). For the exact-4 test set, 7 � : faults have an ef-

2The reader should note that for b10, the discrepancy in the num-
ber of SSL faults with upper bound 4 is because of certain inadequa-
cies of the tools involved.

fectiveness of one, � ��= � have two, � � � 7 have three, and
� ��� = have four or more. Similarly, the traditional � -
detect test has 7 � � , �;7�� , : < � and

� : : 7 SSL faults with
effectiveness measures of 1, 2, 3, and � � , respectively.

Finally, Table 5 provides a comparison between the
average number of times an SSL fault is detected and
the average effectiveness. Column “Avg. no. of de-
tects” shows the average number of detects of each SSL
fault obtained by the best traditional � -detect test set
and column “Avg. Effectiveness” shows the average
number of unique states established by the same test set
in the physical regions. The data in Table 5 indicates
that many faults are detected a significant number of
times. However, the average effectiveness is less than
a third of the average detections for each benchmark.
For example, b12 has a average detect of 129 but an av-
erage effectiveness of only 15. Although the data set
here is small, we believe this example and the observa-
tions made early demonstrate the need to explore new
approaches to � -detect test generation.

Avg. no. of Avg.
Benchmark detects effectiveness

alu4
� � �

b10 ��� �
b11s ��� � �
b12 � � � �	�

Table 5: Comparison between the average number of
times an SSL fault is detected and the average effec-
tiveness.

5 Conclusions

Tests for � -detect test sets are generated using a
simple criteria, namely, each fault must be detected by
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Figure 8: Effectiveness measures achieved by the best (a) exact and (b) traditional � -detect tests sets for a neigh-
borhood radius of 
 � � � : 798 m.

at least � unique tests. In this paper, we described a
new approach to measure the effectiveness of an � -
detect test set based on the localized nature of most de-
fect types. Simulations show that � -detect test sets ex-
cite less than four value combinations in the localized
regions surrounding the signal lines. If these results
hold true in general, two important conclusions can be
drawn. First, if the regions can have more value combi-
nations, then there is opportunity to improve defect ex-
citation and therefore reduce defect level. Second, if the
regions are saturated and cannot support other unique
value combinations, then the effort expended to gener-
ate and execute � -detect test sets can be better utilized.

Our future work is exploring new, cost-effective
techniques for � -detect test generation and, more im-
portantly, analyzing the ability of the corresponding test
sets to improve quality.
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