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Abstract — With the exponential growth in the number of
transistors, not only test data volume and test application time
may increase, but also multiple faults may exist in one chip. Test
compaction has been a de-facto design-for-testability technique to
reduce the test cost. However, the compacted test responses make
multiple-fault diagnosis rather difficult. When there is no space
compactor, the most likely suspect fault is considered producing
the failing responses most similar to the failing responses
observed from the automatic test equipment. But when
compactor exists, those suspect faults may no longer have the
same high possibility of being the actual faults. To address this
problem, we introduce a novel metric explanation necessity. By
using both of the new metric and the traditional metric
explanation capability, we evaluate the possibility of a suspect
fault to be the actual fault. For ISCAS’89 and ITC’99 benchmark
circuits equipped with extreme space compactors, experimental
results show that 98.8% of the top-ranked suspect faults hit the
actual faults, outperforming a previous work by 11.3%.

I. INTRODUCTION

Fault diagnosis plays an important role in speeding up the
yield learning process and reducing the time-to-market [1]. It
analyzes the observed responses of the Circuit-Under-Test
(CUT) and provides the most likely suspect faults for further
analysis. With the exponential growth in the number of
transistors, two issues of diagnosis are encountered. Firstly,
single fault model may not be adequate for diagnosing defects
in modern devices where multiple defects may exist and affect
several metal wires [2]. Experiments in [3] showed that more
than 41% of defects cannot be diagnosed using the single
stuck-at fault model. Therefore, methods for multiple-defect
diagnosis [2-11] and compound-defect diagnosis [12, 13] have
been proposed in recent years. They use non-compacted
responses for diagnosis. Secondly, both of test data volume and
test application time increase, thus some compaction
techniques [14-18] are proposed to reduce the test cost.
However, the compaction techniques aggravate the interaction
of multiple-fault effects and make the diagnosis rather difficult.

For the CUT without compactor, fault diagnosis methods
can be classified into two categories: the effect-cause based
diagnosis methods and the cause-effect based diagnosis
methods. The effect-cause based diagnosis methods [3-9]
usually have four steps: marking, simulation, evaluation, and
ranking of suspect faults. It dynamically calculates the
responses of a suspect fault. The cause-effect based diagnosis
methods [10-11] use a static mechanism. They normally pre-
compute a fault dictionary to store the responses of possible
faults. Both methods compare the responses of suspect faults
with the responses of the CUT to choose the most likely
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suspect faults. Due to the large storage space requirement of
the cause-effect based diagnosis methods, the effect-cause
based diagnosis methods play a dominant role in diagnosis.

Using non-compacted responses, the most likely suspect
fault is considered producing the failing responses most similar
to the failing responses of the CUT. However, when space
compactor functions, those suspect faults may no longer have
the same high possibility of being the actual faults. For the
CUT equipped with space compactor, fault diagnosis
approaches can be classified into three categories as follows.

(1) Bypassing diagnosis: This kind of methods reloads test
patterns and tests the CUT again in the context of bypassing
space compactor. Then conventional fault diagnosis using non-
compacted responses are performed. During volume diagnosis,
reloading test patterns to the Automatic Test Equipment (ATE)
for a second run of test increases the test cost, but twice tests
may not be desired.

(2) Indirect diagnosis: This kind of methods [15-18] tries to
mathematically decompress the compacted responses, and then
applies conventional fault diagnosis methods. The problem is
that the rebuilt responses may be distorted, thus the succeeding
diagnosis based on them may be inaccurate, too. Moreover, the
indirect diagnosis techniques are structure-dependent. This
limits their applications.

(3) Direct diagnosis: The direct diagnosis methods [19, 20]
are similar to the effect-cause based diagnosis methods. Since
the space compactor structure is known, we can use fault
simulation to get the compacted responses of a single suspect
fault. These simulated responses are compared with the
responses of the CUT to select the most likely suspect faults.
Compared with indirect diagnosis, this kind of methods is
structure-independent. In [19], the single fault assumption is
used, thus the authors do not specify how to estimate the match
degree between the simulated responses and the responses of
the CUT. In ideal situations when single fault exits, a perfect
match between these two kinds of responses can be surely
found. In [20], the authors present a method of estimating the
match degree when multiple faults exist. However, the
accuracy of top-ranked suspect faults is not very high.

The proposed multiple-fault diagnosis method using
compacted responses belongs to the direct diagnosis methods.
It can be used when the space compactor structure in the CUT
is known. We not only consider match degree between the
simulated responses of a suspect fault and the responses of the
CUT, but also estimate how much necessity the suspect fault is
for explaining failing observation points. By using both of the
proposed metric explanation necessity and the traditional
metric explanation capability, we rank all the suspect faults
and select the most likely suspect faults.

The rest of the paper is organized as follows. Section 2
presents the issue of multiple-fault diagnosis using compacted



responses. Section 3 elaborates the proposed diagnosis
methodology. Experimental results are shown in Section 4,
followed by the conclusion section.

II.  ISSUE OF DIAGNOSIS WITH COMPACTED RESPONSES

In this work, the compacted observable signals are called
Observation Points (OPs). Before illustrating the issue of
multiple-fault diagnosis using compacted responses, we
introduce two concepts first as follows.

A suspect fault is considered explaining a failing
observation point if the single suspect fault can produce the
signal same to the failing observation point. The number of the
failing observation points, which can be explained by a suspect
fault, is represented as “6”

A suspect fault is considered contaminating a passing
observation point if the single suspect fault produces a signal
opposite to the passing observation point. The number of the
passing observation points, which are contaminated by a
suspect fault, is represented as “z”

For example, in Fig.1, assuming there are 7 observation
points from OP; to OP,. The responses expected to be
observed are (0000000), and the actually observed responses
are (0011111). Five suspect faults exist, and their simulated
compacted responses are also shown in the figure. According
to above definitions, F, can explain OP;, OP,, and OPs,
meanwhile it contaminates OP), thus its o is 3, and its z is 1.

The explanation capability of a suspect fault reflects how
much degree the suspect fault has to explain the failing
observation points while not contaminating the passing
observation points. A suspect fault with a high ¢ and a low 1
reflects its high explanation capability.

Without space compactor, when multiple faults exist, the
suspect faults with the highest explanation capability often hit
the actual faults [9]. The situation, that the actual faults do not
show the highest explanation capability, rarely occurs.
However, this situation becomes serious after a space
compactor is equipped in the circuit. For example, in Fig.2-(1),
the actual faults are a/0 (a-stuck-at-0) and ¢/0. Without space
compactor, failing observation points are the Scan Cell;; and
the primary output ¢. In this situation, no suspect faults have
higher explanation capability than the actual faults. If a simple
space compactor shown in Fig.2-(2) is equipped, the failing
observation points become ¢ and the output of the space
compactor (Cell;;-XOR-Celly;, we use “OP;” to represent it).
In this situation, /0 can explain both of OP; and ¢, thus it has
the highest explanation capability.
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Figure 2. An example issue of multiple-fault diagnosis
using compacted responses

We can see from above example that after the responses are
compacted, the suspect fault with the highest explanation
capability may not hit any actual faults. In other words, only
using the explanation capability metric to evaluate and rank
suspect faults is not enough anymore for achieving high
diagnosis accuracy.

To address this issue, we introduce a novel metric
explanation necessity. By using both of the explanation
necessity and the explanation capability, each suspect fault is
evaluated and ranked. The explanation necessity of a suspect
fault reflects how important it is for explaining the failing
observation points. For example, in Fig.1, F; can explain OP;,
OP,, and OP;s. If it is not an actual fault, OP; and OP, can still
be explained by F, F,, or F5, and OPs can still be explained by
F, or F,. However, if F; is not an actual fault, no other suspect
faults can explain OP;. In other words, the explanation
necessity of F7 is higher than F, because if F; is not an actual
fault, there is one failing observation point cannot be explained.

To quantify the explanation necessity, we give each
observation point a weight represented as “®”. It is defined as
1/N,., where N, is the number of suspect faults which can
explain/contaminate the failing/passing observation point. For
example in Fig.l, the passing observation point OP; is
contaminated by three suspect faults, thus it gets the weight 1/3,
and the failing observation point OP; is explained by four
suspect faults, thus it gets the weight 1/4. The strategy of
combining the explanation necessity and the explanation
capability for fault diagnosis will be given in the next section.

III. DIAGNOSIS METHODOLOGY

The proposed diagnosis method uses four steps including
marking, simulation, evaluation, and ranking of suspect faults.
These steps are similar to the steps of the effect-cause based
diagnosis methods. The biggest difference is that we introduce
the explanation necessity metric into the suspect fault
evaluation step. This improves the accuracy of diagnosis using
compacted responses.

A.  Suspect Fault Marking

According to the failing observation points, we can mark
possible suspect faults by searching the related logic cones. For
example, in Fig.2, if we observe a failing bit at OP,, at least
one actual fault should exist in the union of the logic cones of
Celln and Cellzl.

B.  Suspect Fault Simulation

With the marked suspect faults, we simulate each single
suspect fault under all the failing patterns and the passing
patterns to record their compacted responses. This step is
practical because the structure of the space compactor is known.



C. Suspect Fault Evaluation

After getting the simulated compacted responses of each
suspect fault, we compare the simulated responses with the
responses of the CUT. Two metrics (1) the explanation
necessity and (2) the explanation capability are used to evaluate
each suspect fault. Every suspect fault is given a score to reflect
its possibility of being the actual faults, represented as “¢”. The
scoring equation is given as follows.

& = i  of explained OP; - zl:(;) of contaminated OP;
=0 =0

If a suspect fault can explain a failing observation point,
then ¢ of this suspect fault is updated by adding the weight of
the explained failing observation point. The larger weight the
failing observation point gets, the less suspect faults can
explain this failing observation point, and the higher
explanation necessity the suspect fault has. Thus & of this
suspect fault pluses a larger value.

If a suspect fault contaminates a passing observation point,
then ¢ of this suspect fault is updated by subtracting the weight
of the contaminated passing observation point. The larger
weight the passing observation point gets, the less suspect
faults can contaminate this passing observation point, and the
lower explanation necessity the suspect fault has. Thus ¢ of this
suspect fault minuses a larger value.

For example, in Fig.1, the score of F; is 1/4expiain 0r3) T
1/"'(e)(plain OP4) + 1/3(explain OP5) — 1/3(comaminate OP1) = 1/2. From this
equation, we can see that both of the explanation necessity and
the explanation capability are considered.

D. Suspect Fault Ranking

In this step, suspect faults are ranked according to their
scores. A higher score leads to a higher rank. The top-ranked
suspect faults are considered having the highest possibility of
being the actual faults. In the example of Fig.1, the top-ranked
suspect fault is F; with the highest score e=1.5.

From the example in Fig.1, we can also see that using the
proposed evaluation mechanism, the suspect fault with a high
explanation capability may not get a high rank. For example,
either of F, F,, and F can explain no less than three failing
observation points, but F3 can only explain only two failing
observation points. This indicates F, F,, and F; have higher
explanation capability than F;. But considering both of the
explanation necessity and the explanation capability, F), F>,
and F, get lower ranks than F5.

In addition, the top-ranked suspect faults are expected that
they cannot be distinguished by the given patterns. That means
they should have the same ¢ and :. However, when using the
proposed equation to calculate the scores, two distinguishable
faults may get the same scores. For example, in Fig. 1, F; and
F, with different o and 1 get the same scores. In practice, this
kind of cases rarely occurs. If this case indeed occurs, we first
use o to rank the suspect faults which have the same ¢, and then
use 7 to rank the suspect faults which have the same o. With
this supplement, the top-ranked suspect faults are
indistinguishable under given patterns. To further reduce the
number of the top-ranked suspect faults, more patterns or other
related information such as the design layout need to be
provided for distinguishing them.

IV. EXPERIMENTAL RESULTS

Experiments are conducted using ISCAS’89 and ITC’99
benchmark circuits. Test patterns are generated by a
commercial ATPG tool. The information of benchmark circuits
and test patterns is shown in Table I.

The works in [15, 20] propose a space compactor namely
extreme response compactor. It has small impact on fault
coverage and can significantly reduce response data volume
and test application time. In our experiments, we utilize the
extreme response compactor to compact responses. An
example of extreme space compactor is shown in Fig.3. The
outputs of four scan chains are directly input into a XOR-
GATE, and only the output of the XOR-GATE can be
observed. Since four signals are compacted into one signal, the
compaction ratio of this space compactor is 4.

In practice, though it is possible that the chip could contain
multiple defects, it is impractical for physical failure analysis to
analyze all the suspect faults [21]. The accuracy of top-ranked
suspect faults is very important. Therefore, in our experiments,
a diagnosis is considered successful if the top-ranked suspect
faults hit at least one actual fault.

Another commonly used metric is resolution. It can be
defined as the number of top-ranked suspect faults. As we
mentioned before, the reported top-ranked suspect faults are
indistinguishable under given patterns, thus the resolution of
our diagnosis results is affected by the given patterns but not
the diagnosis method itself. Because our experiments are
conducted to evaluate our diagnosis method, we only give the
experimental results of success rate, and do not list the results
of resolution. In addition, both experiments in [19, 29] have
proved that with more failing responses and test patterns,
higher resolution can be achieved.

When injecting multiple faults, we choose stuck-at faults as
an example of the static fault model, and choose transition
faults as an example of the dynamic fault model for
experiments. We randomly inject multiple stuck-at faults or
multiple transition faults into the circuit. By comparing the
simulated responses of suspect stuck-at/transition faults with
the responses of the faulty circuit, we use both of the
explanation necessity and the explanation capability to select
the most likely suspect stuck-at/transition faults.

TABLE I. INFORMATION OF BENCHMARK CIRCUITS & TEST PATTERNS

ISCAS’89| Number | Number | Number ITC’99 | Number | Number LNumber
Circuit | of gates | ofcells Jofpatterns  Circuit | of gates | of cells |of patterns
$9234 | 5597 228 142 bl7 |22645| 1415 502

s13207 | 7951 638 275 b20 | 8875 | 490 450

s15850| 9772 597 132 b22 | 14282 | 735 477

$35932 | 16065 | 1728 24

s38417] 15106 | 1636 104

s38584 | 21353 | 1426 147
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Figure 3. An example of extreme space compactor




We also compare our diagnosis method with the method in
[20]. In [20], suspect faults are firstly ranked by o, and then the
suspect faults with the same ¢ are ranked by 1. We can see that
[20] only considers the explanation capability, but not utilizes
the explanation necessity.

Our experiments focus on two aspects: (1) the success rate
when space compactors with different compaction ratios are
equipped and (2) the success rate when different numbers of
multiple faults are injected.

A. Success Rate vs Compaction Ratio

In this subsection, we study the relation between the
success rate and the compaction ratio. We randomly inject two
faults, three faults, and four faults into the circuit equipped with
the extreme space compactor under different compaction ratios
(2, 4, 8, 16, and 32), respectively. For each circuit, each
number of multiple faults, each kind of faults (stuck-at faults
and transition faults), and each compaction ratio, we conduct
experiments 100 times for a total of 9x3x2x5x100=27000 fault
injections and fault diagnosis.

Experimental results are shown in Table II and Fig.4. In
Table II, we show the success rate (S), the improved success
rate compared with [20] (AS), and the run time (T),
respectively. In Fig.4, we show the average success rate for
each compaction ratio. From left to right, the nine triangular
marks within each compaction ratio bar represent the average
success rates of the circuits $9234, s13207, s15850, s35932,
s38417, 538584, b17, b20, and b22, respectively.

When the compaction ratio is 2, 99.94% of all the cases
(injecting two, three, and four faults into each circuit) are
successfully diagnosed using the proposed method. Note 4.96%
of all the diagnosis cases (compaction ratio=2), which are
failed using the method in [20], are successful using our
method. As the compaction ratio increases to 32, our method
can still successfully diagnose 98.64% of all the cases, and the
success rate improvement increases to 12.17%. We can see
from this data that, by using explanation necessity and
explanation capability together, high accuracy of top-ranked
suspect faults is achieved even when the extreme space
compactor has a large compaction ratio.

TABLE II. EXPERIMENTAL RESULTS OF SUCCESS RATE FOR DIFFERENT COMPCTION RATIOS & COMPARISON WITH [20]

R.: compaction ratio; M: fault model; N number of injected faults; T (seconds): average run time of diagnosis in this work;
S (%): success rate in this work; AS (%) = (success rate in this work - success rate in [20]);
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Figure 5. Comparison of success rate for different numbers of faults

S (%): success rate in this work; AS (%) = (success rate in this work - success rate in [20]); T (seconds): average run time of diagnosis in this work;
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Circuit[Fault-Typel S |AS| T | S |AS| T | S|AS| T | S |AS| T | S |AS| T|S|AS| T | S |AS| T
9234 Stuck-At 96 |+30(1.94| 91 |+33(2.19| 89 |+31|2.49| 87 |+36|2.64| 80 | +30 (2.67| 77 |+25(2.81| 84 |+40 (2.89
Transition | 96 |+10|1.80| 97 | +9 [2.00| 98 | +10{2.23|{100 |+29|2.46| 99 |+18(2.62| 92 |+20(2.70| 94 |+29|2.75
<13207 Stuck-At | 100 | +42|15.2| 98 | +58 |17.5| 97 |+51|15.7| 96 |+55|17.4| 97 |+61 [19.5| 91 |+66(19.7| 78 |+52(20.7
Transition | 100 | +21 [11.7] 100 | +22 |13.6| 100 | +25|16.0| 100 | +30 | 18.0| 97 | +44]19.0| 100 | +43 |{19.0| 98 |+41|19.8
$15850 Stuck-At 98 |+2216.59| 99 |+41|7.86| 98 | +62|8.67| 90 | +63|10.8| 91 |+80(12.2| 92 |+79|13.5| 88 |+76|14.2
Transition | 100 | +1 [4.40| 100 | +4 |5.09| 100 | +7 |6.38| 99 |+13|7.56| 100 | +16|8.37| 100 | +17(9.22| 98 |+18|9.79
35932 Stuck-At 98 |+7619.59| 98 |+91|11.3]| 89 |+80|14.4] 95 |+95|16.3| 96 |+94 [19.6| 83 |+79(20.2| 86 |+85(17.2
Transition | 98 | +4 [4.94| 93 | +8 |6.90| 98 | +13|8.96| 100 | +25|11.0| 98 |+18|12.6| 96 |+35|14.1| 97 |+34|159
38417 Stuck-At | 100 | +26 [10.9| 100 | +38 | 14.9| 100 | +47 | 18.8| 97 | +60|24.0| 99 | +74129.0| 100 | +81 |33.5| 98 |+92|37.4
Transition | 100 | +2 [10.94] 100 | +2 |13.6| 100 | +3 |17.6| 99 |+11|21.9|100 |+12|27.1| 100 |+26|31.9| 98 |+23|35.2
38584 Stuck-At | 100 | +56 129.2| 100 | +67 |35.9| 100 | +83 |40.1| 98 |+76 |48.6| 97 |+84 |53.9| 96 |+70(60.7| 98 |+73 [64.0
Transition | 100 | +6 [26.2| 100 | +8 |31.4| 100 |+1439.2| 98 |+12|43.3|100 | +12]49.4| 100 | +18|56.5| 100 | +14 |60.0
b17 Stuck-At | 100 | +10 221 | 99 | +13 255|100 |+11|276| 99 |+24|301 | 98 |+17|303 | 95 |+48|314| 96 | +51| 329
Transition | 100 | +2 | 156 | 100 | +2 | 204 | 98 | +2 [232| 99 | +4 (256 | 98 | +3 [271| 98 | +3 [276| 96 | +7 | 286
20 Stuck-At 98 [+32140.5| 100 | +39 ({43.8| 95 | +38|45.4| 94 |+50(46.6| 86 | +48 |47.5| 91 |+66|47.7| 85 | +58 [48.0
Transition | 100 | +2 [38.1| 100 | +8 [40.4| 100 | +10 [43.3| 98 | +2 |48.5| 98 |+16 459|100 | +18|46.6| 100 | +20 |47.1
22 Stuck-At | 100 | +18 [79.5] 99 | +20|86.0| 100 | +29 [97.5| 94 |+40| 100 | 96 |+50| 104 | 96 | +36| 107 | 90 | +48 | 108
Transition | 100 | +2 |71.7|1 100 | +4 |81.7[100 | +4 [88.9| 100 | +8 [96.6( 100 | +7 [ 101 | 98 |[+13 | 103 | 95 |+21| 107

The run time of diagnosis is determined by several factors
such as the number of test patterns, the number of faults, the
compaction ratio, and so on. During the entire diagnosis
process, the most time-consuming step is the fault simulation
for each suspect fault. When both of the compaction ratio and
the number of faults are 2, the average run time is about 20.9
seconds. As the compaction ratio and the number of faults
increase, more signals are compacted into one signal and more
failing observation points may appear, thus more suspect faults
are marked. Therefore when the compaction ratio and the
number of faults increase to 32 and 4, respectively, the average
run time becomes 37.2 seconds. Since some high-speed fault

simulation techniques have been proposed in recent years, the
diagnosis speed can be further improved.

B.  Sucess Rate vs Mutliple Faults

In this subsection, we study the relation between the
success rate and the number of injected faults. We fix the
compaction ratio to 32, and inject different numbers (5, 7, 10,
14, 19, 25, and 32) of multiple faults. For each circuit, each
number of multiple faults, and each kind of faults, we conduct
experiments 100 times for a total of 9x7x2x100=12600 fault
injections and fault diagnosis.



Experimental results are shown in Table III and Fig.5. In
Table III, we also show the success rate (S), the improved
success rate compared with [20] (AS), and the run time (T),
respectively. In Fig.5, we show the average success rate for
different numbers of injected multiple faults. The nine
triangular marks within each bar represent the success rates of
the nine benchmark circuits.

When the compaction ratio is fixed to 32, the average
success rate decreases from 99.2% (2 faults) to 93.3% (32
faults) using the proposed method, but it decreases from 91.4%
(2 faults) to 49.8% (32 faults) using the method in [20]. An
improvement of 7.8% is achieved in terms of 2 faults, and an
improvement of 43.5% is achieved in terms of 32 faults. From
this data, we can see that our method is more accurate than the
method in [20] when multiple faults exist.

Considering all the experimental cases (27000 in the
previous subsection and 12600 in this subsection), 98.8% of
cases are successfully diagnosed using the proposed method.
Note 11.3% of all the diagnosis cases, which are failed using
the method in [20], are successful using our method. Only
0.0075% of all the diagnosis cases, which are successful using
the method in [20], are failed using our method. The reason
why sometimes our method fails is that the fault simulations of
suspect faults are based on the single-fault assumption. An
actual fault may contaminate some passing observation points
when it exists in the circuit alone, but it may not contaminate
any passing observation points when other actual faults exist.
Since we compare the responses of the CUT with the simulated
responses of the single suspect fault, false ranking may occur.
Coincidentally in those 0.0075% diagnosis cases, there do exist
some actual faults having the highest explanation capability,
thus the method in [20] succeeds. Overall, from this data, we
can see that, by introducing the explanation necessity metric,
the proposed diagnosis method achieves a significant
improvement of the diagnosis accuracy.

V. DISCUSSION

In this paper, we compare the simulated responses of a
suspect fault with the responses of the CUT for all the patterns,
including the passing patterns and the failing patterns. This is
efficient when we know the actual fault models. However, in
practice, we cannot know the most suitable fault models for the
defects in the CUT. So the rankings may be misleading. For
example, assume there are two suspect faults at net b and net c,
and the actual defect is at net . The actual defect is a short
defect. If we use stuck-at fault model for diagnosis, we may
find that the stuck-at fault at » contaminates some passing
observation points under a passing pattern, but the stuck-at
fault at ¢ does not. In this situation, » may get a lower rank than
c. This wrong ranking happens because we assume the defect is
excited as a stuck-at fault under that passing pattern, but
actually, the short defect is not excited at all under that.

To confront this problem, we may use the failing patterns
only. That is because under those patterns, we can be sure that
at least one actual defect is indeed excited. Though this may
decrease the diagnostic resolution, other information such as
the design layout can be utilized to make up the resolution loss.
This is what we will study in the future.

VI. CONCLUSION

In this paper, to address the challenge of multiple-fault
diagnosis using compacted responses, we propose a novel
metric explanation necessity. Four steps are performed: (1)
suspect fault marking by searching the related logic cones of
the failing observation points, (2) suspect fault simulation with
the knowledge of the space compactor structure, (3) suspect
fault evaluation considering both of the explanation necessity
and the explanation capability, and (4) suspect fault ranking
according to the score of each suspect fault. Experimental
results show that the proposed diagnosis method can provide
highly accurate top-ranked suspect faults, and with the
introduction of explanation necessity, a significant
improvement is achieved, compared with a latest work.
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