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Abstract

We address the problem of design-for-diagnosability, i.e.,
improving the accuracy of fault diagnosis or reducing its
complexity through the insertion of observation points. To
perform design-for-diagnosability efficiently, we use a
procedure developed earlier for computing the number of
fault pairs, Np, that are not guaranteed to be dis
tinguished by a given test set. By using the concept of z-
detection, Np can be computed efficiently without
enumerating fault pairs and without performing non-fault
dropping fault simulation. We study the possibility of
increasing the diagnosability of a circuit by inserting
observation points so as to reduce Np . Our results include
the following. (1) We find experimentally the number of
observation points that need to be inserted in order to
achieve a close-to-minimum value for Np. (2) We
describe an efficient procedure for inserting a given
number of observation points so as to reduce Np. We
present experimental results for benchmark circuits to
demonstrate the accuracy of using Np to guide a design-
for-diagnosability process.

1. Introduction

Design-for-diagnosahility is the process of improving the
accuracy of fault diagnosis or reducing its complexity
through circuit modifications or the insertion of logic. This
isimportant when diagnosis of the original circuit may not
result in the desired level of diagnostic resolution or has a
high complexity. In this work, we propose an efficient
design-for-diagnosability procedure for combinational (or
full-scan) circuits through the insertion of observation
points. An important feature of the proposed procedure is
that it does not require enumeration of fault pairs, and it
can thus be applied efficiently to large circuits.

Fault diagnosis [1] is a process that requires direct
or indirect consideration of pairs of faults. For example,
the goal of diagnostic test generation is to ensure that for
every pair of faults f; and f; there is at least one test t
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such that the circuit-under-test produces a different output
response depending on whether f; or f; is present in the
circuit. Efficient procedures for diagnostic fault simulation
and test generation rely on implicit consideration of fault
pairs [1]-[12]. In [12], the concept of z-detection was
introduced and used for identifying fault pairs that are
guaranteed to be distinguished by a given test set. The
same concept was also used for developing an efficient
procedure for computing the number of fault pairs that are
not guaranteed to be distinguished by a given test set. This
number was denoted by Np. The computation of Np in
[12] required fault simulation with fault dropping of a
given test set, traversal of the circuit, set operations over
pairs of fault sets, and arithmetic operations over set sizes.
Thus, computation of Np does not require explicit con-
sideration of fault pairs, and has an overall complexity
similar to that of fault simulation with fault dropping.

In this work we use Np and the concept of z-
detection to develop an efficient design-for-diagnosability
procedure based on the insertion of observation points.
Similar to the procedure from [12], the proposed pro-
cedure does not require consideration of fault pairs. The
procedure uses a given test set to compute Np. In our
experiments, the test set is a fault detection test set. It is
also possible to use a diagnostic test set, or a test set that
was enhanced to increase the number of z-detected faults.
By using a fault detection test set we avoid the need to
consider fault pairs during diagnostic test generation
before the diagnosahility of the circuit is improved. We
also avoid the need for more complex test generation that
targets z-detection. At the same time, since the percentage
of z-detected faults is very high even when fault detection
test sets are used [12], we expect that the specific fault
detection test set used will not have a significant effect on
the insertion of observation points. Our results include the
following.

We compute a value for Np, which is close to the
minimum value possible for the circuit, by inserting a
large number of observation points. We aso compute a
close-to-minimum number of observation points required
to achieve this value of Np. We find that to achieve a
close-to-minimum value of Np, it is necessary to insert a
large number of observation points. This is a plausible
result since different fault pairs, in different parts of the
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circuit, may need different observation points in order to
be distinguished. Thus, it should not be expected to find a
small number of observation points that will allow us to
distinguish al or most of the fault pairs that are not dis-
tinguished without observation points.

We describe an efficient procedure for inserting a
given number of observation points so as to reduce Np,
thus increasing the diagnosability of the circuit. In our
experiments we consider numbers of observation points
equal to at most 3%, 2%, 1% and 0.5% of the circuit lines.
We verify that Np is an appropriate guideline for design-
for-diagnosability by performing diagnostic fault simula-
tion with and without observation points, and comparing
the results to those predicted based on Np .

To our knowledge, this is the first time design-for-
diagnosability is considered for facilitating fault diag-
nosis. We concentrate on the insertion of observation
points since it fits naturally with the concept of z-
detection, which is based on output information. Z-
detection can also be enhanced by inserting control points,
not considered here. However, observation points are less
intrusive and are also used for other purposes, for exam-
ple, to enhance the fault coverage achieved by functional
tests [13]-[15].

The paper is organized as follows. In Section 2 we
review the concept of z-detection and the computation of
Np, which is the number of fault pairs that are not
guaranteed to be distinguished by a given test set. In Sec-
tion 3 we evaluate the minimum value of Ny that can be
achieved by inserting observation points. In Section 4 we
describe a procedure for inserting a given number of
observation points so as to reduce Np. Experimenta
results are presented in Sections 3 and 4.

2. Z-detection
To define the concept of z-detection we need the follow-
ing notation [12].

We consider a circuit with n outputs denoted by
20,24, " " * Zy—1. FOr aline g in the circuit, we denote by
Z(g) the set that contains every output z such that thereis
a (structural) directed path in the circuit from g to z. We
refer to Z(g) asthez—set of g.

For a single stuck-at fault f, which is associated
with line g, we define the z-set Z(f ) = Z(g). The fault f
can be the fault g stuck-at O or the fault g stuck-at 1. We
denote by F (Z) the set of faults that contains every fault
f suchthat Z(f)=Z.

We say that afault f is z—detected by atestt if t
propagates the effects of f to every one of the outputs in
Z(f).

We demonstrate these definitions using the circuit
shown in Figure 1. Line numbers are shown in sguare
bracketsin Figure 1.
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Figure 1: Example circuit [12]

Considering the collapsed set of single stuck-at
faults in the circuit of Figure 1, each fault is associated
with one of three z-sets, Zy={z, zi}, Z;={zg}, or
Z,={z;}. Denoting the fault g stuck-at a by g/a we
have F(Zy) = {3/1, 4/1, 8/0, 8/1} (these are the faults
whose sites have paths to both outputs), F (Z,) ={1/1, 2/1,
7/0, 10/0, 12/0, 12/1} (these are the faults whose sites
have paths only to z,) and F(Z,) = {5/1, 6/1, 9/0, 11/0,
13/0, 13/1} (these are the faults whose sites have paths
only to z,).

The faults in F(Z,) and F(Z,) can only be pro-
pagated to the single output in their z-set. Consequently, if
atestt detectsafault f O F(Z4) (or f O F(Z,)), wecan
immediately say that t also z-detects f. For a fault
f OF(Zy), atest t that detects f may or may not z-
detect the fault. For example, we show in Figure 2 a test
for the fault line 3 stuck-at 0. This test does not z-detect
the fault, since Z(3) = Zy ={z,, 2.}, but the test only pro-
pagates the effects of the fault to z;. The test shown in
Figure 3 z-detects the fault line 3 stuck-at O, since it pro-
pagates the effects of the fault to both zy and z,.
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Figure 2: Example test 1
For a circuit with n outputs, the number of z-sets
can be as high as 2"-1. However, we are only interested
inaz-set Z if there exists afault f such that Z(f)=2Z.
Consequently, the number of z-sets cannot be larger than
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Figure 3: Example test 2
the number of single stuck-at faults.

To find the faults that are z-detected by a given test
set T, we simulate T, dropping a fault f from further
simulation only if it is z-detected by atest in T, i.e, only
if it is detected on al the outputs in its z-set. Aslong as
the fault is not z-detected, we continue to simulate it even
if itisaready detected. Experimental results presented in
[12] show that fault simulation for z-detection issimilar in
complexity to n-detection fault simulation for n <3 when
T isacompact fault detection test set.

To demonstrate the importance of z-detections in
fault diagnosis, let us consider the circuit of Figure 1
under atest set T that includes the test of Figure 3. This
test z-detects the fault line 3 stuck-at 0. Consider an arbi-
trary fault f O F(Z,)LUF(Z,). Eveniif f is detected or
z-detected by the test of Figure 3, it can only be detected
on asingle output (zo if f O F(Zy) or z,if f O F(Zy)).
In either case, the test of Figure 3 is guaranteed to distin-
guish the fault 3 stuck-at 0 from f .

More generaly, the knowledge that a fault is z-
detected by atest set T guarantees that the fault will be
distinguished by T from certain other faults. The follow-
ing procedure was presented in [12] for counting (or
enumerating) the fault pairs which are not guaranteed to
be distinguished by a given test set T. In this procedure,
Np isthe number of fault pairs that are not guaranteed to
be distinguished by T. The set F(Z) of faults with z-set
equal to Z; is partitioned in this procedure into two sub-
sets. The subset A(Z) O F(Z) contains the faults that
are z-detected by T. The subset B(Z) O F(Z) contains
the faults that are not z-detected by T (however, they are
detected by T). Asdemonstrated by the example above, a
fault in A(Z;) will be distinguished from a fault in F (Z;)
whenever Z [1Z;. In addition, if Z; and Z; are digoint
then al the faults in F(Z) are guaranteed to be dis-
tinguished from all the faults in F(Z;). The procedure
considers all the cases where a fault pair is not guaranteed
to be distinguished.

Procedure 1: Computing the number of fault pairs Np
that are not guaranteed to be distinguished by T
(1) SetNp =0.
(2) For every pair of z-sets Z and Z; (including the
casewhere Z; = Z;):
(a) IfZi=Zj,Seth=Np+
|AZ) | TIAZ)[-1])/2+
IB(Z)|-[1B(z)[-1]/2.

(b) 1fZ 0z butz; O 7, set
Ne =Np+[B(Z) | |F(Z)].

(© Ifz 0Zbutz; 07, set
Ne =Np+|F(Z) | |B(Z)].

(d) Z 0z andZ; 1Z butZ nZ; # @, set
Np =Np+|B(Z)]-[B(Z)].

It should be noted that before Procedure 1 is
applied, it is necessary to perform one pass over the cir-
cuit to identify z-sets for al the faults, and fault smula-
tion with fault dropping to identify z-detected faults. The
faults are then partitioned into sets F (Z;), and each set is
partitioned into A(Z) and B(Z). Beyond these opera
tions, Procedure 1 consists of set operations over pairs of
fault sets and arithmetic operations over set sizes. Thus,
Procedure 1 never considers fault pairs explicitly.

Application of Procedure 1 to benchmark circuits
and to industria circuits in [12] demonstrated that small
percentages of fault pairs remain, which are not
guaranteed to be distinguished by afault detection test set.
In the following sections we reduce this percentage
further by inserting observation points.

3. Effect of observation points

In this section our goal isto investigate the potential effect
that observation points can have on diagnosis. We meas-
ure the effect of an observation point by considering the
number of fault pairs N, computed by Procedure 1 based
on a test set T. An effective observation point should
reduce Np, leaving fewer fault pairs that are not
guaranteed to be distinguished by T.

We impose severa rules regarding the inserted
observation points. The rules serve two purposes. (1)
They exclude observation points that do not help in reduc-
ing Np. (2) They exclude observation points that may
increase Np. Although an observation point can never
reduce the diagnosability of a circuit, it may increase Np
because of the way it is computed by Procedure 1. We
prefer to omit such observation points.

After applying the rules, we insert all the observa-
tion points that satisfy the rules. Considering the circuit
with the inserted observation points, we apply Procedure 1
to see the effect on the number of fault pairs, which are
not guaranteed to be distinguished by T. In the next sec-
tion we describe a procedure for selecting a given number
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of observation points to achieve a maximal reduction in
Np.

An observation point can affect Np for the follow-
ing reason. Let f; bethefault g stuck-at o; andlet f; be
the fault g; stuck-at a;. Suppose that f; and f; have the
same z-sets. Suppose in addition that g; drives aline 5
but not a line s;; and that g; drives s; but not 5. This
situation is demonstrated in Figure 4, where the boxes
stand for logic blocks that may consist of one or more
gates. The box marked f; contains g;, and the box
marked f; containsg; . It can be seen that only g; drives
and only g; drivess;, but both faults have the same z-set,

{zo, 24}

fi S

Figure 4: Effect of observation point

Without observation points on 5 and s;, Procedure
1 will note that f; and f; are distinguished by T only if
one of them is z-detected by T and the other oneis not. If
§ and s; are added to the set of circuit outputs, the z-set
of f; becomes {z,, z;, 5} while the z-set of f; becomes
{Zo, 21, S} In this case, Procedure 1 will note that the
faults are distinguished even if both of them are z-
detected. We summarize al the possible casesin Table 1.
With the observation pointson § and s; there is one less
case where the fault pair f;, f; will be counted by Pro-
cedure 1.

Table 1: Counting for f;, f; of Figure 4

z-detected counted

f; f without 5,5, with g5
yes  yes yes no
yes  no no no
no yes no no
no  no yes yes

It is important to note the following point. If an
observation point is added on § but not on s;, then the
pair f;, f; will be counted by Procedure 1 in the case
where f; is not z-detected, even if f; isz-detected. Thus,
it is important to place observation points on both § and
s; to ensure that Np will not increase due to this effect.
We aso note that the efficiency of Procedure 1 comes
from the fact that it does not need to consider fault pairs
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explicitly. To keep this advantage, we do not perform a
detailed analysis of fault pairs in order to place observa-
tion points. Instead, to estimate the effect of observation
points in this section, we place observation points on all
the linesin the circuit except for certain lines as discussed
below. In this way we attempt to capture all the observa-
tion pointssuch ass and s; in Figure 4.

The procedure we use in this section for placing
observation pointsisasfollows. Initialy, the set of candi-
date observation points S includes every line in the cir-
cuit, which is the output of a multi-input gate but is not a
primary output. The first rule given below excludes candi-
date observation points from S based on a purely struc-
tural analysis of the circuit. The last two rules use infor-
mation about z-detected faults to exclude additional can-
didate observation points.

Rule 1: If s O S isaline that drives a primary output
through single-input gates, an observation point on s will
have a negligible effect beyond that of the primary output.
Weremove s from the set of candidates S.

Rule2: Consider afault f; which isnot z-detected by T.
Let f, drivealines. If we add an observation point on s,
f; will still not be z-detected by T. As a result, f; will
continue to contribute the same count to Np. If s isonly
driven by faults that are not z-detected by T, the addition
of s will not affect Np. Consequently, if s is only driven
by faults that are not z-detected by T we remove s from
S.

Rule 3: Consider afault f; which isz-detected by T. Let
f; drive alines. If we add an observation point on s, the
z-set of f; will include s. Therefore, for f; to continue to
be z-detected, it must be detected on s as well as all the
other outputsit drives. If f; isnot detected on s, we will
lose the z-detection of f; when we place an observation
point on s. This can cause Np to increase for the follow-
ing reason. When f; is z-detected, a pair f;, f; will not
be counted in Np as long as Z; 1Z;. If f; is not z-
detected, there are cases where f;, f; will be counted in
Np even if Z [1Z;. Thus, we would like to avoid situa-
tions where we lose the z-detection of a fault by adding an
observation point. We ensure this condition as follows.

If afault f; isz-detected by atestt O T and there
is a path from f; to s, we check whether f; will still be
Z-detected by t after we add an observation point on s. In
other words, we check whether t propagates the effect of
f; tos. If f; will not be z-detected by t with an observa-
tion point on s, we remove s from the set of candidate
observation points S.

In this check, we only consider asingletestt O T
that z-detects f . This allows us to keep to a minimum the
simulation effort required for identifying z-detected
faults.



Next, we report the results of the following experi-
ment. We use a compact fault detection test set T, i.e,, a
compact test set that detects every detectable single
stuck-at fault. We compute the set of candidate observa-
tion points S as described above. We insert all the obser-
vation pointsin S into the circuit, and apply Procedure 1.
Theresults are reported in Tables 2 and 3 as follows.

Table 2: Candidate observation points

obs points
circuit init Rulel Rule2 Rule3
51423 416 414 276 224
s5378 952 932 640 387

$9234 2014 2000 1607 686
s13207 2573 2549 1895 992
515850 3387 3358 2555 1647

s35932 | 10476 10476 7020 2930
s38417 8708 8650 6630 3435
b14 2928 2928 1676 1136
b20 6768 6768 3203 2296
Table 3: Remaining fault pairs
original
circuit flt pairs NP %NP
s1423 1125750 364347 32.36
s5378 10408203 779089 7.49
9234 20959575 2662558 12.70
513207 46691616 3195550 6.84
s15850 64246780 6095945 9.49
s35932 616338495 2519720 0.41
s38417 480949605 9098292 1.89
b14 33722578 | 11329572 33.60
b20 194449060 | 49575658 25.50
obs points
circuit NP %NP  %reduc
s1423 334201 29.69 8.27
s5378 667552 6.41 14.32
9234 1848917 8.82 30.56
s13207 3083202 6.60 352
515850 4975287 7.74 18.38
s35932 2262474 0.37 10.21
s38417 7933511 1.65 12.80
b14 9508659 28.20 16.07
b20 43469985 22.36 12.32

In Table 2, following the circuit name we show the
number of lines in S before applying Rules 1, 2 and 3,
after applying Rule 1, after applying Rules 1 and 2, and
after applying Rules 1, 2 and 3.

In Table 3, following the circuit name we show the
total number of fault pairs. Considering the origina cir-
cuit, we show under column original the number of fault

pairs Np that are not guaranteed to be distinguished by the
fault detection test set T, and the percentage of such fault
pairs. Considering the circuit with observation points, we
show under column abs points the value and percentage of
Np, as well as the percentage reduction in Np due to the
insertion of observation points. The percentage reduction
is computed as the difference between the value of Np
with and without observation points, divided by the value
of Np without observation points.

From Table 2 it can be seen that there are many
candidate observation points in benchmark circuits. From
Table 3 it can be seen that these observation points allow
non-trivial reductions in the numbers of fault pairsthat are
not guaranteed to be distinguished by a fault detection test
set. Thus, the observation points can have a significant
effect on diagnosis.

For comparison, we also consider the following sets
of observation points. (1) The set of observation points
that includes all the outputs of multi-input gates that are
not primary outputs, i.e., before applying any rule. We
denote this set by S(-). (2) The set of observation points
after applying Rule 1 but before applying Rules 2 and 3.
We denote this set by S(R1). (3) The set of observation
points after applying Rules 1 and 2 but before applying
Rule 3. We denote this set by S(R1,R2). We insert the
observation points in S(-), in S(R1) and in S(R1,R2)
into the circuit (each set separately) and find the reduction
in the value of Np relative to the case where no observa-
tion points are inserted. The results are reported in Table
4. For comparison we also show the results for S obtained
after applying Rules 1, 2 and 3 (reported in Table 3). A
negative number indicates that Np increases as a result of
not applying the corresponding rule(s).

Table 4: Comparison of sets of observation points

circuit S(-) S(R1) S(R1L,R2) S

s1423 543 5.43 543 8.27
s5378 2772 -271.72 -271.72 14.32
s9234 2849 2849 28.50 30.56
s15850 6.19 6.19 6.19 18.38
b14 1416  14.16 14.16 16.07

From Table 4 and from the motivation for Rules 1
and 2, these rules do not change Np relative to the case
where observation points are placed on al the outputs of
multi-input gates that are not primary outputs. Rule 3 is
important for excluding observation points that can
increase the value of Np. The effect of Rule 3 can be seen
to be significant.
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4. Inserting a given number of observation
points
In this section we describe a procedure for inserting a
given number of observation points so as to reduce Np.
The procedure starts from the solution that includes al the
observation points in the set S considered in the previous
section. It then removes observation points from S while
ensuring that the number of fault pairs computed by Pro-
cedure 1 does not go above a target value for Np. By
increasing the target for Np gradualy, the number of
observation points is reduced. The procedure stops when
the target number of observation pointsis reached.

To describe the procedure we denote by Np e the
value of Np computed by Procedure 1 without any obser-
vation points. We denote by S, the set of observation
points obtained in the previous section (after applying
Rules 1, 2 and 3), and we denote by Np 5, the value of Np
computed by Procedure 1 with al the observation points
in Sy, inserted into the circuit. We consider target values
of Np of the form

Np p = Np a *+(Np none =Np a1 )"P/100

for increasing percentages p. For each value of p we

compute a set of observation points §, by removing

observation points from the previous set (the previous set
is§,ifp>0orS, if p=0). We also compute inter-
mediate sets between S,_; and S, as described later. Once

S, is found, Procedure 1 is used to compute the actual

vaue of Np obtained for §,. This value of N is denoted

by Np ,, and it satisfies Np ; <Np ;. With p =0 we use

Np o=Np 4, and we obtain Sy O S;;. We may obtain

So O Sy (with proper containment) if some of the obser-

vation pointsin Sy, are unnecessary. We may also obtain

Npo<Np 4. For p>0, we compute §, such that

$ U §.1. As we increase p, the values of Ny, and

Np , increase and the size of the set S, decreases.

. For a given value of p and a corresponding value of

Np ,, we consider every observation point as a candidate

for removal. We accept the removal of an observation

point s if the value of N, computed by Procedure 1 does
not exceed the target vaue Np,. The procedure for
removing observation points from S, is given next as

Procedure 2. Additiona details are given following the

procedure.

Procedure 2: Finding sets of observation points

(1) Apply Procedure 1 to compute Np e for the case
where no observation points are inserted.

(2 Apply Procedure 1 to compute Np 5, for the case
where all the observation pointsin S;; are inserted
into the circuit.

(3) Setp=0.

(4 If p=0set §=S;. Else st §=5_,. Set
Np p = Np *+(Np none =Np a1 )'P/100. Set m = 0.
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(5) For every s I §,, considering the observation
pointsin arandom order:

(@ Removes from§S,.

(b)  Apply Procedure 1 to compute Np , for the
case where the observation points in S, are
inserted into the circuit.

(© 1fNp,>Np,, adds backinto S,. Else set
Sm=%Nepm=Np,andm=m+1

(6) Setp=p+A where A is a preselected constant. If

p < 100 go to Step 4.

We consider the observation points for removal in a
random order to avoid clustering of observation points.
We found experimentally that avoiding clustering of
observation points is important in ensuring that the actua
number of indistinguished fault pairs by a given test set
tracks the value of Np. In this experiment, we compared
the use of a random order to the use of a heuristic for
determining the order in which observation points will be
considered for removal. We report the results of this
experiment later to support the use of a random order over
the use of the heuristic.

It is important to note that fault simulation to iden-
tify z-detected faults is done only once, before Procedure
1 is applied for the first time. Fault simulation is needed
again to apply Rule 3 of Section 3. After that, Procedure 1
(and Procedure 2) require only set operations over pairs of
fault sets F(Z), A(Z) and B(Z), and arithmetic opera-
tions over set sizes.

Between S, and S,.;, Procedure 2 computes a
sequence  of sets §,,,, m=01,---, such that
Np p.m < Np . Any one of these sets can be used as the set
of observation points for the circuit.

Our goal isto obtain sets S, ,, that include at most
3%, 2%, 1% and 0.5% of the circuit lines. To reach this
goal with the least amount of computational effort, p
should be varied in large steps, implying that A should be
large. This is because every value of p requires that we
consider al thelinesin S,, and larger steps will get usto
the target size with fewer passes over the set of observa-
tion points. However, large values of A can also result in
sets S, that are larger than necessary, for the following
reason. Suppose that S, contains two lines s; and s, that
can be removed. Suppose that s can be removed as well;
however, once s is removed, s; and s, cannot be
removed. In this case, we would like to remove s; and s,
and keep s. Typicdly in this situation, s causes a larger
reduction in Np , than either s, or s,. Therefore, a larger
vaue of Np , (corresponding to a larger value of p and a
larger value of A) may alow s to be removed; while
increasing Np , in smaller steps may ensure that s will not
be removed, allowing s; and s, to be removed.



As a compromise, we apply Procedure 2 with A =5
and p =0,5,10,15, - - - ,95. We report the results only for
values of p and m that resultinaset §, ,, that includes at
most 3%, 2%, 1% or 0.5% of the circuit lines. The results
are reported in Tables 5-11. In the first row for every cir-
cuit we repesat the results obtained for S, . In the second
row we show the results for S, i.e., for p =0 and the last
value of m obtained for p = 0. In the next rows we show
the results for additional values of p and m, for which
S.m contains at most 3%, 2%, 1% or 0.5% of the circuit
lines. Inthe last row we repeat the results when no obser-
vation points are placed. In each row we show the value
of p, the number of observation points, the percentage of
observation points out of all the circuit lines, the value of
Np computed by Procedure 1, and the percentage reduc-
tion in Np compared to Np 4. The values under
columns dsim and %dsim are explained later. The fol-
lowing points can be seen from Tables 5-11.

Table 5: Results of Procedure 2 (s1423)

p obs  %obs NP %reduc | dsim  %dsim
al 224 15.74 334201 8.27 63 74.90
0% 211 14.83 334200 8.27 63 74.90
25% a2 295 350788 3.72 175 30.28
30% 28 197 351919 341 185 26.29
35% 14 0.98 355621 2.39 193 23.11
35% 7 0.49 357450 1.89 243 3.19
none 0 0.00 364347 0.00 251 0.00

Table 6: Results of Procedure 2 (s5378)

Table 9: Results of Procedure 2 (s15850)

p obs  %obs NP %reduc | dsim  %dsim
all 387 731 667552 14.32 514 13.76
0% 347 6.55 667551 14.32 517 13.26
20% | 159 3.00 709679 891 546 8.39
25% | 106 2.00 726816 6.71 556 6.71
35% 53 1.00 746093 4.24 569 453
40% 26 049 758318 2.67 585 1.85
none 0 0.00 779089 0.00 596 0.00

Table 7: Results of Procedure 2 (s9234)

p obs  %obs NP %reduc | dsim  %dsim
al 686 743 1848917 30.56 | 1103 43.46
0% 536 5.80 1848917 30.56 | 1149 41.11
15% 277 3.00 1998564 2494 | 1380 29.27
20% | 185 200 2081323 21.83 | 1501 23.07
25% 92 1.00 2288614 14.04 | 1667 14.56
30% 46 0.50 234304 12.00 | 1737 10.97
none 0 0.00 2662558 0.00 | 1951 0.00

Table 8: Results of Procedure 2 (s13207)

p obs  %obs NP %reduc | dsim  %dsim
al 992 7.53 3083202 352 | 1647 3571
0% 903 6.85 3083200 352 | 1671 34.78
20% | 395 3.00 3117399 245 | 1977 22.83
25% 263 2.00 3133864 1.93 | 2108 17.72
30% 132 100 3156774 121 | 2379 7.14
35% 66 0.50 3164683 0.97 | 2465 3.79
none 0 0.00 3195550 0.00 | 2562 0.00

p obs  %obs NP %reduc | dsim  %dsim
al 1647 1039 4975287 18.38 | 2306 35.21
0% 1492 942 4975287 18.38 | 2337 34.34
25% 475 3.00 5445219 10.67 | 2861 19.61
25% 317 2.00 5606225 8.03 | 2994 15.88
35% 158 1.00 5780714 517 | 3126 12.17
40% 79 0.50 5882627 3.50 | 3482 2.16
none 0 0.00 6095945 0.00 | 3559 0.00

Table 10: Results of Procedure 2 (b14)

p obs %o0bs NP %reduc | dsim  %dsim
all 1136 13.22 9508659 16.07 338 2747
0% 1136 13.22 9508659 16.07 338 27.47
35% 258 3.00 10830724 4.40 438 6.01
35% 172 200 10968113 3.19 444 4.72
45% 86 1.00 11142488 1.65 459 1.50
50% 43 050 11225631 0.92 460 1.29
none 0 0.00 11329572 0.00 466 0.00

Table 11: Results of Procedure 2 (b20)

p obs %o0bs NP %reduc | dsim  %dsim
al 2296 1193 43469985 12.32 | 1053 22.74
0% 2285 11.87 43469985 12.32 | 1053 22.74
30% 576 299 47682812 3.82 | 1300 4.62
35% 383 199 48220825 273 | 1312 3.74
40% 191 0.99 48826336 151 | 1331 2.35
45% 96 0.50 49068649 102 | 1335 2.05
none 0 0.00 49575658 0.00 | 1363 0.00

Table 12: Procedure 2 with a heuristic order (s1423)

p obs  %obs NP %reduc | dsim  %dsim
al 224 15.74 334201 8.27 63 74.90
0% 210 1476 334201 8.27 63 74.90
20% 42 295 346837 481 | 156 37.85
25% 28 197 350821 371 213 15.14
30% 14 0.98 352742 3.19 228 9.16
35% 7 0.49 356032 228 | 233 7.17
none 0 0.00 364347 0.00 | 251 0.00
Table 13: Procedure 2 with a heuristic order (s5378)

p obs  %obs NP %reduc | dsim  %dsim
al 387 731 667552 14.32 514 13.76
0% 342 6.46 667551 14.32 517 13.26
15% 159 3.00 684031 12.20 564 5.37
15% | 106 200 697198 1051 | 590 1.01
20% 53 100 714055 835 | 596 0.00
25% 26 049 730214 6.27 596 0.00
none 0 0.00 779089 0.00 | 596 0.00

The value of Np o is sometimes smaller than Np 4 ;
however, the difference between them isvery small. Dur-
ing the computation of S, we obtan sets Sy, not
reported in Tables 5-11, for which Np gy < Np 4. For
example, for s5378 the smallest value we obtain for Np is
Np o7 =667525. However, the vaues Np,,, obtained
during the computation of S, are very close to Np ; as
well. This indicates that Np 4, is a good estimate of the
minimum value that can be achieved for Np .
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The sat S, is not significantly smaller than S;.
This indicates that amost all the observation points
included in S;; are needed in order to achieve the max-
imum reduction in Np. Thisis related to the fact that dif-
ferent fault pairs, in different parts of the circuit, may
need different observation points. Thus, it should not be
expected to find a small number of observation points that
will affect al or most of the fault pairs.

If the number of observation points is restricted to
3% (2%, 1% or 0.5%) of the circuit lines, it is still possi-
ble to reduce Np. However, not as dramatically as with
higher numbers of observation points. This is again
related to the nature of the problem, where different fault
pairs require different observation points. More dramatic
reductions with smaller numbers of observation points are
obtained for circuits where the difference between Np
and Np e is high. This happens, for example, for s9234.
We further demonstrate the reduction of Np with the
number of observation points in Figures 5-7. The reduc-
tion in Np as a function of the percentage of lines with
observation paints is shown by the circles connected with
asolid line. The x’s connected with a dashed line will be
explained later.

The advantage of using Np to guide observation
point insertion is that the computation of Np does not
require diagnostic fault simulation or analysis of fault
pairs. To confirm the accuracy of performing design-for-
diagnosahility based on Np, we perform diagnostic fault
simulation of the test set T for some of the circuits con-
sidered in Tables 5-11. We find the numbers of fault pairs
left indistinguished by T for the various numbers of
observation points reported in Tables 5-11. The numbers
of indistinguished fault pairs are reported under column
dsim of Tables 5-11. The percentage reduction in the
number of indistinguished fault pairs due to the insertion
of observation points (relative to the value obtained
without any observation points) is shown under column
%dsim of Tables 5-11. We also show in Figures 5-7 the
reduction in the number of indistinguished fault pairs as a
function of the percentage of lines with observation
points. This is shown using X's connected by a dashed
line.

It can be seen that the value of Np tracks the actual
number of indistinguished fault pairs. Except for s5378,
the actual reduction in the number of indistinguished fault
pairs is typically higher than the reduction in Np. This
justifies the use of Np as an estimate (in most cases a con-
servative estimate) of the improvement in the diagnosabil-
ity of acircuit.

Finally, to support the use of a random order for the
removal of observation points in Procedure 2, we report
the results obtained by using the following heuristic to
determine the order by which observation points are con-
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sidered in Procedure 2.

Let s be an observation point. We denote by
N, in(S) the number of faults inside the input cone of s,
which are z-detected. We denote by n, ,, (S) the number
of faults outside the input cone of s, which are z-detected.
The presence of s ensures that the z-detected faults inside
its cone are distinguished from the z-detected faults out-
side its cone. Thus, these fault pairs do not contribute to
Np when the observation point on s is present. There are
N in(8)*N, o (s) such  fault pairs. We use
N, in (8)*N, ot (S) s an estimate of the increase in Np that
will occur if the observation point on s is removed. In
Procedure 2, we select observation points for removal by
increasing value of n ;, (S)*N, o (S).

We report the results obtained for s1423 and s5378
in Tables 12 and 13. The results show that for the same
number of observation points, the heuristic achieves
higher reductions in Np than the random order used for
Tables 5-11. However, the value of Np does not track the
number of indistinguished fault pairs that actually remain
in the circuit well when the heuristic is used, especialy in
the case of s5378. Considering the observation points
removed by Procedure 2 using the random order and using
the heuristic, we found that the observation points tend to
be clustered under the heuristic. This clustering can leave
indistinguished fault pairsin certain areas of the circuit.

5. Concluding remarks

We considered the prablem of design-for-diagnosability
through the insertion of observation points. We used the
concept of z-detection, which can be used for efficient
computation of the number of fault pairs that are not
guaranteed to be distinguished by a given test set. This
number was denoted by Np. Our goa of increasing the
diagnosability of a circuit was trandlated through this con-
cept into a reduction of Np. Our results were as follows.
(1) We showed that to achieve a close-to-minimum value
for Np it is necessary to insert alarge number of observa-
tion points. This is related to the fact that different fault
pairs require different observation points, and it is impos-
sible to find a small number of observation points that will
be beneficial for all the fault pairs. (2) We described a
procedure for inserting a given number of observation
points so as to reduce Np . We reported results of this pro-
cedure for numbers of observation points equal to at most
3%, 2%, 1% or 0.5% of the circuit lines. We aso demon-
strated the accuracy of Np in predicting the actua
improvement in the circuit diagnosability by performing
diagnostic fault ssimulation to find the actual number of
indistinguished fault pairs for a given test set.
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Figure 5: Results of Procedure 2 (s9234)
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Figure 6: Results of Procedure 2 (s15850)
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