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Abstract Most of the recently reported test point selection
algorithms for analog fault dictionary techniques are based
on integer-coded table (ICT) technique. Hence, the accura-
cy of these algorithms is closely related to the accuracy of
the ICT technique. Unfortunately, this technique is not
accurate, especially when the size of fault dictionary is
large. This paper proposes an accurate fault-pair Boolean
table technique for the test point selection problem. First,
the approach to transform the fault dictionary into a fault-
pair Boolean table is introduced. Then, a test point selection
algorithm based on the fault-pair Boolean table is proposed.
Thirdly, several example circuits are used to illustrate the
proposed algorithm. Simulated results indicate that the
proposed method is more accurate than the other methods.
Therefore, it is a good solution for minimizing the size of
the test point set.

Keywords Analog fault dictionary - Integer-coded table -
Fault-pair Boolean table - Test points selection -
Fault diagnosis

1 Introduction

Methods for the fault diagnosis of analog circuits are
usually classified into two main categories [3]: simulation
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before test (SBT) and simulation after test (SAT). The
probabilistic method and fault dictionary techniques fall
into SBT, and optimization, fault verification and parameter
identification techniques fall into SAT. Among the various
fault diagnosis methods, one of the most widely used SBT
methods is the fault dictionary method [6]. This method is
applicable to both hard and soft fault detection and consists
of three important phases [12]. First, in the construction of
a fault dictionary, all potential faults are listed and the
stimuli type (i.e., dc, ac, or time domain), shape, frequency,
and amplitude are selected. A circuit under test (CUT) is
then simulated for the fault-free case and all fault cases. The
fault signatures (i.e., output response or a set of responses
or other parameters that are derived from output responses)
are generated when a test program is executed on a unit
having a fault. The fault features of the responses are stored
and organized in the dictionary for fault diagnosis. The
second phase is test point selection. In this phase, an
optimum test point set is required to achieve the desired
degree of fault diagnosis. The third phase is fault isolation.
At this stage, the same stimuli as those used in constructing
the dictionary are applied to the fault CUT. The measured
values at selected test points or calculated signatures are
compared with those stored in the dictionary to match the
fault(s) to one of the predefined faults or to a set of faults
according to preset criteria [12]. This paper focuses on the
second phase.

The problem of test point selection for the analog fault
dictionary technique has been studied extensively [1, 2, 4—
6, 8—13, 15—17]. Varghese et al. [15] proposed a heuristic
method for test point selection based on the concept of
confidence levels determined by using distance concepts.
The concept of ambiguity groups and developed logical
rules to select test points was proposed by Hochwald and
Bastian [5]. Stenbakken and Souders proposed a method of
QR factorization of a circuit sensitivity matrix [13].
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Abderrahman et al. [13] used sequential quadratic program-
ming and constraint logic programming to generate the test
set. Lin and Elcherif [6] proposed two heuristic methods
based on the two criteria proposed by Hochward and
Bastian. Spaandonk and Kevenaar [11] proposed looking
for a set of test points by combining the decomposition
method of a system sensitivity matrix and an iterative
algorithm. Prasad and Babu [12] proposed four algorithms
for inclusive approaches and three strategies for exclusive
approaches. Based on the fault detection table and
computing the information content of every node, Pinjala
and Kim [8] proposed an approach to get the near-
minimum test sets. An entropy-based approach was
proposed by Starzyk, et al. [12]. Golonek and Rutkowsk
[4] proposed a genetic-algorithm-based test point selection
method. Most test point selection algorithms and strategies
[4, 6, 810, 12, 16, 17] mentioned above are based on the
ICT technique. Hence, the accuracy of these algorithms is
closely related to the accuracy of the ICT technique.

Since a single-fault situation is mostly encountered in
fault diagnosis, only if the method works for this situation
can it be generalized to solving multiple soft fault cases.
Hence, this paper mainly focuses on tolerance handling in
the presence of single faults. Section 2 illustrates the ICT
technique and its shortcoming, and a new fault-pair Boolean
table technique is proposed to overcome this shortcoming. A
test point selection algorithm based on the fault-pair Boolean
table is given in this section as well. Section 3 presents
several simulated results and demonstrates the superiority in
the computational efficiency and solution quality of the
proposed method by comparing it with the other reported
methods. Section 4 concludes this work.

The nomenclature of this paper is as follows:

n; The jth test point.

I(n)) Count of the number of 1’ s associated with test
point ;.

Nr Number of candidate test points.

fi The ith fault.

Nr Number of all potential faults (including the
nominal case).

Sopt Desired test point set.

Sc Candidate test point set.

NT; Number of test points that can isolate the ith fault
pair.

Table 1 Fault dictionary

Faults n no n3

Jfo 6.1v. 9.0v  23v
f 6.6v  81lv 24v
1 72v. 93v  2.8v
§& 7.8v 8.5v 34v

Table 2 Integer-coded table

Faults n ny ns
Jo 0 0 0
fi 0 0 0
fH 0 0 0
f3 0 0 0

2 Fault-Pair Boolean Table

Most of the reported test point selection algorithms and
strategies [4, 6, 8-10, 12, 16, 17] are based on the ICT
technique. This technique was first proposed by Lin and
Elcherif [6]. According to this technique [6, 9, 12], an
ambiguity group is defined as any two faulty conditions that
fall into the same ambiguity group if the gap between the
voltage values produced by them is less than 0.7 volts. If the
two fault components belong to one ambiguous group, they
are undistinguishable. Faults that belong to the same
ambiguity group in a given column are coded as the same
integer. In this table, the same integer number represents all
the faults that belong to the same ambiguity group in a given
column. Since each test point represents an independent
measurement, ambiguity groups of different test points are
independent and can be numbered using the same integers
without confusion. The detailed description of this technique
can be found in the literature [6, 9, 12].

2.1 The Shortage of ICT Technique

Assume that Table 1 shows faulty (including fault free)
voltage values of a network. Faults £, and £, are isolated by
test point n; because the voltage gap produced by them is
larger than 0.7 volts. Hence, the fault pair (fy, /5) is isolated
by n;. Similarly, the fault pairs (fy, f3) and (f}, f3) are
isolated by n;. The residual fault pairs (fy, f1), (f1, f>) and
(f2, f3) are isolated by test point n,. Thus, test point set
{ny, ny} can isolate all faults.

If the ICT technique is adopted, we will conclude that not all
of the faults can be isolated. For example, on test point n; of

Table 3 Fault-pair Boolean table

Sequence number of fault pair ~ Fault pair n; n, n3 NT;
1 (fo, f1) 0 1 0 1
2 (fo, /2) 1 0 0 1
3 (fo, f3) 1 0 1 2
4 (f1, /2) o 1 0 1
5 (/1. 13) 0 1 2
6 (f2, 13) 0 1 0 1
I(n)) 3 3 2 -
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Fig. 1 A band pass filter circuit

Table 1, faults f, and f; are coded as 0. The voltage gap
produced by faults f; and f; is 0.6 volts (smaller than the 0.7-
volt criterion). Hence, they fall into one ambiguous group.
Since f; is coded as 0, f; should also be coded as 0 according
to the ICT technique [6, 12]. Similarly, ; is coded as 0.
Table 2 shows the results. In this table, all the faults are

Table 4 AC voltage fault

R12
R=1k

coded as 000. Therefore, all the faults are undistin-
guishable. Based on this table, regardless of which test
point selection algorithm is used, we cannot get any
solution.

Apparently, the traditional ICT technique induces a
wrong conclusion in this example. The fault-pair Boolean

dictionary (Unit: V) m na n3 N4 ns ne nq ng Ny n1o ny
Jo(NOM) 433 316 316 524 339 299 299 467 3.64 3.64 3.20
fi(R1Short) 400 292 292 484 312 276 276 431 3.64 3.64 3.70
f>(R10pen) 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 3.64 3.64 7.27
f3(R2Short) 381 381 381 631 407 359 3.59 562 364 3.64 5.47
f4(R20pen) 292  0.00 0.00 000 0.00 0.00 0.00 0.00 3.64 3.64 7.27
/f5(R30pen) 292 213 213 213 138 122 122 1.90 3.64 3.64 5.53
fs(R4Open) 0.00 0.00 000 427 276 244 244 381 3.64 3.64 10.86
f7(R5Short) 433 316 316 524 0.00 0.00 0.00 0.00 3.64 3.64 7.27
Jfs(R50pen) 433 316 316 524 406 3.58 358 5.60 3.64 3.64 4.43
Jfo(R6Short) 433 316 3.16 524 253 0.00 0.00 0.00 3.64 3.64 7.27
J10(R60pen) 433 316 3.16 524 462 462 462 723  3.64 3.64 6.84
J11(R70pen) 433 316 316 524 339 299 299 299  3.64 3.64 4.54
/12(R80pen) 433 316 316 524 339 299 027 1500 627 3.64 15.00
J13(R90pen) 433 316 316 524 339 299 299 467 3.64 3.64 3.64
f14(R100pen) 433 316 3.16 524 339 299 299 4.67 455 3.64 1500
fis(R110pen) 433 3.16 3.16 524 339 299 299 4.67 4.00 4.00 3.86
fis(R120pen) 433 316 3.16 524 339 299 299 4.67 0.00 0.00 4.67
/f17(C10pen) 258 1.88 188 312 202 178 1.78 278  3.64 3.64 4.50
/f15(C20pen) 341 341 341 564 365 322 322 5.04 364 3.64 9.37
f1o(C2Short) 1.81  0.00 000 0.00 0.00 0.00 0.00 0.00 3.64 3.64 7.27
/f20(C3Short) 433 316 316 524 524 462 4.62 723  3.64 3.64 6.84
/21(C40pen) 433 316 316 524 462 0.00 0.00 0.00 3.64 3.64 7.27
Jf>2(C4Short) 433 316 316 524 358 358 358 5.60 3.64 3.64 4.43
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Table 5 Fault-pair Boolean table

Fault pair n 7% ns ny ns ne ny ng g nyo nyy NT;
(foof1) 1 1 1 1 1 1 1 1 0 0 1 9
2 (foo2) 1 1 1 1 1 1 1 1 0 0 1 9
1:3 (:}?)Jl 3) :0 :0 :O :0 :0 0 0 :0 .0 0 1 1
4:5 (:fzﬁ) :1 :O :O :0 :0 0 0 0 :0 0 0 1
1:35 | . 0 0 0 .0 0 0 1

(/7:/9) 0 0 0 0 1

table technique proposed in the following section can
overcome this shortcoming.

2.2 Fault-Pair Boolean Table Technique

In the proposed fault-pair Boolean table, rows represent any
possible fault pairs, and columns show the available test
points. A fault dictionary that consists of Ny faults has

szvp = w fault pairs. Each test point #; is represented

by a binary column vector d of dimension w Test
point #; isolates the ith {1 <i < N/X(]zvfl)> fault pair if
the ith component of the test vector d; is 1.

According to the 0.7-volt criterion, f, and f; cannot be
isolated by n; in Table 1; hence, the corresponding
component d;; of Table 3 is 0. Similarly, two other fault
pairs (f1, f») and (f3, f3) cannot be isolated by n, and d4
and d,¢ are 0. These three fault pairs can be isolated by test
point n,; therefore, d»;=d>4=d>s=1. The other components
of Table 5 are derived in the same way. Since all six fault
pairs can be isolated by n; and n, together, test point set
{ny, ny} is the optimum solution.

It is important to note that in the present era of low-
voltage analog circuits, the 0.7-volt criterion seems to be
excessive. Supposedly, 0.2 volts gap should be enough to
distinguish two faults; therefore, this gap is adopted in
some literature [14, 16]. Hence, the 0.2-volt criterion is
adopted in the following text. The problem of whether this
criterion is the best criterion or not falls into the first phase
of fault dictionary techniques, and its discussion is beyond
the scope of this paper.

2.3 Test Point Set Selection Algorithm

The global minimum set of test points can only be
guaranteed by an exhaustive search method [12], which is
computationally expensive and impractical. This paper
handle the near optimum test point set selection problem.
The popular choice is the greedy search algorithm [4, 810,
12, 17]. The main idea of the greedy search algorithm for
the test point selection problem can be illustrated as
follows. The optimum test point set (S,,,) is initialized to
null. Then, the best test point among the candidate test
point set (S¢) is drawn from S¢, and added into S,,,. If the
test points in S,,, are not sufficient to diagnose the fault
pairs, the best test point among S¢ is drawn from S and
added into S,,,. The above steps are repeatedly executed
until all fault pairs are isolated. Whether a test point is the
best one or not is evaluated by a test point evaluation
criterion [16]. The test point evaluation criterion used in
this paper is a measure known as information content /(;).
Test point n; in Table 3 can distinguish three fault pairs
(f0,./2), (fo, f3) and (f, f3). Hence, I(ny)=3. Similarly, /(n,)=
3 and I(n3)=2. The I(n;) value is easy to calculate, and
max(/(n;)) is chosen as the test point evaluation criterion in
this paper.

Only one test point n, can isolate the 4th fault pair
(f1, f>) in Table 3; hence, NT,=1. Therefore, this test point
is necessary for fault isolation, and it should be added into
the desired optimum test point set (S,,,). According to the
above discussion, the proposed test point selection algo-
rithm based on the fault-pair Boolean table technique can
be illustrated as follows.

Table 6 Residual fault pairs

Fault pair no n3 N ng ny ng ny nio NT;
192 (firsf16) 0 0 0 0 0 1 1 1 3
198 (firf22) 0 0 0 1 1 1 0 0 3
200 (f12:/14) 0 0 0 0 1 1 1 0 3
I(n)) 0 0 0 1 2 3 2 1 -
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Step 1) The optimum test point set S,,, is initialized to a
null set.

For each fault pair that corresponds to N7;=1, the
test point that can uniquely isolate the ith fault
pair is added into S,,,. The rows (fault pairs) that
can be isolated by this test point are deleted from
the fault-pair Boolean table, and the test point is
removed from the fault-pair Boolean table. Go to
Step 4.

I(n;) of every test point in the fault-pair Boolean
table is calculated, and the test point with
max(/(n;)) is added into S,,. The rows (fault
pé{irs) isolated by this test point are deleted. The
point is also deleted.

If all the fault pairs are isolated, exit. Otherwise,
go to Step 3.

Step 2)

Step 3)

Step 4)

It is important to note that N7; used in Step 2 and the
I(n;) value for the first iteration were obtained after the
fault-pair table was constructed.

Usually, in an actual analog circuit, some faults can be
diagnosed only by a certain test point. In this case, Step 2

helps the algorithm more accurately and efficiently finds
the final solution. If there is only one optimum solution, the
proposed algorithm can find the global optimum solution
by using just one step, viz. Step 2. Even there are more than
one optimum, Step 2 dramatically decreases the size of the
fault-pair Boolean table. For example, in Table 2 from [12],
f1 and f; can be distinguished only by test point n;, fg and
fio are diagnosed by only one test point ns, fis and fi4 are
isolated by exclusive test point ny, and f, and fi, are
discerned by n,,. Therefore, n,, ns, no, and n;; should be
added into S,,, according to Step 2. These four test points
isolate all faults. In this example, only one step (Step 2) can
find the optimum solution.

Theorem 1 The time complexity of the proposed algorithm
is less than O(NENm).

Proof As discussed in Section 2.2, the fault-pair table
consists of w rows. Hence, in Step 2, deleting the
rows (fault pairs) isolated by the selected test points has
the time complexity of O w = O(N}). In Step 3,

the time complexity of calculating /(n) is O(N} x Nr),

aAVAVAV.
Y R3
ci /1 R=10 kOhm
C=0.01 uF
2 ANAA —d
R2
R=10 kOhm |
Vin 1 71
——"\WN— c2
R1 C=0.01 uF|
R=10 kOhm N4 A AN n5
— né
— OpAmp R6
AMP1 R=10 kOhm,
— OpAmp
AMP3
=—\\\/
R12 H l_._
R=10 kOhm
C4
C=0.01 uF
) —AAA—=4
c3 R10
C=0.01 uF R=10kOhm
n7
*—VVV |+
R7
- - 11
R=10 kOhrr_1r (n10 AN n} >
— R11 n12 Vout
OpAmp R=10 kOh
= m -
AMP4 __E_
— OpAmp
AMP6

Fig. 2 A Leapfrog filter circuit
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Table 8 Faults number

fo Normal, R30pen, R120pen, C10pen, C30pen, C4Open
f R10pen C1Short

f, R20pen

f3 R40Open

fy R50pen

fs R60pen, C2Short

fs R70pen, R3Short

f; R80Open, R110pen, C4Short
fy R90pen

fo R100pen

fio C20pen

and deleting rows has the time complexity of O(N,%).
Suppose that Step 3 is executed for m iterations, viz.
|Sop:] = m, the total complexity of the proposed algorithm
is O(N} + N} x Nr x m) = O(NENym). Because the iso-
lated faults are deleted in each iteration, the size of the fault-
pair table decreases gradually. Therefore, the total complex-
ity is less than O(Nf- +N§ X N7 X m) = O(N%Nrm).

3 Simulation Examples

3.1 Simulations on Circuits

Example 1 A band pass filter circuit example

The filter circuit shown in Fig. 1 is stimulated by a 1 kHz,
4 V sinusoidal wave. A total of 23 faulty conditions fo—/>,

and eleven test points n;—n,; are examined. Voltage values
at all the test points for different faulty conditions are

simulated by using PSPICE. The results are shown in
Table 4. The fault-pair Boolean table, Table 5, is con-
structed by using the procedures introduced in Section 2.2

In Step 1 of the proposed algorithm, the optimum test point
set S, is initialized to a null set. In Step 2, NT3=1, and ny,
is the only one test point that isolates the 13 fault pair (fp,
/13)- Hence, n; is added into S, The rows isolated by n;;
are deleted from Table 5. For example, the 1s¢ fault pair (fo,
f1) and the 2nd fault pair (fy, f>), isolated by n;;, are
removed. Test point n;; is also removed from Table 5.
Similarly, n, and ns should be added into S,,, and then
Sopt = {n1, ns, nyy}. After all the fault pairs isolated by the
test point set S,,, are removed from Table 5, three rows
shown in Table 6 remain.

In Step 3, the I(n;) value is calculated, and the results are
shown in the final row of this table. Test point ng, which
has the maximum I(n;) value among the candidate test
points, is added into S,,,, and then S,,, = {n,, ns, ng, ny;}.
So far, all fault pairs are isolated. The optimum solution is
found when the proposed algorithm is executed for only
one iteration. If the integer-coded technique is adopted, the
size of the test point set found by other algorithms,
including the exhaustive method, is larger than 4. The
results are shown below.

Graph search algorithm [17]:
Sopt = {n1,ns,n6,n9, 111}
Pinjala’s algorithm [8]:

Sopt = {n1,ns,ng,n9,n11}
Starzyk’s algorithm [12]:
Sopt = {n1,ns,ng,n9,n11}

The exhaustive algorithm [17]:

Table 9 A part of fault-pair

Boolean table Fault pair n ny n3 Ny ns e ny ng Hg nio ni nip NTL

(fof1) 0 1 1 1 1 1 1

(fo.2) 0 1 1 1 1 1 1

(foofa) 0 1 0 0 0 0 0 0 0 0 0 0 1

(fof7) 0 0 0 0 0 0 0 0 0 0 0 1 1

(foofs) 0 0 0 0 0 0 0 1 0 0 0 0 1

(f3:/5) 0 0 0 1 0 0 0 0 0 0 0 0 1
0 0 1 0 0 0 0 0 0 1

(fs/6) 0 0 0

@ Springer



530

J Electron Test (2010) 26:523-534

L ANt AN ANl "
R1 R2 R3 R4 R5
R=4 kOhm R=3 kOhm R=3 kOhm R=3 kOhm R=3 kOhm
+_ Vde R6 R7 R8 R9 R10
T R=12 kOhm R=6 kOhm R=6 kOhm R=6 kOhm R=3 kOhm

Fig. 3 A linear voltage-dividing circuit

S()pt = {n17n57n6;n97n11}

Obviously, the proposed method more accurately finds the
solution than the other algorithms.

Example 2 Leapfrog filter circuit example

Figure 2 shows a Leapfrog filter circuit. A total of 20
potential faults are examined. All 12 test points are
assumed to be accessible for the purpose of demonstration.
The excitation signal is a f=1 kHz, V,=6 V sinusoidal
wave. The tolerance of resistors and capacitors is 5% and
10%, respectively. High and Low faulty voltage limits on
every test point of each individual fault are calculated by
using a worst-case analysis. The measurement accuracy is
+5%. Table 7 shows the results of worst-case analysis. The
voltage signature of every fault varies between its high and
low faulty voltage limit. For example, the signature area of
fault condition R3O0pen on test point n, is (4.17, 3.09). If
two faults have overlapping signature areas, these two
faults are undistinguishable. On test point n,, the nominal
case and R3Open cannot be diagnosed because their
signature areas have the common intersection (4.17, 3.48).
The undistinguished faults are listed in Table 8. Based on
Tables 7, 8, and 9 is obtained by using the proposed fault-
pair technique.

Table 10 Slope value

It is easy to see from Table 9 that test points n,, ny, ng,

ng, and n, are necessary to isolate (fo, f1), (f3, f5), (3, f6),
(fo, f3) and (fo, f7), respectively. Hence, S,,; = {n2, ns, ne,
ng, ni»}. So far the test points in S,,, isolate all the fault
pairs. It means that when the proposed algorithm runs to
Step 2 in the first iteration, the final solution is found. The
computation time is only about 0.9 ms.

In this example, all the other algorithms, including the
graph search algorithm [17], Pinjala’s algorithm [8], and the
entropy-based algorithm [12] also find the optimum
solution. However, these algorithms run for 5 iterations,
and the computation time is about 2.1 ms. This result
justifies the former deduction that Step 2 helps the proposed
algorithm more accurate and efficient than the other ICT-
based algorithms.

Example 3 A linear net

The fault dictionary technique is traditionally used to
diagnose catastrophic faults; however, it can also be used to
diagnose the soft fault of linear circuits. Hence, the
proposed fault-pair technique and test point selection
algorithm are also applicable to the soft fault diagnosis
problem.

Assume 7n; and n, are two different test points (except
for the reference point) in a linear circuit N, the fault set is

Fault component Py P, P3 Py Ps P Py Pg Py Pio

n n n n n ny n n3 n3 In

| | \ | \ | | \ | \

ny n3 n ns n3 ny ns n ns ns
fi(R2) -1.00 -2.00 —4.00 —8.00 2.00 4.00 8.00 2.00 4.00 2.00
H(R3) 0.50 —-0.50 —1.00 —2.00 -1.00 —2.00 —4.00 2.00 4.00 2.00
f(R4) 0.50 0.25 -0.25 —0.50 0.50 —0.50 —-1.00 —1.00 —2.00 2.00
f4(RS) 0.50 0.25 0.13 —-0.13 0.50 0.25 —-0.25 0.50 —0.50 -1.00
f5(R6) 2.00 4.00 8.00 16.00 2.00 4.00 8.00 2.00 4.00 2.00
J6(R7) 0.50 1.00 2.00 4.00 2.00 4.00 8.00 2.00 4.00 2.00
f7(RB) 0.50 0.25 0.50 1.00 0.50 1.00 2.00 2.00 4.00 2.00
f3(R9) 0.50 0.25 0.13 0.25 0.50 0.25 0.50 0.50 1.00 2.00
fo(R10) 0.50 0.25 0.13 0.06 0.50 0.25 0.13 0.50 0.25 0.50
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Table 11 6 values
Fault component P P, P3 Py Ps Ps P Pg Py Pio
ny n ny n ny ny n n3 n3 g
| | \ | | | | \ | \
ny n3 g ns n3 N ns g ns ns
f1(R2) —45.0 —63.4 =76.0 -82.9 63.4 76.0 82.9 63.4 76.0 63.4
£(R3) 26.6 -26.6 —45.0 —63.4 —45.0 —63.4 -76.0 63.4 76.0 63.4
f5(R4) 26.6 14.0 -14.0 -26.6 26.6 -26.6 —45.0 —45.0 —63.4 63.4
f4(RS) 26.6 14.0 7.1 =7.1 26.6 14.0 -14.0 26.6 -26.6 —45.0
f5(R6) 63.4 76.0 82.9 86.4 63.4 76.0 82.9 63.4 76.0 63.4
Js(R7) 26.6 45.0 63.4 76.0 63.4 76.0 82.9 63.4 76.0 63.4
f7(R8) 26.6 14.0 26.6 45.0 26.6 45.0 63.4 63.4 76.0 63.4
f(R9) 26.6 14.0 7.1 14.0 26.6 14.0 26.6 26.6 45.0 63.4
fo(R10) 26.6 14.0 7.1 3.6 26.6 14.0 7.1 26.6 14.0 26.6
Table 12 Fault-pair Boolean
table Fault component pair P, P, Ps P, Ps Py Py Py Py P,y NIT;
ny ny ny n n ny ny n3 n3 4
| \ | | | \ \ | | \
n n3 ny ns n3 g ns ny ns ns
1 (f1.,) 1 1 1 1 1 1 1 0 0 0 7
2 (f1./3) 1 1 1 1 1 1 1 1 1 0 9
36 (fsifo) 0 0 0 1 0 0 1 0 1 1 4
- 1I(P) 15 26 33 36 23 30 33 23 26 15 -
Table 13 Statistical simulation
results Size of the min. set Ay Ay As Ag As Ag
3 - - - - - 100
4 _ _ _ _ _ _
5 _ _ _ _ _ _
6 _ _ _ _ _ _
7 23 9 - 30 30 -
. 8 39 47 2 33 33 -
A1-Graph search algorithm [17] 9 14 13 47 19 19 3
A- Entropy method [12] 10 13 3 16 10 10 B
As- Pinjala’s algorithm [8] 1 3 23 27 7 B B
A4~ Genetic-algorithm [4] " g 3 3 3 3 B
As- Exhaustive algorithm [17] Computation time per dictionary (Unit: ms) 33 40 35 124.9 320 214.9

Ag- Proposed algorithm
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F ={fo,fi, - fu},where fy is the nominal case, and f;
denotes a faulty condition of the i’ component. In the
nominal case, the voltage values measured on n; and n, are
Vo1 and Vi, respectively. For any other faulty condition £,
the node voltage function must cross (Vy1,Vy,). The node
voltage function for f; is expressed as follows [7]:

Vi—Vip =A4i(Va — Vao), (1)

where A4; is the slope of formula (1) on the V-V, plane.
0, = arctanAi(—900 <6< 900) is selected as the fault
model.

Figure 3 shows a linear voltage-dividing circuit. The
potential fault components are listed in Table 10. The 4; value
for every component on each plane is obtained by
simulation. In this table, P; denotes the ;™ plane. For
example, Py is the V,—V,, plane, P, denotes the V,1—V,;
plane, P is the V,4—V,s plane, and so on. The components
in Table 11 are the 6 values of all potential fault components.

Assume that any two faulty components are distinguish-
able if the angle degree difference they produce is larger
than 10°. The problem of whether 10° is the best criterion
or not falls into the first phase of fault dictionary
techniques. This problem is beyond the scope of this paper.
The fault-pair Boolean table, Table 12, is constructed by
using the procedures introduced in Section 2.2

The proposed algorithm is used to select the minimum
plane set from Table 13. Because no fault pair has NT,=1,
Step 2 is overleaped. In Step 3, P4, which has the maximum
I(P4) value 36, is added into S,,,. Because all 36 fault pairs
are isolated by So, = {Ps}, Sopr = {n1, ns} is the final
solution.

The component parameter randomly varies within its
tolerance range (x;£x; 10%). Assume that R1=4.4 k, R2=
3.1 k, R3=2.8 k, R4=2.9 k, R5=3.3 k, R6=13.1 k, R7=
6.2 k, R8=5.4 k, R9=5.8 k, and R10=3.2 k. When the
circuit works steadily, the voltages on the two selected
test points #jand #5 are Vo = 7.756V, Vo =481.4mV,
respectively. When R4 fails, R4=2 K, for example, the
faulty voltage values are V;o = 7.728V, Vo = 536.3mV.
According to expression (1), the fault signature is
A ="0238"L48 ~ 196 =6 =—11.1°. Table 11 shows
that on the selected plane Py, 6 = —11.1° falls into the
signature area of R4, viz. -7.1£5°. Hence, faulty compo-
nent R4 is diagnosed accurately.

In fact, regardless of what type of measurement is carried
out; and what kind of failure needs to be diagnosed, if only the
fault dictionary can be constructed, then the fault-pair Boolean

Table 14 Time complexity

Ay Ay A5 [16] A, A5[16] As

O(NpmNT lOgN]:) — O(ZN’NF IOgN]:) O(N]:szT)

@ Springer

Table 15 Average computation time

4, Az %E As As

Computation time per 60 62 59 327 >1 h
dictionary (Unit: ms)

table is applicable, and the proposed algorithm can be used to
select the minimum columns to discriminate the rows.

3.2 Statistical Simulation Examples

In the former three examples, the proposed algorithm more
accurately finds the minimum test point set than the other
methods. In this subsection, its accuracy is also examined
on extensive randomly computer-generated fault dictionar-
ies. Besides, for comparison, five latest test point selection
algorithms are also examined on the same dictionaries. All
the simulations are done by using MATLAB codes in an
Intel 1.6 GHz processor, 512 M RAM and the Microsoft
Windows XP operating system.

Statistical Simulation Example 1 A total of 100 fault
dictionaries are examined. Every dictionary consists of 100

a 20 candidatie test points
" :
£ ICT based axhuastve algorthm
2k il
+ Proposed mathod
R
= 8 A
E ,
& s 4
: -1 o —— - 4
S A b i e i B
;;5 40 &0 B0 10m 12 141 160 180 xm
Number of faults
b 10 !0 candidatte If‘s: Dﬂll‘r‘s
E1S -5 1T based exhuastve algonithm { e
B ~+ Proposed method
L3 ] Jo z
H
: o
& /
TS5
& 4 _.-'L - 7
3 o .
o
1 - a i
1 I I L L L I
o x 4 =] :1] o 120 140 160

Number of faults

Fig. 4 Statistical results of the proposed method and the exhaustive
algorithm based on Integer-Coded technique
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simulated faults and 20 test points. Every component of
these dictionaries is randomly generated by MATLAB codes
and varies between 0.00 and 5.00 volts. First, these
dictionaries are transformed into integer-coded and fault-
pair tables. Then, the proposed algorithm is carried out on
the fault-pair tables, and the other algorithms are carried out
on the integer-coded tables. Table 13 shows the simulation
results. It can be seen that if the proposed method Ag is
adopted, three test points that isolate all the faults in all 100
simulated fault dictionaries (100% of the simulated cases) are
sufficient, however, if the other algorithms (4;~45) includ-
ing the exhaustive algorithm are used, the sizes of final
solutions are larger than 7, which indicates that these
solutions contain at least four redundant test points. Besides,
in eight simulated cases, the integer-coded technique leads to
an erroneous conclusion that faults cannot be isolated fully.

Table 14 shows the time complexity of every
algorithm, cited in [16] except for Ag. The time
complexity of algorithm A, is hard to obtain and can be
examined only by statistical simulations. It can be seen
that the time complexity of proposed algorithm Ay is larger
than that of 4, 4,, and 4z; however, it is much smaller
than that of 4s. In this example, the complexity of 4 is

Ng2mN, _ 100 ~ ;
(W%T(NF)) = O(W) ~ 6.7 times more than

that of A4;, A, and A4s; however, it is much smaller than
that of As. For the eight no-solution cases, the average
computation time of which is listed in Table 15. In these
cases, the time complexity of As is 0(2*° -100log100);
therefore, its executing time is larger than 1 h.

Although the execution time of the proposed algorithm
is greater than that of other near optimum algorithms, since
we do not execute this algorithm in real-time but rather do
it offline, the proposed algorithm is still a computationally
viable algorithm. For example, the execution time for a
100x20 size fault dictionary is only about 0.2 s.

Statistical Simulation Example 2 Figure 4 illustrates the
performance of the proposed algorithm and the ICT-based
exhaustive method. This figure shows the relationship
between the number of faults and the size of the final
solution. In Fig. 4(a), the total number of candidate test
points is 20. If the fault number is smaller than 40, no
difference exists between the proposed algorithm and the
ICT-based exhaustive algorithm. When the fault number is
larger than 40, the size of the final solution found by the
exhaustive algorithm increases dramatically; however, if
the proposed method is adopted, the size of the final
solution increases slowly. Besides, when the fault number
is larger than 120, the ICT technique makes all the faults
undistinguishable. Hence, with an increase in the dictio-
nary size, the ICT technique cannot accurately find the
final solution whereas the proposed algorithm exhibits an

excellent accuracy. The same conclusion is drawn from
Fig. 4(b).

4 Conclusion

Modern densely-loaded circuit boards have posed prob-
lems for fault diagnosis with in-circuit testers because
only limited physical access to the boards is allowed.
Therefore, a method that can select a minimum test
point set is badly needed to reduce the number of test
points. The recently reported test point selection algo-
rithms that based on the ICT technique are claimed to
be applicable to a large fault dictionary. Unfortunately,
as pointed out in Section 2, the ICT technique leads to an
erroneous conclusion when the fault dictionary is large.
Therefore, the integer-coded technique is not applicable to
large size fault dictionary. Based on these considerations,
the main focus and contributions of this paper are listed as
follows:

* A new fault-pair Boolean table technique that can fully
take advantage of the fault discrimination power of the
test points is proposed.

* A test point selection algorithm that fits for the fault-
pair Boolean table is introduced.

» This paper proves that the faulty dictionary technique
can be used to diagnose not only catastrophic faults but
also parameter faults.

The proposed algorithm is succinct, easy to program and
execute. Its accuracy has is proved by theoretical analysis
and statistical simulations. Thus, it is particularly applicable
to actual circuits and engineering applications.
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