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Abstract Discrete hard fault is always tested in existing node
selection methods for analog circuit diagnosis. Actually, ana-
log component parameter changes continuously and output
node voltages distribute in a continuous voltage interval. In
this paper, an novel test node selection method is proposed for
continuous parameter shifting (CPS) fault. Firstly, CPS faults
are sampled by parameter scan simulation in a single test
frequency. Collected node voltages are seen as a data set in a
statistical distribution. Secondly, ambiguous faults are identi-
fied according to the independent distributions of all CPS
faults. The independence of CPS fault sample is deduced by
Kruskal-Wallis non-parametric testing. Then, new fault dictio-
naries are generated for each test node according to ambigu-
ous interval. The proposed fault dictionary represents the mu-
tual independence of each pair of CPS faults. Finally, as fault
dictionaries are considered as connected graphs, the optimal
test nodes are selected based on an improved depth first search
(DFS) algorithm. The effectiveness of method is verified by
testing linear and nonlinear circuits.

Keywords Analog fault diagnosis .Test node selection . Fault
dictionary . Continuous parameter fault

1 Introduction

Analog circuit diagnosis is still an unresolved task especially
due to the lack of a feasible fault model. As not all test points
are measurable and necessary, the optimal test point selection
can effectively improve the efficiency of analog diagnosis.
Methods of analog fault diagnosis are mainly classified into
two main categories: simulation before test (SBT) and simu-
lation after test (SAT). Fault dictionary method is one of the
most popular methods and belongs to SBT. Accordingly, the
existing test point selection methods are mainly based on bi-
nary fault dictionary.

Various selection criteria have been proposed for test point
selection. Slamani and Kaminska propose fault sensitivity to
select test node [19, 21]. The maximum isolated fault is ap-
plied to select test node proposed by Pinjala and Bruce [16].
Starzyk introduces an entropy based approach to select the
near minimum test point set [23]. Several special information
contents are introduced as different criteria for test node selec-
tion [2, 4, 17, 22].

Another task of test point selection is the design of selec-
tion strategy. Skowron and Starzyk prove that the global min-
imum set of test point can only be guaranteed by the exhaus-
tive search method, which has been proven to be NP-hard [20,
23]. Therefore, several strategies based on heuristic search
methods are widely studied. Lin and Elcherif propose two
heuristic methods to select optimal test node [13, 22]. A ge-
netic algorithm based method is introduced by Golonek and
Rutkowsk [4]. Zhang and He propose an ant colony search
algorithm to select the optimal test point [27]. A heuristic
selection method based on particle swarm optimization is
studied by Jiang and Wang [7]. Heuristic graph search is
applied by Yang and Tian [24]. Moreover, the heuristic
method of greedy randomized adaptive search is intro-
duced by Lei and Qin [12].
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Integer-coded fault dictionary and ambiguity gap are
commonly applied for the above mentioned methods.
Integer-coded dictionary proposed by Lin [13] and
Hochwald [6] is the most popular dictionary. Moreover,
Yang and Tian introduce a dictionary based on fault-pair
boolean Table [25], and an extended fault dictionary is
improved by Luo and Wang based on overlapped area
value [15]. Generally, fault dictionary is generated based
on fault ambiguity gap. The voltage of 0.7 V is often used
as the ambiguity gap for discrete hard fault [5, 13, 17,
23]. Other special voltage gaps are also introduced in
some references [18, 25]. However, it points out that the
unified fault ambiguous gap is not always suitable for all
analog component faults [13, 15, 28]. As so far, the diag-
nosis of continuous parameter shifting (CPS) fault is still
a challenge task due to the lack of soft fault model [26].
Discrete parameter shifting soft (DPS) faults have been
wildly tested [1, 4, 14, 23]. Discrete parameter fault is
the component normal parameter adding or subtracting
its tolerance value. Open fault and short fault are hard
fault. They are specific DPS faults [26]. Hard fault has
been widely studied in existing test node selection
methods [4, 12, 15–17, 23–25]. Moreover, the unified
ambiguity gap is only suitable for DPS fault testing.

This paper aims at studying an optimal test node selection
method for CPS faults. So far, CPS modeling is still a hard
problem for analog circuit testing. Symbolic technique [3],
transfer function coefficient estimation method [8, 9], approx-
imated transfer function coefficient estimation [10], and in-
verse problem-based method [11] are introduced to continu-
ous fault diagnosis. Transfer functions are required for these
mentioned methods. Moreover, Yang proposes a new com-
plex field model for CPS fault [26]. As it needs to obtain
ambiguous fault according to CPS fault model, all these
existing parameter models haven’t been applied to test node
selection.

Considering the test object of CPS fault and the gener-
ation of ambiguous CPS fault, this paper proposes a new
test selection method by non-parameter test and graph
search. CPS faults are sampled by the combination of
parameter sweep and AC sweep in Pspice software.
Continuous component parameter changes by decade
sweeping. The continuous node voltages are sampled in
a single test frequency. In addition, test intervals of CPS
fault are calculated through Kruskal-Wallis non-parameter
test. The intervals are seen as ambiguous fault gaps,
which are different for each kind of fault. Then, new fault
dictionaries are generated based on fault test intervals for
each test node. These binary fault dictionaries are consid-
ered as connected graphs. Finally, an improved DFS algo-
rithm is introduced to search the optimal test nodes.

This paper is presented in the followings. Section 2 intro-
duces basic principles of new method. In section 3, the proce-
dures of new test node selection are written. The experiment
details and results are discussed in section 4. Finally, conclu-
sions are presented in section 5.

2 Principle of New Method

2.1 Continuous Parameter Shifting Fault

Discrete soft fault and hard fault are widely studied for
analog fault diagnosis. Then can be seen as discrete
parameter shifting fault [26]. The paper has been proved
that analog component parameter is continuous and the
fault node voltage can be any value within the range of
[Us Uo], where Us and Uo are extreme minimum and
maximum faults, which approximately represent short
and open faults respectively [26]. This kind of fault is
named as CPS fault [26]. As component fault parameter
is not in a single fault state, plenty of node voltages
need to be sampled for CPS fault. They are collected
by simulation software in this paper. It is a simple and
effective way to collect all samples of a CPS fault.

CPS faults are sampled by parameter sweep and AC
sweep. In order to decrease the sample size, componentFig. 2 Test intervals by Kruskal-Wallis non-parametric test

Fig. 1 CPS faults of capacitance
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parameter changes by decade sweeping and continuous
node voltages are sampled in a single appointed test
frequency. Figure 1 shows four kinds of CPS fault for
the first test circuit in test node of n11. This circuit is
described in section 4.1. The parameter scan range is
from 10−11F to 10−3F for the capacitance component,
where 10−11F and 10−3F represent extreme minimum
and maximum faults, respectively. 81 discrete voltages
are collected through decade sweeping. The appointed
test frequency is 1 kHz. As shown in Fig. 1, node
voltages of CPS capacitance fault continuously change
in the scanning range.

2.2 Fault Dictionary Based on Kruskal-Wallis
Non-Parametric Test

Although, it is a continuous relationship between com-
ponent parameters and test node voltages as shown in
Fig. 1, the output voltages are discretely sampled.
Moreover, Fig. 1 shows fault voltage intervals between
extreme minimum and maximum faults are uncertain
and non-unique for different kinds of CPS fault. In this
paper, a statistical method is introduced to detect

ambiguous CPS fault. Ambiguous CPS faults are judged
by the distribution of fault voltage. If the distributions
of two CPS fault samples aren’t independent for each
other, they are ambiguous CPS faults. In statistical the-
ory, non-parametric test is useful to estimate the overall
distribution of a data set. In this paper, Kruskal-wallis
non-parametric test is applied to estimate the distribu-
tion of CPS fault sample. This statistical method can
deduce whether the distributions of different CPS fault
samples are independent.

Figure 2 shows test intervals of 16 CPS faults sam-
pled in test node of n1 by Kruskal-Wallis non-paramet-
ric test located in two dimension space for the first test
circuit. The lines of Fig. 2 represent different kinds of
fault. If the width of lines overlap together, the non-
parametric test rejects the hypothesis that the faults rep-
resented by lines are independent. This paper considers
these kinds of fault are ambiguous. The ambiguous
faults are drawn by the dashed lines. The compared
fault is f1 in Fig. 2. It shows that the faults of {f2,
f5,f7,f8} drawn by the dashed lines are ambiguous for
fault f1 and other faults drawn by the solid lines are
independent for fault f1. The results indicate that there
is a significant difference between fault f1 and faults of
{f3,f4,f6,f9 ~ f16} by Kruskal-Wallis non-parametric
test. Moreover, no significant difference exists between
fault f1 and fault group of {f2, f5,f7,f8}. These results
suggest that the samples in fault group of {f1,f2,f5,f7,f8}

Table 1 Returned probability and dictionary code

Appointed fault Compared fault Returned probability Dictionary code Appointed fault Compared fault Returned probability Dictionary code

f1 f2 0.339 0 f1 f10 5.12E-07 1

f1 f3 5.43E-07 1 f1 f11 5.12E-07 1

f1 f4 5.12E-07 1 f1 f12 5.12E-07 1

f1 f5 0.069 0 f1 f13 5.12E-07 1

f1 f6 0.005 1 f1 f14 5.12E-07 1

f1 f7 0.977 0 f1 f15 5.12E-07 1

f1 f8 0.763 0 f1 f16 5.12E-07 1

f1 f9 5.12E-07 1

Visit the first node of dictionary

Does this node connect 
to all selected nodes?

Recursive search the rest nodes of dictionary by DFS

Output the  sub-graph with
the largest number of 

connected node

Dose all nodes have 
been searched?

Visit the next node of dictionary

Y

N

N

Return
Y

Fig. 3 Flow chart of the improved DFS algorithm

Table 2 Fault dictionary
of six faults f1 f2 f3 f4 f5 f6

f1 1 1 0 1 1 1

f2 1 1 0 1 1 1

f3 0 0 1 1 1 0

f4 1 1 1 1 1 0

f5 1 1 1 1 1 1

f6 1 1 0 0 1 1
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come from the same distribution in high probability, and
the samples in fault groups of {f1,f3,f4,f6,f9 ~ f16}
come from different distributions in high probability.
Therefore, the ambiguous fault set for fault f1 is {f1,f2,-
f5,f7,f8} in test node n1. In addition, according to the
test interval results of Fig. 2, the ambiguous set is {f-
1,f2,f5,f6,f7,f8} for fault f2. Accordingly, the ambiguous
sets for other CPS faults can be obtained. Hence, the
ambiguous fault sets for each fault are different based
on the intervals of Kruskal-Wallis non-parametric test.

If there are n CPS faults for a test circuit, n non-
parametric test results are calculated for each test node,
and all faults are the appointed fault in order to generated
fault dictionary. Based on the distribution results of
Kruskal-Wallis testing, fault dictionary can be generated
for each test node. Fault dictionary is a n × n matrix. The
row and column of dictionary represent all appointed
faults. The ith line (or the ith list) of matrix shows the
distributions between the ith fault and other faults. This

binary fault dictionary is generated according to the
returned probability value p from Kruskal-Wallis testing.
The returned probability indicates whether Kruskal-wallis
rejects the null hypothesis that all data samples come from
the same distribution at an appointed significance level or
accepts the hypothesis. Significance level is a small prob-
ability criterion which can be used to determine the al-
lowable limit of the judgment. If the returned probability
is lower than an appointed significance level (the default
significance level is 0.05 in Matlab statistical toolbox),
the dictionary code is 1. Otherwise the dictionary code
is 0. Code 1 represents the voltage samples of the com-
pared CPS faults are significant difference and the distri-
butions of the compared faults are independent. Code 0
means the compared faults come from the same distribu-
tion in high probability and they are ambiguous. For ex-
ample, as the returned probability for appointed fault f1
and compared fault f7 is the biggest and it is more than
0.05, the dictionary code is 1. This result also can be
approximately obtained from Fig. 2. It shows that the
overlap width between lines of f1 and f7 is the largest.
Therefore, fault f7 has the highest probability to be an
ambiguous fault to fault f1.

Table 1 lists dictionary codes for the faults drawn in Fig. 2.
The appointed fault is f1. Other 15 faults are compared faults.
For example, in the third line, as 0.339 is bigger than the
default significance level of 0.05, the dictionary code is 0.
The same results are also obtained for the compared fault set
of {f5,f7,f8}. Therefore, the ambiguous fault set is {f1,f2,f5,-
f7,f8} for fault f1.

2.3 Optimal Test Nodes Searched by Improved DFS
Algorithm

As the introduced fault dictionary is a n × n binary
matrix for each test node, where n is the number of

Fig. 4 Connected graph for fault dictionary listed in Table 2

Fig. 5 Three connected sub-
graphs searched by the improved
DFS algorithm
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CPS fault, a test circuit with m test nodes has m fault
dictionaries. This is obviously different from the tradi-
tional node selection method which has one fault dic-
tionary. The traditional fault dictionary is coded for test
node. This fault dictionary is coded for test fault. It is
caused by the difference of test objects. The test object
of traditional node selection method is discrete hard
fault with a single ambiguous gap, however the object
of this method is continuous parameter soft fault.
Moreover, the collected fault data is a statistical sample
set for this method. Therefore, ambiguous fault charac-
ters can’t be judged by a single ambiguous gap.
According to non-parameter test, the introduced fault
dictionary can express the mutual independence of all
pairs of CPS faults through statistical analysis. In order
to find all independent CPS faults for each test node,
the fault dictionary is considered as a connected graph.
Therefore, an improved DFS algorithm is introduced to
search the connected sub-graph in this paper. The graph
nodes of sub-graph represent mutually independent CPS
faults.

DFS algorithm is a graph search algorithm. It searches
every possible deep path. Each node can only access at one
time. Time complexity of algorithm is O(e), where e is the
number of connected edge. Actually, as the target of test node
selection is not only for deep connected sub-graph but also for
mutually independent CPS faults, the time complexity for test
node selection is less than O(e). This limitation reduces the
algorithm complexity. The improved DFS algorithm is de-
scribed as below.

1) Visit the first node in the first line of the dictionary.
Perform the second step until the nth node in the
nth line has been visited, where the nth node repre-
sents the nth CPS fault. The sub-graph with the
largest number of connected node is returned for
each search.

2) Recursive search the next graph node by the im-
proved DFS algorithm. The limitations of selection
are the next selected node should not have been
accessed and should be connected to all selected
nodes.

Figure 3 is the flow chart of the introduced DFS
algorithm. Table 2 lists an example of fault dictionary.
Its connected graph in two dimension space is drawn in
Fig. 4. The symbols of connected nodes represent all
kinds of faults. The lines between nodes mean these
faults are not ambiguous for each other. In addition,
the axes of X and Y indicate the two dimension space
location of fault. According to the introduced improved
DFS algorithm, the algorithm performs 6 times as the
fault dictionary is a 6 × 6 matrix. The final search

Fig. 6 Node voltages of f3 for the
first test circuit

Table 3 Time complexities for six methods

Methods Time complexity

Prasad’s [17] O(NF ⋅ p ⋅ logNF)

Pinjala’s [16]and Spaandonk’s [22] O(NF ⋅m ⋅NT ⋅ logNF)

Yang’s [24] and Luo’s [15]
O m⋅N 2

F ⋅NT
� �

Introduced method
O N 2

F ⋅NT
� �
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results are six connected sub-graphs. Each returned sub-
graph has the maximum number of graph node. Three
of sub-graphs are different. They are three optimal
search paths shown in Fig. 5. The axes of X and Y
also indicate the two dimension space location of fault.
The connected nodes of sub-graphs represent mutually
independent CPS faults.

3 New Method for Test Node Selection

3.1 Procedure of Test Node Selection

According to the above introduction, the procedures of new
test node selection are written as follow.

1) Sample node voltages of all CPS faults by parame-
ter scanning. In this paper, the resistance parameter
changes from 0.1 Ω to 10+6 Ω and the capacitance
parameter changes from 10−11 F to 10−3 F.
Component parameters represent extreme minimum
and maximum faults, respectively. They increases by
decade sweeping.

2) Generate fault dictionary for each test node due to
the returned test intervals, which are calculated by

Kruskal-Wallis non-parametric test. The threshold of
significance level is the default value of 0.05 in
Matlab tool box. It is an experience value and is
suitable for most of statistical analysis. If the
returned probability of non-parametric test is larger
than 0.05, the fault dictionary code is 0. Otherwise,
the code is 1.

3) Search the connected sub-graphs based on the improved
DFS algorithm, which is mentioned in section 2. n con-
nected sub-graphs with the maximum graph nodes are
returned.

4) Calculate the change degree for each test node. It gives
priority to select the test node with the biggest change
degree. If more than one test node has the same change
degree, the test node with the largest sub-graph node is
selected.

5) List faults which are represented by sub-graph nodes.
Delete these faults in all sub graphs. If all faults are listed,
the optimal test node set is obtained. Otherwise, back to
step 4.

Not all analog component faults have the transitivity.
Voltages in some test nodes almost don’t change when
some component parameters alter obviously. The reason
is these component faults can’t be reflected in these test

Fig. 7 Bandpass filter circuit

Table 4 CPS faults and their
labels Label Component Parameter fault Label Component Parameter fault

f1 C1 10−11 ~ 10−3 F f9 R5 0.1 ~ 107 Ω

f2 C2 10−11 ~ 10−3 F f10 R6 0.1 ~ 107 Ω

f3 C3 10−11 ~ 10−3 F f11 R7 0.1 ~ 107 Ω

f4 C4 10−11 ~ 10−3 F f12 R8 0.1 ~ 107 Ω

f5 R1 0.1 ~ 107 Ω f13 R9 0.1 ~ 107 Ω

f6 R2 0.1 ~ 107 Ω f14 R10 0.1 ~ 107 Ω

f7 R3 0.1 ~ 107 Ω f15 R11 0.1 ~ 107 Ω

f8 R4 0.1 ~ 107 Ω f16 R12 0.1 ~ 107 Ω
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nodes. Therefore, it is unreasonable to label these faults
by a unified ambiguous fault gap. Figure 6 shows that
the output voltages of test node n1 almost don’t change
in the CPS fault state of f3 for the first test circuit. The
abscissa axis of Fig. 6 shows capacitance parameter by
10 time frequency scan in Pspice software, which
changes from 10−11 F to 10−3 F. CPS fault of f3 can’t
be detected in test node n1 as its voltage change can’t
be reflected in test node n1. Hence, the variance of
voltage sample is used to detect the variability of sam-
ple in this method. If the sample has no difference to
the mean value of total data, its variance equals to zero
in statistics theory. The smaller variance is, the smaller
sample difference has. However, due to the parameter
tolerance of analog component, the variance of test data
sampled by Pspice is not equal to zero even though
they come from the same fault. It supposes that two
data samples are from the same fault state when their
variance is 0.0001(nearly to zero). If the variances of m
faults are not equal to zero in one test node, it defines
that the change degree is m for this test node. The
change degree represents the fault reflection sensibility

for one test node. Therefore, it gives priority to select
the test node with the biggest change degree in step 4.

3.2 Algorithm Time Complexity

Suppose that the numbers of CPS fault and test node areNFand
NT. The time complexity of Kruskal-Wallis non-parametric test

is the same as DFS algorithm. They are O N 2
F ⋅NT

� �
. The time

complexity of change degree calculation is O(NF ⋅ NT).
Moreover, if m test nodes are selected, the time complexity
of deleting all faults in sub-connected graph table isO(NF ⋅m).
Therefore, the total time complexity of the proposed algorithm

is O N2
F ⋅NT þ N2

F ⋅NT þ N F ⋅NT þ m⋅N F
� �

≈O N2
F ⋅NT

� �
.

The algorithm is compared with other five methods as
shown in Table 3. This method is more complex than the
methods proposed in references of [16, 17, 22]. The time
complexity of these methods are O(NF ⋅ p ⋅ log NF) and
O(NF ⋅m ⋅NT ⋅ logNF), where p is a probability value and m
is the number of selected test nodes. The reason is this method
spends more time for Kruskal-Wallis non-parametric testing
and DFS searching. In addition, as this method doesn’t need to
perform non-parametric testing and DFS algorithm searching
for each selection, it is not complex than the methods in papers
of [15, 24]. Their time complexities are O m⋅N2

F ⋅NT
� �

. All
calculations of non-parametric testing and graph searching
have been done before the new node selection. For example,
NFandNTis 16 and 11 for the first test circuit in section 4.1, the
practical time complexities of these methods areO(16 ⋅ log 16
⋅ p), O(16 ⋅ m ⋅ 16 ⋅ log 16), O(m ⋅ 162 ⋅ 11)and O(162 ⋅ 11),
respectively.

4 Tests and Results

4.1 The First Test

The first test circuit is a bandpass filter circuit [15–17,
23, 25, 28]. All analog components are simulated in a

Fig. 8 Six CPS faults in test node n1

Table 5 Change degrees of all test nodes

Test node Change degree Faults with unaltered voltage

n1 6 C3,C4,R5 ~ R12

n2 6 C3,C4,R5 ~ R12

n3 6 C3,C4,R5 ~ R12

n4 6 C3,C4,R5 ~ R12

n5 10 R7 ~ R12

n6 11 R8 ~ R12

n7 12 R9 ~ R12

n8 12 R9 ~ R12

n9 8 C1 ~ C4,R1,R2,R5,R6

n10 2 C1 ~ C4,R1 ~ R10

n11 16 none
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given tolerance range. The tolerances are 5% and 10%
for resistance and capacitance, respectively. The nominal
parameters and 11 test nodes are shown in Fig. 7. The
excitation signal is a sinusoidal wave with 1 kHz fre-
quency and 4 V amplitude, which is the same as in
papers of [15–17, 23, 25, 28]. 16 kinds of CPS fault
are tested. Table 4 lists all faults and their labels. CPS
fault models in Table 4 are referred to paper of [26].
Parameter analysis and AC analysis are simulated by
Pspice. Only the voltages of 1 kHz frequency are sam-
pled. The mean actual cost time is about 7.08 s for the
first circuit.

16 CPS faults are tested. Figure 8 only shows six
CPS faults in test node n1. The rest of 10 faults doesn’t
be drawn as they are not sensitive in test node n1. Their

voltage samples are almost unchanged in test node n1.
It considers that fault samples with less than 0.0001
variance is not sensitive to test node. Therefore, the
change degree of test node n1 is 6. Table 5 lists all
change degrees. Table 5 shows some test nodes are
redundant for some kinds of faults. Not all test nodes
are capable of reflecting all component faults. Only test
node n11 can reflect all component faults for the first
circuit shown in Table 5. Its change degree is 16.
Therefore, the first selected test node is n11.

The next step is fault dictionary generation based on
Kruskal-Wallis non-parameter test. Each test node has a
fault dictionary. There are eleven fault dictionaries.
Table 6 lists fault dictionary codes of test node n11.
Code 1 represents the distribution of fault sample is
independent. Otherwise, they are ambiguous faults. For
example, the first line in Table 6 shows that only the
distributions of {f4, f5, f14, f15, f16} are independent to
the distribution of fault f1. It means that the difference
of the sample distribution between fault f1 and other
faults is not obvious.

Fault dictionary is considered as a connected graph.
Figure 9 shows the connected graph of dictionary listed
in Table 6. The axes of X and Y indicates the two
dimension space location of fault. Then, 16 connected
sub-graphs are searched based on the improved DFS
algorithm for all test nodes. Table 7 shows all returned
sub graphs.

Then, the optimal test node set is selected according
to the results of Table 7. Firstly, test node of n11 is
selected as it has the largest change degree shown in
Table 5. Secondly, the largest sub graph of {f1,f4,f15}

Table 6 Fault dictionary of test
node n11 f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 f12 f13 f14 f15 f16

f1 1 0 0 1 1 0 0 0 0 0 0 0 0 1 1 1

f2 0 1 0 1 1 1 0 0 1 0 0 1 0 1 1 1

f3 0 0 1 0 1 0 0 0 0 0 0 0 0 1 1 1

f4 1 1 0 1 0 0 1 1 0 1 1 0 1 0 1 1

f5 1 1 1 0 1 1 1 1 1 1 1 1 1 0 0 0

f6 0 1 0 0 1 1 1 0 0 0 0 0 0 0 1 1

f7 0 0 0 1 1 1 1 0 1 0 0 1 0 1 1 1

f8 0 0 0 1 1 0 0 1 0 0 0 0 0 1 1 1

f9 0 1 0 0 1 0 1 0 1 0 0 0 0 0 1 1

f10 0 0 0 1 1 0 0 0 0 1 0 0 0 1 1 1

f11 0 0 0 1 1 0 0 0 0 0 1 0 0 1 1 1

f12 0 1 0 0 1 0 1 0 0 0 0 1 0 0 1 1

f13 0 0 0 1 1 0 0 0 0 0 0 0 1 1 1 1

f14 1 1 1 0 0 0 1 1 0 1 1 0 1 1 0 1

f15 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 0

f16 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1

Fig. 9 Connected graph of fault dictionary listed in Table 5
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for test node n11 is found based on sub graphs listed
in Table 7. Then, faults of {f1,f4,f15} are deleted in
Table 7.

Moreover, it continues to find the next optimal test
node which has the largest change degree and the larg-
est sub graph. Until all faults are deleted in Table 7.
Table 8 shows the results of all steps. The optimal test
node set for the first test is {n2,n9,n10,n11} after delet-
ing the repeated test nodes.

Table 9 lists the compared results of different
methods. The introduced method obtains different opti-
mal test nodes as the test object is CPS fault in this
method and the object tested by the compared methods
is discrete hard fault. CPS faults are detected according
to the independence distribution of sample. Test nodes
of {n9, n11} are selected for all methods. Node of n11
has the biggest change degree and node of n9 has the
biggest sub graph. Although the evaluation criteria are
different, the test results also show the effectiveness of
the proposed method. It is a good candidate for CPS
fault test.

4.2 The Second Test

The second test is a nonlinear circuit. It is a negative
feedback circuit shown in Fig. 10 [28]. The tolerances
of analog component are also 5% and 10% for resis-
tance and capacitance. The input signal is a sinusoidal
wave with 1 kHz frequency and 7 mV amplitude, which
is the same as in paper of [28]. Table 10 lists 17 CPS
faults. Simulation of CPS fault is the same as the first
circuit. Nine test nodes are labeled in Fig. 10. Table 11

Table 7 Sub graphs for all test node

Node Sub connected graph

n1 [f1,f3,f4][f2,f3,f4][f2,f3,f4][f2,f3,f4][f4,f5][f4,f6][f3,f4,f7][f3,f4,f8][f2,f3,f9][f2,f3,f10][f2,f3,f11][f2,f3,f12][f2,f3,f13][f2,f3,f14]
[f2,f3,f15][f2,f3,f16]

n2 [f1,f2,f4][f2,f4][f3,f4][f2,f4][f4,f5][f2,f6][f2,f4,f7][f2,f4,f8][f2,f7,f9][f2,f7,f10][f2,f7,f11][f2,f7,f12][f2,f7,f13][f2,f7,f14][f2,f7,f15][f2,f7,f16]

n3 [f1,f2,f4][f2,f4][f3,f4][f2,f4][f4,f5][f2,f6][f2,f4,f7][f2,f4,f8][f2,f7,f9][f2,f7,f10][f2,f7,f11][f2,f7,f12][f2,f7,f13][f2,f7,f14][f2,f7,f15][f2,f7,f16]

n4 [f1,f2,f4][f2,f4][f3,f4][f2,f4][f4,f5][f2,f6][f4,f7][f4,f8][f2,f9][f2,f10][f2,f11][f2,f12][f2,f13][f2,f14][f2,f15][f2,f16]

n5 [f1,f2,f3,f4][f2,f3,f4][f2,f3,f4][f2,f3,f4][f3,f4,f5,f10][f2,f4,f6][f3,f4,f7][f3,f4,f8][f3,f4,f9][f3,f4,f5,f10][f4,f5,f11][f4,f5,f12][f4,f5,f13]
[f2,f4,f14][f2,f4,f15][f2,f4,f16]

n6 [f1,f2,f3][f2,f3][f2,f3][f2,f4][f3,f5][f2,f6][f3,f7][f3,f8][f3,f9][f3,f10][f2,f11][f2,f12][f2,f13][f2,f14][f2,f15][f2,f16]

n7 [f1,f2,f3][f2,f3][f2,f3][f2,f4][f3,f5][f2,f6][f3,f7][f3,f8][f3,f9][f3,f10][f3,f11][f2,f12][f2,f13][f2,f14][f2,f15][f2,f16]

n8 [f1,f3,f5][f2,f3][f2,f3][f2,f4,f11][f3,f5][f2,f6][f3,f7][f3,f8][f3,f9][f3,f10][f2,f4,f11][f2,f12][f2,f11,f13][f2,f14][f2,f15][f2,f16]

n9 [f1,f3,f11][f2,f3,f11][f2,f3,f11][f2,f4,f11][f3,f5,f11][f3,f6,f8,f11][f3,f7,f11][f3,8,f11][f3,f9,f11][f10,f11][f2,f3,f11][f10,f12][f2,f4,f13]
[f2,f11,f14][f3,f11,f15][f2,f11]

n10 [f1,f3,f6][f2,f3][f2,f3][f4,f11][f3,f5][f3,f6][f3,f7][f3,f6,f8][f9,f11][f10,f11][f4,f11][f9,f12][f9,f13][f2,f11][f3,f15][f2,f11]

n11 [f1,f4,f15][f2,f4,f15][f3,f5][f2,f4,f15][f2,f5][f2,f5][f4,f7,f15][f4,f8,f15][f2,f5][f4,f10,f15][f4,f11,f15][f2,f5][f4,f13,f15][f2,f14,f16]
[f2,f4,f15][f2,f4,f16]

Table 8 Test results for the first
test circuit Selected test nodes Listed fault set

{n11} {f1,f4,f15}

{n11, n9} {f1,f4,f15,f3,f6,f8,f11}

{n11, n9, n2} {f1,f4,f15,f3,f6,f8,f11,f2,f7,f9}

{n11, n9, n2, n9} {f1,f4,f15,f3,f6,f8,f11,f2,f7,f9,f5,f10}

{n11, n9,n2, n9,n11} {f1,f4,f15,f3,f6,f8,f11,f2,f7,f9,f5,f10,f14,f16}

{n11, n9, n2, n9,n11, n10} {f1,f4,f15,f3,f6,f8,f11,f2,f7,f9,f5,f10,f14,f16,f12}

{n11, n9, n2,n9, n11, n10, n10} {f1,f4,f15,f3,f6,f8,f11,f2,f7,f9,f5,f10,f14,f16,f12,f13}

Table 9 Test results of different methods for the first circuit

Method Optimal test node set

The proposed method n2,n9,n10,n11

YCL [25] n1,n5,n6,n9,n11

Pinjala’s [16] n1,n5,n8,n9,n11

Starzyk’s [23] n1,n5,n9,n11

Golonek’s [4] and Prasad’s [17] n1, n5,n6,n9,n11

Luo’s [15] (a = 1.3,1.5,1.96,2.58) n2,n6,n8,n9,n11
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lists all change degrees for the second circuit. The node
change degrees of {n1,n3,n4} are zero. It means voltage
samples in these test nodes are almost unaltered for all
CPS faults based on the variance of 0.0001. Therefore,
faults can’t be detected in these test nodes. However,
test nodes of {n7,n8, n9} are very sensitive for CPS

faults. Only fault of f11 can’t be reflected in these three
nodes. The mean actual cost time is 7.33 s for the
second circuit.

Table 11 shows that the numbers of unchanged CPS
fault node for n7, n8, and n9 are the same. Fault volt-
ages are the most sensitive in these three test nodes.
Figure 11 only shows six capacitance CPS faults in
node n8. All capacitance CPS faults continuously
change between extreme minimum and maximum fault.
The intervals of output node voltage are obviously more
than 0.7 V. Nine fault dictionaries are generated. The
threshold of significance level is also 0.05. Figure 12
shows test intervals for fault f1 based on Kruskal-wallis
non-parametric test. This figure shows that faults of {f-
2 ~ f5,f10,f14,f17} are ambiguous for fault f1. The dis-
tributions of their voltage samples aren’t independent to
the distribution of fault f1. Then, due to test intervals of
each fault, fault dictionary is generated for node n8 as
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Fig. 10 Negative feedback
circuit

Table 10 Parameter faults and labels

Label Parameter fault Label Component Parameter fault

f1 C1 10−11 ~ 10−3 F f10 R4 0.1 ~ 107 Ω

f2 C2 10−11 ~ 10−3 F f11 R5 0.1 ~ 107 Ω

f3 C3 10−11 ~ 10−3 F f12 R6 0.1 ~ 107 Ω

f4 C4 10−11 ~ 10−3 F f13 R7 0.1 ~ 107 Ω

f5 C5 10−11 ~ 10−3 F f14 R8 0.1 ~ 107 Ω

f6 C6 10−11 ~ 10−3 F f15 R9 0.1 ~ 107 Ω

f7 R1 0.1 ~ 107 Ω f16 R10 0.1 ~ 107 Ω

f8 R2 0.1 ~ 107 Ω f17 R11 0.1 ~ 107 Ω

f9 R3 0.1 ~ 107 Ω

Table 11 Change degrees of the second test circuit

Test node Change degree Faults with unaltered voltage

n1 0 All faults

n2 12 C4,C6,R5,R8,R11

n3 0 All faults

n4 0 All faults

n5 12 C4,C6,R5,R8,R11

n6 1 C1 ~ C4,C6,R1 ~ R11

n7 16 R5

n8 16 R5

n9 16 R5
Fig. 11 Capacitance faults in node n8
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shown in Table 12. Moreover, Fig. 13 shows a connect-
ed graph of this fault dictionary. The axes of X and Y
indicate the two dimension space location of fault.

Then, 17 sub graphs are searched for all test nodes based on
the improved DFS algorithm. The results are shown in
Table 13. The first selected test node is n7 due to its biggest
change degree. Thus, the faults of {f1,f4,f7,f9} are deleted in
Table 13. After the cyclic execution of step 4 described in
section 3, the final optimal test node set is {n1,n3, n6,n7, n9}
for the second test circuit. Test results are listed in Table 14.

This method is also compared with four different methods.
Their results are shown in Table 15. In paper of [28], 10 test
nodes are tested for the same circuit. Node n7 and node n8 in
paper of [28] are labeled as the same test node in experiment.
As shown in Table 15, Pinjala’s method needs all nine test

nodes and Starzyk’s and Yang’s methods select eight optimal
test nodes. Moreover, seven test nodes are selected in Zhao’s
method. Only five test nodes are chosen for this introduced
method. These test nodes can detect all CPS faults. Faults of
{n1,n3, n7, n9} are chosen for all compared methods.
Therefore, the results prove this method is also effective to
the second test circuit.

5 Conclusion

A new test node selection method is studied for analog fault
test in this paper. Continuous parameter faults are detected
based on non-parametric test and connected graph theory.

Fig. 12 Test intervals of fault f1

Table 12 Fault dictionary of
node n8 f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 f12 f13 f14 f15 f16 f17

f1 1 0 0 0 0 1 1 1 1 0 1 1 1 0 1 1 0

f2 0 1 0 0 0 1 1 1 1 0 1 1 1 0 1 1 0

f3 0 0 1 0 0 1 1 1 0 0 1 1 1 0 1 0 0

f4 0 0 0 1 0 1 1 1 1 0 0 1 1 0 1 1 0

f5 0 0 0 0 1 1 1 1 1 0 1 1 1 0 1 1 0

f6 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1

f7 1 1 1 1 1 1 1 0 1 1 1 0 0 1 0 1 1

f8 1 1 1 1 1 1 0 1 0 1 1 0 0 1 0 0 1

f9 1 1 0 1 1 1 1 0 1 0 1 1 1 1 0 0 1

f10 0 0 0 0 0 1 1 1 0 1 1 1 1 0 1 0 0

f11 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1

f12 1 1 1 1 1 1 0 0 1 1 1 1 0 1 0 1 1

f13 1 1 1 1 1 1 0 0 1 1 1 0 1 1 0 1 1

f14 0 0 0 0 0 1 1 1 1 0 1 1 1 1 1 1 0

f15 1 1 1 1 1 1 0 0 0 1 1 0 0 1 1 0 1

f16 1 1 0 1 1 1 1 0 0 0 1 1 1 1 0 1 1

f17 0 0 0 0 0 1 1 1 1 0 1 1 1 0 1 1 1

Fig. 13 Connected graph for Table 11
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Two circuits are tested to verify the effectiveness of the intro-
duced method. The results show that this method is a good
candidate to test node selection and it is suitable to test linear
and nonlinear circuits. According to the paper, conclusions are
written as below.

1) This method is effective to test CPS fault. It is an efficient
and simple way to sample CPS fault through parameter
scan simulation. The collected continuous node voltages
can be used to diagnose analog continuous parameter
fault in the further work, which is still a hard problem
for analog circuit diagnosis so far.

2) The collected voltage of CPS fault is not a single value.
They are continuous samples. Therefore, the unified am-
biguous voltage gap such as 0.7 V is not suitable to mea-
sure the ambiguous gap of CPS fault. The statistical re-
sults of Kruskal-Wallis non parameter test represent the
mutual independence of all fault distributions. The results

prove this statistical method is useful to judge ambiguous
CPS fault.

3) The introduced change degree of test node is very
necessary for test node selection. Not all faults can
be reflected in each test node. Simulation results
show that some CPS fault voltages are nearly un-
changed in some test nodes. It means that these faults
can’t be detected in these test nodes based on node
voltage. However, this factor hasn’t been considered
in exiting node selection methods. Hence, it is reason-
able to give priority to select the test node with the
biggest change degree.

4) In order to improve the search efficiency, the fault dictio-
nary is searched by an improved DFS algorithm. This
method is not an exhaustive search method, which has
been proven to be NP-hard. Therefore, the selected test
nodes are the approximate optimal results. Further re-
search is needed to improve the efficiency of this method.

Table 13 Sub graphs for the second test circuit

Node Clusters of connected sub graph

n1 [f1,f2,f7,f10][f2,f7,f8,f15][f3,f4,f7][f3,f4,f7][f4,f5,f7][f3,f6,f7][f2,f7,f8,f15][f2,f7,f8,f15][f2,f7,f9,f10][f2,f7,f9,f10][f3,f7,ff8,f11][f2,f7,f12]
[f2,f7,f13,f16][f3,f7,f8,f14][f2,f7,f8,f15][f2,f7,f8,f16][f3,f7,f8,f17]

n2 [f1,f2,f4,f7][f2,f3,f4,f7][f2,f3,f4,f7][f2,f3,f4,f7][f3,f4,f5,f7][f2,f3,f6,f7][f2,f3,f4,f7][f2,f3,f4,f8][f2,f4,f9][f2,f4,f7,f10][f2,f3,f7,f11]
[f2,f4,f7,f12][f2,f4,f7,f13][f2,f3,f7,f14][f2,f3,f7,f15][f2,f3,f7,f16][f3,f7,f17]

n3 [f1,f2,f3,f7][f2,f3,f7][f2,f3,f7][f3,f4,f7][f3,f5,f7][f3,f6,f7][f2,f3,f7][f2,f3,f8][f3,f7,f9,f10][f3,f7,f9,f10][f3,f7,f11][f3,f7,f12][f3,f7,f13]
[f3,f7,f14][f3,f7,f15][f3,f7,f16][f3,f7,f17]

n4 [f1,f7][f2,f7][f3,f7][f4,f7][f5,f7][f6,f7][f2,f7][f7,f8][f7,f9][f7,f10][f7,f11][f7,f12][f7,f13][f7,f14][f7,f15][f7,f16][f7,f17]

n5 [f1,f4,f5,f7][f2,f4,f5,f7][f3,f4,f5,f7][f2,f4,f5,f7][f2,f4,f5,f7][f2,f5,f6,f7][f2,f4,f5,f7][f2,f4,f5,f8][f2,f4f,5,f9][f4,f5,f7,f10][f2,f5,f7,f11]
[f4,f5,f7,f12][f4,f5,f7,f13][f2,f7,f14][f3,f5,f7,f15][f3,f5,f7][f2,f7,f17]

n6 [f1,f4,f5,f7,f16][f2,f4,f5,f7,f16][f3,f4,f5,f7][f2,f4,f5,f7,f16][f2,f4,f5,f7,f16][f2,f5,f6,f7,f16][f2,f4,f5,f7,f16][f2,f4,f5,f8][f2,f4,f5,f9]
[f4,f5,f7,f10][f2,f5,f7,f11,f16]
[f2,f4,f5,f12][f2,f4,f5,f13][f2,f7,f14,f16][f3,f5,f7][f2,f4,f5,f7,f16][f2,f7,f16,f17]

n7 [f1,f4,f7,f9][f2,f4,f7,f9][f3,f4,f7][f2,f4,f7,f9][f4,f5,f7,f9][f2,f6,f7,f9][f2,f4,f7,f9][f2,f4,f8][f2,f4,f7,f9][f4,f7,f10][f2,f7,f9,f11][f2,f4,f9,f12]
[f2,f4,f9,f13][f4,f7,f9,f14][f2,f4,f15][f2,f4,f7,f16][f4,f7,f9,f17]

n8 [f1,f6,f7,f9][f2,f6,f7,f9][f3,f6,f7][f4,f6,f7,f9][f5,f6,f7,f9][f2,f6,f7,f9][f2,f6,f7,f9][f2,f6,f8][f2,f6,f7,f9][f6,f7,f10][f2,f7,f9,f11][f2,f6,f9,f12]
[f2,f6,f9,f13][f6,f7,f9,f14][f2,f6,f15][f2,f6,f7,f16][f6,f7,f9,f17]

n9 [f1,f4,f7,f9][f2,f4,f7,f9][f3,f4,f7,f15][f2,f4,f7,f9][f4,f5,f7,f9][f4,f6,f7,f9][f2,f4,f7,f9][f2,f4,f8][f2,f4,f7,f9][f4,f7,f10,f15][f2,f7,f9,f11]
[f2,f4,f9,f12][f2,f4,f9,f13][f4,f7,f9,f14][f2,f4,f7,f15][f2,f4,f7,f16][f4,f7,f9,f17]

Table 14 Test results for the
second test circuit Selected test nodes Listed fault set

{n7} f1,f4,f7,f9

{n7, n6} f1,f4,f7,f9,f2,f5,f6,f16

{n7, n6, n1} f1,f4,f7,f9,f2,f5,f6,f16,f3,f8,f11

{n7, n6, n1, n9} f1,f4,f7,f9,f2,f5,f6,f16,f3,f8,f11,f10,f15

{n7, n6, n1, n9, n3} f1,f4,f7,f9,f2,f5,f6,f16,f3,f8,f11,f10,f15,f12

{n7, n6, n1, n9, n3,n3} f1,f4,f7,f9,f2,f5,f6,f16,f3,f8,f11,f10,f15,f12,f13

{n7, n6, n1, n9, n3,n3,n3} f1,f4,f7,f9,f2,f5,f6,f16,f3,f8,f11,f10,f15,f12,f13,f14

{n7, n6, n1, n9, n3,n3,n3,n3} f1,f4,f7,f9,f2,f5,f6,f16,f3,f8,f11,f10,f15,f12,f13,f14,f17
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In addition, the search algorithm for CPS fault should be
studied by exhaustive search method in the next work.

However, CPS faults are approximately represented by ex-
treme minimum and maximum faults. Actually this model
can’t represent the realistic hard fault. Therefore, continuous
parameter fault modeling is still a research difficulty for ana-
log circuit test in the further work.
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