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Automated selection of kernel parameters in diagnostics of

analog systems

Abstract. The paper presents an approach to automatically select the optimal parameters of the kernel functions used in the Support Vector
Machines (SVM) approach for the diagnostic task. Various variants of the simulated annealing were implemented and verified in order to obtain the
best diagnostic outcomes. The tested system was the fourth order lowpass filter, consisting of two Sallen-Key sections and nine diagnosable
elements. The tests covered verification of simulated annealing parameters (starting temperature and annealing ratio) and various SVM kernels (with
coding schemes) in the multiple faults detection and location task. The proposed method verified against the exhaustive search.

Streszczenie. Artykut przedstawia metode automatycznego doboru optymalnych parametréw funkcji jadra wykorzystywanych przez maszyny
wektoréw podpierajgcych w diagnostyce systeméw analogowych. R6zne warianty symulowanego wyzarzania zostaty zaimplementowane w celu
uzyskania jak najlepszych wynikéw diagnostycznych. Metoda zostata przetestowana na modelu filtru dolnoprzepustowego czwartego rzedu
skfadajgcego sie z dwdch sekcji Sallen-Key oraz dziewigciu elementéw moggcych by¢ przyczyng uszkodzen. Eksperymenty obejmowaty dobor
parametréw symulowanego wyzarzania (temperatura poczatkowa oraz szybko$¢ schtadzania) oraz jgder wektoréw podpierajgcych w detekcji i
lokalizacji uszkodzen. Opisana metoda zostata poréwnana z przeszukiwaniem wyczerpujacym. (Automatyczny dob6r optymalnych parametréw

funkcji jadra w diagnostyce systeméw analogowych)
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Introduction

Modern approaches in diagnostics of analog systems
resort to the artificial intelligence (Al) methods that have to
consider uncertainty conditions. Most of systems under test
(SUT) are subject to noises of various nature, which make
their monitoring and testing difficult. Also, accuracy of the
measurement process is limited. The diagnostic task
usually consists in determining the state of the SUT and, if
needed, identifying values of elements responsible for its
incorrect behaviour. Application of Al methods to this task
requires knowledge about the SUT’s work regime. The
latter is usually obtained from training and testing data sets,
which are created after simulating the SUT model.

Increasing computational power of the equipment used
in laboratories and industrial conditions allows for
introducing sophisticated methods and algorithms aimed at
fault detection and classification. Currently three
approaches are the most promising: fuzzy logic, rough sets
and support vector machines. All are capable of working
with systems in the uncertainty conditions, although there
are significant differences between them. Fuzzy logic is a
rule-based module, which does not have the ability to
extract knowledge — it must be delivered by the expert or a
machine learning method [1]. Rough sets are also rule-
based and have the ability to find dependencies in data.
Here, decision about the state of the system is made using
the voting process [2]. Support Vector Machines (SVM) are
kernel based approach, aiming at minimizing the
classification error when the separation of different faults is
impossible [3]. Here both data extraction and its usage for
decision making are present and the main problem is the
proper selection of the kernel and its parameters. The
increasing popularity of SVM and their numerous
applications in engineering tasks justify further research on
their usefulness. As SVM are not rule-based, their structure
and work regime are difficult to follow by the human
observer. Currently attempts to combine presented
approaches are made with promising results [4].

The paper presents the optimization procedure for the
SVM parameters in the analog systems diagnostics. The
manual selection of the kernel and its parameters is a
difficult and time-consuming challenge. Therefore the
automated selection and verification process can
significantly facilitate the algorithm design and adjustment.

The structure of the paper is as follows. Firstly, aims of
the Al-based diagnostics and its paradigms are presented.
Then, the SVM approach, which was utilised in the
presented research, is briefly introduced. As the SVM is in
the general form prepared to distinguish between only two
categories and presented research considers more faults,
extending the method to cover multiple classes is also
described here. Further, the approach for the automated
selection of the kernel parameters (i.e. simulated annealing)
is presented. It is confronted against the full search method
that ensures finding optimal parameters. After the
implemented methods are described, the tested object, i.e.
the fifth order analog filter is shown. The experiments and
verification of the proposed methods are then performed.
Finally, conclusions and future prospects are presented.

Diagnostic principles

The diagnostic procedure consists of three stages,
which are performed in the on-line monitoring of working
SUT. These are: detection (discovery of the incorrect SUT
behaviour), identification (determining the element or
elements responsible for the fault) and location (determining
the value of the faulty elements). These stages facilitate
repairs of the SUT (especially when it is expensive and
cannot be replaced with another object — the case of
electrical motor), or minimizing its incorrect behaviour [5].

To fulfil these requirements the SUT is excited (at the
accessible nodes) with the selected signal and its
responses at accessible or partially accessible nodes are
measured. The main issue here is the type of the signal (for
instance, sinusoid or Sa(t)) and the domain in which the
SUT is analyzed (time, frequency, mixed, etc.). Also,
extraction of characteristic traits (symptoms or stamps) from
the responses is important. If designed correctly, this
approach allows making decisions about the SUT state.

Introduction of Al methods requires preparing training
and testing data sets. The former are used to extract the
knowledge about the SUT behaviour in nominal (fault-free)
and faulty states. The latter are used to verify diagnostic
efficiency of the proposed approach. Both sets are
generated during the simulation of the SUT’s model. The
procedure consists in inserting the fault into the model
(setting the value of the selected element) and recording
stamps from responses. This way the designer can decide
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about the type of the faults (parametric or catastrophic) and
range of the element values. In practical applications the
approach is verified on the real objects, therefore the
accuracy of the SUT model is the important problem. The
typical form of the data set is the table, containing
information extracted from the SUT’s model. Every
experiment (single simulation of the model, one of n) is
stored in a row with m stamps. The row is supplemented
with the information regarding the source of the fault and
deviation of the responsible element’s value from the
nominal one. In the presented research it has the form of a
fault code, consisting of the identifier of the faulty element
(“0” for the fault-free state) and its deviation from the
nominal value (which can be either positive or negative).
The degree of deviation is represented by the natural
number (1,2,3, etc.). For instance, “-21” indicates that the
second element is the fault source, having the value smaller
than the nominal one (“-1%). Similarly, “42” means the fourth
element has value much greater that the nominal one.
Changing the number of degrees of deviation from the
nominal value determines the number of the fault codes in
the data set. In this research for each element four codes
were defined. For example, the second element can cause
four fault states: “very small” (-22), “too small” (-21), “too
large” (21), “very large” (22). The designer can increase or
decrease the number of fault codes, according to his needs
and expected resolution of the diagnostic module.

Verification of the method is done using the testing data
set of the same form as the training data set. The
classification performed by the method is compared to the
fault codes stored in the last column of the set. In the
presented research the following evaluation function was
used:

(1) ry el 0S5 7
I

where |T| is the number of experiments in the testing data
set, |T.+| is the “soft” error of the diagnostic method (the
faulty element was identified correctly, but the deviation
from the nominal value was determined incorrectly, such as
“11” instead of “12”) and |T.| is the “hard” error of the
diagnostic method (the source of the fault was not
determined correctly, such as “11” instead of “21”). The
measure (1) is independent of the size of the data set and
has values between 0 (none of the faults were detected
correctly) and 1 (all faults were detected and located
correctly). It was assumed that “hard” error is two times
more important than the “soft” error (coefficient 0.5 in (1)).

Application of Support Vector Machines in diagnostics

The method selected for the diagnostic task is relatively
new, but its usefulness was proven in multiple domains
(such as electronics [7] and biomedicine). SVM are
classifiers working in the high-dimensional feature (here
stamps) space, which are trained using the quadratic
programming [9]. Their main advantage is considering
uncertainty and random errors in data. While traditional
classifiers are aimed at dividing space of separable
categories, SVM work with objects that are not linearly
separable. The method is a maximal margin classifier as it
aims to minimize the error of the categories separation. The
main operation is transformation of the original feature
space, in which the objects reside, into the new one, where
they can be separated. It is possible because of the kernel
functions. When the separation is not possible, the border
between the categories is defined to minimize the
classification error.

In the most realistic, nonlinear case, SVM are able to
distinguish between two categories (“-1” and “+1”) [8]:

2) sgn(f(x)) =1

where the decision function is given by the equation:
3) f) =D e K(x,x)+b

Here, «; are variables related to weights of the
hyperplane separating fault categories, x is the vector of
stamps (representing the single experiment), K(x;x) is the
kernel function and m is the number of stamps. The
learning of SVM consists in finding parameters « and b,
ensuring the maximal separation of experiments, i.e.
minimizing ||w||2 with respect to the condition (2).

There are multiple kernel functions, such as linear,
radial basis function (RBF), or polynomial [9]. Most of them
are parameterized. The proper parameter selection
depends on the particular case and usually requires
experienced designer and time-consuming trials. Although
there are attempts to automatically select the kernel
parameters, there is the need to search for the fastest and
most accurate method. The presented research is focused
on the RBF only because of its greatest efficiency, but for
other kernel functions the procedure is the same.

The task of the diagnostic module goes beyond the
binary separation (there are many fault sources), so
multiple classifiers described by (1) are required. Their
responses are combined to create a sequence of outputs
identifying the fault. The required number of classifiers
depends on the applied coding scheme. There are various
schemes available (Error Correcting Output Coding, One vs
All, One vs One, etc. [10]). The Minimum Output Coding
was applied in this research. It ensures the minimum
number of the classifiers required to identify all faults:

(4) Neyy = ’-IOgZ nc-‘

Every classifier is responsible for the particular position
in the binary code word. For instance, four faults require two
classifiers, as presented in Table 1.

Table 1. Exemplary coding scheme for four fault codes
Fault code | Classifier 1 | Classifier 2
0 -1 1
11 -1 -1
-11 1 -1
21 1 1

The proposed method is aimed at detecting multiple
faults (i.e. faults occurring at the same time), so for every
faulty element a group of classifiers was created. Every
group was aimed at detecting faults related only to the
particular element (for example, “-12”, “-11”, “11” and “12").
All other codes (including the fault-free state) are treated as
one category gathering remaining states of the SUT. This
way the SVM classifiers form independent diagnostic
modules, each distinguishing faults for one element. Each
group consists of three classifiers (the minimal number
required to cover five codes). Additional group, consisting of
one classifier, is responsible for the fault-free state. Note
that it is important to maximize efficiency of every classifier
within a group as the fault code is detected correctly only if
all classifiers indicate the correct binary category. Therefore
the diagnostic efficiency of each group is usually smaller
than partial efficiencies of classifiers inside the group (see
results section). The described algorithms were
implemented using the Matlab SVM toolbox [11].
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Automated selection of kernel parameters

The procedure of designing the SVM classifier for the
diagnostics of SUT is in Fig. 1. The diagnostic module is
trained using the training set R with the selected kernel and
its parameters p. The aim are optimal values of parameters
(optimal_p), obtained for every group of classifiers,
responsible for detecting faults of the particular element.
Searching for the optimal parameters is then the
optimization task, where the aim is to maximize the
evaluation function — measure (1) by exploring solutions -
kernel parameters. The procedure select param(p,N) and
the algorithm stopping criterion depend on the optimization
method. The parameter N is the neighbourhood of the
current solution. The variable result is calculated as in (1).

procedure design_SVM
input: R, T, kernel
output: optimal_p

for element=1to N+1
optimal_result=0
optimal_p=0
while not stopping_criterion
p=select_param(p,N)
weights := train_svm(R,kernel,p)
result=test_svm(T,kernel,p, weights)
if (result>optimal_result)
optimal_p(element)=p
end
end
next element

Fig.1. Algorithm of automatic selection of optimal kernel parameters

The applied RBF kernel (5), has only one parameter, y
(width of the RBF [11]), changed during the optimization.

(5) K (%) = exp(7-[x—x[)

The most straightforward optimization method is the full
search approach. It ensures finding the global optimum, as
all solutions are checked. Unfortunately, verifying all of
them usually takes a lot of time. Also, the RBF parameter is
a real number, therefore there is the infinite number of
possible solutions, making the true full search impossible. In
such a case the value range is divided into intervals of
equal length. The evaluation function is then calculated only
in the middle (dashed arrow) or on the border (solid arrow)
of each interval (Fig. 2a) [12].
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Fig.2. Full search method with the constant (a) and random step (b)

In the research the modified version of the full search
was applied. Instead of changing the parameter’s value with
the constant step, the new value is randomly selected with
the uniform distribution from the neighbourhood N of the
current value (6). In the example from Fig. 2 N=0.1. This

way the randomized full search was obtained. Its advantage
is the ability to find the optimal parameter value, even if it is
not among the values found with the constant step. The
disadvantage is larger number of iterations (as the new
values are generated with smaller step than in the
traditional approach).

(6) 7new = 7old +I”I’ld(l’l)

For all classifiers the algorithm was run to obtain the
optimal parameter values (three for each group). The
exemplary search space is in Fig. 3. The parameters’ range
usually consists of flat intervals, where the evaluation
function (1) has constant value and narrow areas of sharp
changes of the function. For some classifiers the function is
constant in the whole value range.
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Fig.3. Exemplary parameter value range for the full search method

Because the full search approach is time-consuming,
there is the need to look for faster alternatives that give
similar diagnostic quality. There are multiple heuristic
methods that allow finding sub-optimal solutions in a
reasonable time. One of the most efficient is simulated
annealing. Originating from metallurgy, it ensures high
accuracy as is able to escape from local optima [12]. In
each iteration the previous and the current solutions are
compared and the worse one has the chance to be selected
for the next iteration with probability proportional to the
temperature (Temp), which is relatively high at the
beginning and gets reduced in the process.

The algorithm of simulated annealing in training the
SVM classifiers is in Fig. 4. The method exists in the
uniform and non-uniform version. The difference between
them is the number of iterations performed at the constant
temperature n;. The non-uniform version has nz=17, while in
the uniform version it varies.

The assumption is that the simulated annealing can
produce parameters of the classifiers ensuring high
diagnostic efficiency much faster than the full search. To
correctly apply the algorithm from Fig. 4, the following
characteristics were determined:

e optimal starting and stopping temperature, which
determines the number of iterations of the algorithm and
speed of decreasing the algorithm randomness,

e annealing scheme, which determines the speed and
form of the temperature decrease,

e number of iterations in the constant temperature for the
uniform version.
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The annealing scheme is a factor determining how fast
the temperature changes from Tt to Tsiop. Three schemes
were selected for tests [9]: geometric (7), linear (8) and
logarithmic (9).

(7) Temp=T,,, -1/k
(8) Temp=T,,-1/log(k)
©) Temp=T,,,-0.5"

where k is the number of iteration.

procedure simulated_annealing
input: Tsan, Tsiop, R, T, kernel
output: optimal_p

for element = 1 to N+1
optimal_result := 0
optimal_p :=0
result:=0
Temp := Tgtart
while Temp > T
for k =1 to ny
weights := train_svm(R,kernel,p)
new_result := test_svm(T,kernel,p,weights)
if (result>optimal_result)
optimal_p :=p
end
if (new_result>result)
result := new_result
elseif rnd < exp-(|Jnew_result-result|/Temp)
result := new_result
end
next k
end
next element

Fig.4. Simulated annealing algorithm in the SVM training procedure

System Under Test

The SUT used for the verification of the approach is the
fifth order bandpass filter. It is the typical analog circuit,
currently produced as the integrated circuit. All its nodes
were assumed partially accessible, while the excitation
signal was inserted at node 1. All elements (resistors and
capacitors) were considered potential fault sources. Their
nominal values were: R=R, R3=Rs=Rs=1 kQ, C.=16nF,
C2=19nF, C3=13nF, C4=51nF, Cs=51nF. The band of the
nominal filter was between 100Hz and 10kHz. The model of
the filter was simulated in the SIMULINK environment.

Fig.5. Scheme of the 5" order bandpass circuit

The SUT was simulated to obtain information about
parametric faults ranging from 10% to 190% of the nominal
value. The excitation signal was a sinusoid with 9kHz
frequency (i.e. close to the border frequency of the filter)
and 1V of amplitude. Resolution of the diagnostic module
was set to four fault states (as explained in Diagnostic
principles section). Two data sets were obtained, each with
180 experiments (rows) and 54 columns (stamps). The
overall number of fault codes was 45.

Experiments

The full search method was first used to determine the
optimal obtainable widths of RBFs. Optimization was
executed for 31 classifiers in 11 groups — ten groups (of

three classifiers) for each faulty element, the final one
classifier responsible for the fault-free state. The range of
the kernel parameter was between 0 and 16. The values
ensuring optimal diagnostic efficiency are in Table 2. The
optimal evaluation function values are in Table 3. Numbers
in the latter are relative classification outcomes (in percent).
The column “Ovr Clas” is for the classification outcome for
the whole group. Values “1” in Table 2 mean that the
parameter is constant in the whole range.

Table 2. Optimal kernel parameters for the full search method

Element | Class.1 | Class. 2 | Class. 3
R1 3.86 1 5.77
R2 0.50 1.13 1.21
R3 1 1 1
R4 1 1 1.02
R5 1 1 1
C1 3.37 1 1
C2 1 2.409 1
C3 1 1 1.301
C4 1 1.15 1
C5 1 2.103 2.124

Nominal 3.036 - -

Table 3. Optimal values of the evaluation function for the full search
method

Element | Class.1 | Class. 2 | Class. 3 | Ovr Clas
R1 99.72 98.89 97.22 96.67
R2 99.17 99.44 98.89 98.33
R3 99.44 98.89 98.61 98.33
R4 99.44 99.17 98.89 98.61
R5 99.17 99.44 98.89 98.61
C1 97.78 98.06 97.22 96.11
C2 100.00 99.17 97.22 96.94
C3 100.00 98.61 98.06 97.22
C4 99.44 99.44 98.61 97.78
C5 99.44 100.00 98.89 98.33
Nominal 99.17 - -- 99.17
99,18 T T T T
9888+ B

BE61;

98,33

88,051

diagnostic efficiency [%)]

0 50 100 150 200 250
iterations
Fig.6. Exemplary result of the simulated annealing procedure

Results in Table 2 and Table 3 were treated as the
reference outcomes for the simulated annealing. All
experiments were performed on the computer with
Core2Duo processor (1,66 GHz) and 2,5 GB of RAM.

The simulated annealing was performed for multiple
configurations of the algorithm settings. The exemplary
result of the optimization process is in Fig. 6. In most trials
the first stage of the algorithm has multiple changes in the
evaluation function value. Further the changes are rare and
are located around the optimal or suboptimal value.

Results obtained with simulated annealing are similar to
the ones from the full search method. The uniform version
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of the algorithm works slower but gives usually better
outcomes, therefore for the correctly selected parameters it
is a better choice.

Table 4. Optimal values of the evaluation function for the simulated
annealing method

Element | Class.1 | Class.2 | Class. 3 | Ovr Clas
R1 99.44 98.89 97.22 96.11
R2 99.44 99.44 98.89 98.33
R3 99.44 98.61 98.61 98.06
R4 99.44 98.89 99.44 98.33
R5 99.44 99.44 98.89 98.33
C1 97.78 97.78 96.11 92.78
C2 98.89 99.17 97.22 96.11
C3 100.00 98.61 98.89 97.78
C4 99.44 97.78 96.67 95.56
C5 98.89 99.72 98.89 98.33

Nominal 98.61 - - 98.61

Selection of temperatures determines the number of
iterations of the algorithm and its stochastic behaviour. The
lower the temperature, the smaller are fluctuations of the
kernel parameter in the terminal stage of the operation. If
Tstart is too large, the number of random changes in the
kernel parameter value is significant. On the other hand,
when Tgqp is too small, the algorithm works long without
significant changes during the last iterations. The preferred
terminal temperatures for Tsa=10 and non-uniform version
were:

e geometric scheme: Ts0p=0.02, allowing for 8 iterations,

¢ linear scheme: Ts0p=0.25, allowing for 39 iterations,

e logarithmic scheme: Tgop=4.5, allowing for
iterations.

The logarithmic annealing scheme is the least attractive
as it causes very slow decrease of the probability of worse
solution selection. Therefore through the whole operating
time the latter is random (decreasing the probability below
0.5 takes over 400 iterations). The quickest is geometric
scheme. It allows to quickly move from the probability close
to 1 (where the algorithm is the most random) to the
probability close to 0 (where the algorithm is deterministic).
When the temperature is set to the values giving
probabilities below 0.01 the algorithm can be stopped.

Selection of the neighbourhood range, from which the
next solution is selected does not give significant change in
the diagnostic results. Because of the form of the evaluation
function, every neighbourhood above 2 ensures that the
algorithm will be able to find the optimal kernel values.

166

Table 5. Execution times [s] of the kernel parameter optimization
for the element R1

Algorithm Class.1 | Class.2 | Class. 3

Full search 3460,1 3062,5 3045,2
ANT10Geom 297.17 332.75 303.01
ANT20Geom 314.32 397.9 345.8
ANT30Geom 342.60 442.45 398.33
ANT10Linear 1233.0 1388.4 1373.0
AUT10Geom 2223.9 2390.4 2231.8

The simulated annealing allowed maintaining high
diagnostic efficiency (see Table 4) and saving time,
comparing to the full search methods. Table 5 contains
compared time measurements (in seconds) for various
versions of the algorithm. The first column contains the
configuration of the algorithm. The name of the algorithm
contains the version of the annealing (U — uniform, N — non-
uniform), starting temperature (T=10, 20 or 30) and

annealing scheme (geometric or linear). The smaller
starting temperature, the smaller is the number of iterations.
Also, the non-uniform version of the algorithm is faster than
uniform. For every value of temperature, only one iteration
is performed here, while in the uniform version it was 25.

Conclusions

The proposed approach of automated kernel parameter
selection for the SVM classifiers allows obtaining optimal or
close to optimal solutions in the time much shorter than the
full search method. Although the SVM structure (weights) is
optimized for every parameter, its proper selection enables
maximizing the diagnostic efficiency. The method is even
more useful when the selected kernel has more than one
parameter (for example sigmoid).

Optimal kernel parameters were found for the particular
case, however some of the algorithm settings can be used
for any SUT and kernel. These are starting and stopping
temperatures and annealing scheme.

The future investigations should cover automatic
selection of parameters for other kernels and applying other
optimization methods, which can incorporate evolutionary
algorithms, particle swarm optimization, etc. Also, other
SUTs should be tested.
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