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ARTICLEINFO ABSTRACT
Avrticle history: In this paper, a hybrid algorithm using fuzzy clustering techniques is proposed
Received 1 May 2020 for developing a robust fault diagnosis platform in industrial systems. The
Revised 26 July 2020 proposed algorithm is applied in a fault diagnosis scheme with online detection
Accepted 25 August 2020 of novel faults and automatic learning. The hybrid algorithm identifies the
Available online 20 September 2020 outliers based on data density. Later, the outliers are removed, and the
clustering process is performed. To extract the important features and improve
Keywords: the clustering, the maximum-entropy-regularized weighted fuzzy c-means is
Automatic learning used. The use of a kernel function allows achieving a greater separability among
Online detection the classes by reducing the classification errors. Finally, a step is used to
Fuzzy clustering tools optimize the parameters m (regulation factor of the fuzziness of the resulting
Optimal parameters partition) and  (bandwidth, and indicator of the degree of smoothness of the

Gaussian kernel function). The proposed hybrid algorithm was validated using
the Tennessee Eastman (TE) process benchmark. The results obtained indicate
the feasibility of the proposal.

1. Introduction

Nowadays, there is a marked necessity in industrial plants to efficiently produce goods with higher quality,
while complying with environmental and industrial safety regulations [29, 60]. However, faults in industrial devices
can have an unfavourable impact in the availability of systems, the environment, and operator safety. For such
reasons, faults need to be detected and isolated; being these tasks associated to fault diagnosis systems [60].

Within fault diagnosis methods, two main categories are distinguished; those that are based on models [6, 10-
12, 15, 60] and those based on historical process data [5, 23, 44, 55]. In the first approach, the use of models to
represent process behaviour is needed. The tools used in these approaches are based on residue generation obtained
from the difference between measurable signals collected from the real process, and values obtained from the
model. This implicates an elevated knowledge about the characteristics of the processes, their parameters, and
operation zones. However, this is usually very difficult to achieve due to the complexity of industrial plants. On the
other hand, approaches based in historical data do not require considerable prior knowledge of the process
parameters [62]. These characteristics constitute an advantage for complex systems, where relationships among
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variables are nonlinear, and therefore, it is very difficult to obtain an analytical model that efficiently describes the
dynamics of the process.

Most classifiers used in fault diagnosis systems based in historical data are trained for classifying process states
that are determined by experts. However, with the decrease of the useful life of automation technical devices such
as sensors, actuators and pumps, among others, due to their continued use, the probability of occurrence of new
faults increases. In this situation, the diagnostic systems will not classify new faults correctly, which will cause an
erroneous decision-making. For this reason, topics related to automatic identification of new patterns have gained
great importance in the area of fault diagnosis [16, 20, 28, 66]. This is because fault diagnosis systems should be
able to detect new faults and to incorporate them, after an identification process, in their knowledge base. This
allows fault diagnosis systems to incorporate automatic learning mechanisms, which enables adaptating to new
conditions.

By analyzing the different mathematic and computational tools recently developed for control and fault
diagnosis tasks, there is a significate increase in the use of the fuzzy clustering techniques [4, 9, 30, 46, 51, 53, 74].
They deal with the uncertainty and vagueness that can be found in a wide variety of applications, as for example:
image processing, pattern recognition, object recognition, and modelling and identification [33, 35, 52, 72]. The
main focus of all fuzzy clustering techniques is to improve the clustering by avoiding the influence of noise and
outlier data present in industrial systems.

The Fuzzy C-Means (FCM) algorithm is one of the most widely used for clustering due to its robust results for
overlapped data [7]. Unlike the K-means algorithm, data points in the FCM algorithm may belong to more than one
cluster center. The FCM algorithm obtains very good results with noise-free data, but is highly sensitive to noisy
data and outliers [27]. Other similar techniques, such as Possibilistic C-Means (PCM) [34] and Possibilistic Fuzzy
C-Means (PFCM) [43] interpret clustering as a possibilistic partition and work better than FCM in the presence of
noise. PCM, however, fails to find optimal clusters in the presence of noise [27], and PFCM does not yield
satisfactory results when the data set consists of two clusters, which are highly different in size and have outliers
[27, 31]. The Noise Clustering (NC) [17, 18], Credibility Fuzzy C-Means (CFCM) [14], and Density Oriented
Fuzzy C-Means (DOFCM) [32] algorithms were proposed specifically to work efficiently with noisy data. Recently,
the DOFCM algorithm has been applied with excellent results [48, 49].

A linear relationship between the variables is a typical consideration made by many methods currently applied
to data analysis, such as clustering techniques. This assumption, however, is rarely satisfied in industrial processes,
where the relationship between variables is highly nonlinear. For these cases, data analysis should be performed by
using algorithms that take into account such relationships. Among the algorithms that can be applied to achieve this
objective are kernel methods [71]. The main characteristic of these methods is the use of kernel functions for
projecting the data to greater dimensionality spaces, in order to find linear relationships between the variables for
applying conventional methods of classification, grouping, and estimation of data [26]. Recent papers show the
possibility of reducing classification errors by using kernel functions [47, 50].

Many attribute-weighted fuzzy clustering methods have been proposed in the last times. In [64], the weighted
Euclidean distance is used to replace the general Euclidean distance in FCM. On the other hand, [8] carries out
clustering on the selected subspace, instead of the full data space by directly assigning zero weights to features
which have little information. Recently, [19] presented an enhanced soft subspace clustering (ESSC) algorithm by
employing both within-cluster and between-cluster information [19]. In [41], a novel subspace clustering technique
has been proposed by introducing feature interaction using the concepts of fuzzy measures and the Choquet integral.
In [56], a survey of weighted clustering technologies is given. Finally, in [73], a Maximum-Entropy-Regularized
Weighted Fuzzy C-means (EWFCM) algorithm is proposed, to extract the important features and improving the
clustering. In EWFCM algorithm, the attribute-weight entropy regularization is defined in the new objective
function to achieve optimal distribution of attribute weights. Therefore, it is possible simultaneously minimize the
dispersion within clusters and maximize the entropy of attribute weights to stimulate important attributes for
contributing to the identification of clusters. Moreover, the kernel based EWFCM (KEWFCM) clustering algorithm
is executed for clustering the data with non-spherical shaped clusters.
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Another problem usually presents in fuzzy clustering methods is the significative dependency of their
performance to the adequate selection of their parameters [6, 54].

In order to overcome the problems above mentioned, a hybrid algorithm, named Density Oriented Kernel
Maximum Entropy Regularized Weighted Fuzzy C-means (DOKEWFCM), using fuzzy clustering techniques is
proposed which constitutes the main contribution of this paper.

The novel hybrid algorithm developed in this paper presents the following characteristics:

« Itidentifies the outliers based in data density for improving the clustering process.

» It extracts the variables with greater contribution to the clustering process using the Maximun Entropy
Regularized Weighted Fuzzy C-means method for improving the classification process.

» It uses a kernel function for improving the classification process.

» It analyses the observations classified as noise in a window of time, and determines if they form a new
class.

The algorithm is applied in a fault diagnosis scheme with online detection of novel faults and automatic
learning, with the ability to analysing observations classified as noise in a window of time, to determine if they
belong to a new class, which constitutes another contribution of this paper.

The fault diagnosis scheme based on the proposed algorithm is robust for the noise and disturbances affecting
the plant, decreasing the false alarm rate (FAR) and increasing the fault detection rate (FDR) indexes.

The performance of this proposal is evaluated in two case studies: the UCI machine learning datasets and
Tennessee Eastman (TE) process.

The organization of the paper is as follows: in Section 2, a description of the hybrid algorithm DOKEWFCM
based on fuzzy clustering techniques is presented. Next, in Section 3, a description of the proposed algorithm used
in a fault diagnosis scheme with online detection and automatic learning is displayed. Section 4 shows the case
study used to validate the proposed novel algorithm, the design of experiments as well as an analysis of the results.
Finally, the conclusions are presented.

2. The hybrid algorithm DOKEWFCM

2.1. Kernel-based DOEWFCM (DOKEWFCM)

The DOKEWFCM algorithm is intended as a hybrid algorithm which uses the ability of the DOFCM algorithm
[32] to detect and eliminate outliers in a dataset, and the capacity of KEWFCM algorithm [77] to extract important
features and improve the clustering process. The use of kernel functions is performed for clustering the data with
non-spherical shaped clusters. This allows achieving greater separability among the classes for reducing
classification errors. Figure 1 shows the procedure performed by the proposed DOKEWFCM algorithm.

The algorithm creates ¢ + 1 clusters with ¢ good clusters and one cluster of noise. This algorithm identifies
outliers before the construction of the clusters, based on a density analysis of the dataset.

The neighbourhood of a given radius of each point in a dataset has to contain at least a minimum number of other
points. DOKEWFCM defines a density factor, called neighbourhood membership, which expresses the density
measure of an object in relation to its neighbourhood.

The neighborhood membership of a point i in the dataset X is defined as:

i
TTneighborhood

M)

i
M neighborhood = 7
max

where 77ri19ighborhood is the number of points in the neighborhood of point i; 7., IS the maximum number of points

in the neighborhood of any point in the dataset X.
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Identification of the outliers
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Figure 1: Procedure performed by the DOKEWFCM algorithm

If the point g is in the neighborhood of point i, g will satisfy:
qeX| diSt(L Q) < Teighborhood @)

WHhEre Foeighhorhood 1S the radius of neighborhood, and dist (i, q) is the distance between points i and g.

Neighborhood membership of each point in the dataset X is calculated using Eg. (1). The threshold value « is
selected from the complete range of neighborhood membership values, depending on the density of points in the
dataset. The point will be considered as an outlier if its neighborhood membership is less than « . Let i be a point in
the dataset X, then:

M Leighborhood <a theni isanoutlier @)

M feighborhood =@ theni isannon —outlier

The parameter « can be selected from the range of M;eighborhood values after observing the density of the
points in the dataset and it should be close to zero. Ideally, a point will be classified as outlier only if no other point
is present in its neighborhood, i.e., when neighborhood membership is zero or threshold value « =0. However, in
this scheme, a point is considered as an outlier when its neighborhood membership is less than « , where « is a
critical parameter to identify the outlier points. Its value will depend upon the nature of dataset, i.e., taking into
account the density of the dataset, then, its value will vary for different datasets.

After the outliers are identified, the clustering process is performed. In this case, the objective function is defined
as:

c+l N m M 2 1 c+lM
I=3 % (i) Zwa® (%) +7 X Ywy log(w ) (4)
i=1k=1 1=1 i=11=1

9 M
subject to 0<" uy and >wy for 0<w; <1, where U = [u;]..v 1S the membership degree matrix in the original
i=1 1=1
space and W = [w;; ] IS the attribute weight matrix in the original space. V = [#;;] .. is the cluster center matrix
in the kernel space, @ is the non-linear mapping from the original feature space to the kernel space. In this case, the
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2/ 2
Gaussian kernel is used, K(xk,,vi,)ze’HXk' “alf /o . The matrices V and W are updated according to the Egs. (5)
and (6), respectively. For this case, in Eq. (5) must be observed that: i=1,...,c.

%(ﬂik)m K (4 %t ) X

% == (%)
m ~
D (i) K (X V)
k=1
ey = —SXP(Y BR (i)™ 1@ G ~Tull?) ©
U SM | exp(—y ZN_, (ki) ™I @ (o) —Darll2)
Membership function 4, is modified as:
( __1
I _ m-—1
Hir = M wil| @) — Tl

l :

The DOKEWFCM algorithm is presented in Algorithm 1.

if outlier

The stopping criteria implemented in this algorithm are:

e Criterion 1: Maximum number of iterations (Itr_max).
e Criterion 2: U, —-U;_1 <& (& isatolerance limit prescribed a priori, and t is an iteration counter).

2.2. An illustrative example: UCI machine learning datasets
To validate the new algorithm were used a benchmark dataset from the UCI Machine Learning Repository [3],
such as Iris, Glass, lonosphere, Haberman and Heart. New observations were added to the original datasets and
evenly distributed among the classes in order to represent all the possible outliers for each class. Table 1 gives an
overview of the datasets modified.

Table 1: Description of the datasets modified

Dataset No. of elements No. of variables No. of classes Elements in each classes
Iris 198 (48 outliers) 4 3 (66, 66, 66)

Glass 279 (65 outliers) 9 6 (90, 96, 22, 18, 14, 39)
lonosphere 421 (70 outliers) 34 2 (156, 265)
Haberman 366 (66 outliers) 3 2 (265, 101)

Heart 320 (50 outliers) 13 2 (180, 140)
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To evaluate the performance of the proposed algorithm (DOKEWFCM), the KEWFCM algorithm described in [73]
was selected to perform a comparative analysis. In addition, other recent algorithms (GAKFCM [21], FC-PFS [59])
with excellent results were selected to make this comparison. The values of the common parameters for these

A. Rodriguez Ramos and et al. / FOMJ 11) (2020) 11-31

Algorithm 1 DOKEWFCM

Input: data, ¢, £>0, m>1, >0

Output: data without outliers Xp, U, V, W
Identification of the outliers (Step 1):
Calculate neighborhood radius.

Calculate nﬂ,eighborhood according to Eq. (2).
Select 7yay-

Calculate Mrﬂeighborhood according to Eq. (1).

With the value of « , identify outliers according to (3).
Clustering process (Step 2):
Initialize U to random fuzzy partition
Initialize W of each attribute.
forl=1tol = Itr_max
Update V according to Eq. (5)
Update U according to Eq. (7)
Update W according to Eq. (6)

Verify stopping criterion: U, -U; 4 <&

end for

algorithms are: Itr_max = 100, ¢ =10, m = 2. The specific parameters are:

e KEWFCM:y =0.05and ¢ = 10.

e GAKFCM: g = 10, crossover rate p., = 0.6 and mutation rate p,,, = 0.001.
o FC-PFS: a = 0.6 (where a € (0,1] is an exponent coefficient used to control the refusal degree in picture

fuzzy sets).

Each algorithm was executed on each dataset 10 times. In order to make the comparative analysis, the
classification rate was used as a performance metric. The classification rate is a measure used to determine how
well clustering algorithms perform on a given dataset with a known clustering structure [73]. It can be measured by
Eqg. 8, which is expressed as a percentage in this paper. For 10 times, the average classification rate (ACR) is used

in the experiments.
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where d; is the number of objects correctly identified in the ¢t cluster, and N is the number of all objects in the
dataset. Table 2 shows the results of the comparison where the proposed algorithm obtains the best results.

Table 2: Comparison of various clustering algorithms with the one proposed here based on their respective ACR

Dataset GAKFCM FC-PFS KEWFCM DOKEWFCM
Iris 72.73 85.02 89.81 97.33
Glass 44,58 47.61 40.97 57.75
lonosphere 60.25 62.87 67.33 79.20
Haberman 64.02 63.38 66.46 77.45
Heart 55.58 60.22 59.89 73.78

Figure 2 shows the classification process for the Iris dataset. The DOKEWFCM algorithm is able to identify the
outliers (shown in black color). Later, the algorithm classifies the observations after the outliers were eliminated
(Fig. 3).

Table 3 shows the attribute weight assignment performed by DOKEWFCM algorithm on Iris dataset. It is clear
that attributes 3 and 4 contributed much more than the other two attributes in the clustering process, since the
algorithm assigns higher weights to these two attributes.
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Figure 2: Identification of the outliers with DOKEWFCM algorithm Figure 3: Classification process with DOKEWFCM algorithm

Table 3: Attribute weight assignment of DOKEWFCM algorithm on Iris dataset.

Attribute 1 Attribute 2 Attribute 3 Attribute 4
Cluster 1 0.0006 0.0018 0.8557 0.1419
Cluster 2 0.0002 0.0004 0.5849 0.4145
Cluster 3 0.0012 0.0004 0.6766 0.3218

2.2.1. Statistical tests

However, to know if there are significant differences between them, it is necessary to apply statistical tests [24,
25, 39]. First, the non-parametric Friedman test is applied in order to find if there are significant differences among
the results obtained with each algorithm. Later on, if there are significant differences among the results obtained by
each algorithm, it is necessary to make a comparison in pairs to determine the best algorithm. For this, the non-
parametric Wilcoxon test is applied.
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Friedman Test:

The results using the Iris dataset are shown below. In this case, for four experiments (k = 4) and 10 datasets (N =
10), the value of statistical Friedman, Fg :%—)oo, was obtained. With k = 4 and N = 10, F is distributed

according to the F distribution with 4 — 1 = 3 and (4 - 1)(10 — 1) =27 degrees of freedom. The critical value of F

(3, 27) for a level of significance « = 0.05 is 2.9604, so we reject the null-hypothesis (F (3,27) << Fz) which
means that at least the average performance of at least one algorithm is significantly different from the other
algorithms. For the remaining datasets (Glass, lonosphere, Haberman and Heart) the same results were obtained
when applying the Friedman test.

Wilcoxon Test:

Table 4 shows the results of the comparison in pairs of algorithms (1: GAKFCM, 2: FC-PFS, 3: KEWKFCM, 4:
DOKEWFCM) using the Wilcoxon test for the Iris dataset. The first two rows contain the values of the sum of the
positive (R*) and negative (R™) ranks for each comparison established. The next two rows show the statistical
values T and the critical value of T for a significance level « = 0.05. The last row indicates which algorithm was
the winner in each comparison. The summary in Table 5 shows the times that each algorithm was the winner using
all datasets. These results validate the main purpose of this paper, i.e. the proposal of a new hybrid fuzzy clustering
algorithm.

Table 4: Results of the Wilcoxon test for the iris dataset.

lvs2 1vs3 lvs4 2vs3 2vs4 3vs4
SR 0 0 0 0 0 0
YR 55 55 55 55 55 55
T 0 0 0 0 0 0
Ta =0.05 8 8 8 8 8 8
Winner 2 3 4 3 4 4
Table 5: Final result of the comparison between test algorithms
Iris Glass lonosphere Haberman Heart Final result
Algorithm No. Ranking No. Ranking No. Ranking No. Ranking No. Ranking No. Ranking
Wins Wins Wins Wins Wins Wins
GAKFCM 0 4 1 3 0 4 1 3 0 4 2 4
FC-PFS 1 3 2 2 1 3 0 4 2 2 6 3
KEWFCM 2 2 0 4 2 2 2 2 1 3 7 2
DOKEWFCM 3 1 3 1 3 1 3 1 3 1 15 1

3. Novel fault diagnosis scheme with online detection and automatic learning

In Fig. 4, the scheme of the fault diagnosis approach with online detection of novel faults and automatic
learning using the DOKEWFCM algorithm proposed in this paper is presented. It presents an offline training stage
and an online recognition stage. In the training stage the historical data of the process are used to train (modelling
the functional stages through the clusters) a fuzzy classifier. After the training, the classifier is used online
(recognition) in order to process every new sample taken from the process. In this stage, the observations which are
not classified in the known classes and belonging to a window of time are analysed to determine if they constitute a
new class representative of a new fault or if they are noise. If a new class is identified, experts characterize the new
fault and it is incorporated to the knowledge base of known faults and the classifier is trained again.
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PROCESS

====0ff-line processing (training)
Online processing (recognition)
X: Data Matrix (with outliers).

Xp: Data Matrix (without outliers).
X: k observations.

O_counter: counter of observations
NO_counter: counter of noise observations

NOP: % of the observations belonging
to the class "noise”.

Th: decision threshold (%).

U: Fuzzy Partition Matrix.

V: Class Centers Matrix.

W: Attribute Weight Matrix.

: Estimated Parameters.
Ci:Classi=1toc.

Cyp: Class new fault.

DOKEWFCM |e--i
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NEW No
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OFF-LINE LEARNING
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Figure 4: Classification scheme proposed using fuzzy clustering (similar to the architecture proposed by the
authors in [75])

The clustering methods group the data in different classes based on a measure of similitude. In the processes,
the data are acquired by means of a SCADA (Supervisory Control and Data Acquisition) system, and the classes
can be associated to functional states. In the case of statistical classifiers, each sample is compared with the center
of each class by means of a measure of similitude to determine to which class the sample belongs. In the case of the
fuzzy classifiers, the comparison is made to determine the membership degree of the sample to each class. In
general, the higher membership degree determines the class to which the sample is assigned, as it is shown in (9).

Ci = {I : max{,uik } ,Vl,k} (9)
The operation of the proposed fault diagnosis scheme is presented below.

3.1. Offline training

Initially, the center of the known classes is determined by using a historical dataset representative of the
different operation states of the process. In the proposed technique, a set of N observations (data points) are
classified into c+1classes using the DOKEWFCM algorithm. The c classes represent the normal operation
conditions (NOC) of the process, and the faults to be diagnosed.

Following on, a step to optimize the parameters of the DOKEWFCM algorithm is implemented. In this step, the
parameters m and o are estimated to optimize a validity index using an optimization algorithm. This will allow
obtaining an improved U partition matrix, and therefore, a better position of the center of each class that
characterize the different operation states of the system. Later, the estimated values of m and & in Eq. (4) will be
used during the online recognition, and it will contribute to improve the classification of the samples obtained by
the data acquisition system from the system.

The validity measures are indexes for evaluating quantitatively the result of a clustering method and compare its
behavior when its parameters vary. Some indexes evaluate the resulting U matrix, while others are focused on the
geometry of the resulting structure. The partition coefficient (PC) [36, 42, 65], which measures the fuzziness degree
of the partition U, is used as validity measure in this case. Its expression is shown in the Eq. (10)
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PC = (ﬂik ) (10)

I Me
M=

i
F

If the partition U is less fuzzy, the clustering process is better. Being analyzed in a different way, it allows the
measuring of the degree of overlapping among the classes. In this case, the optimum comes up when PC is
maximized, i.e., when each pattern belongs to only one group. Likewise, minimum comes up when each pattern
belongs to each group.

Then, the optimization problem is defined as:

(i)’

MZ

el v

st.
Mmin <M< Mpay »

Opmin £ 0 < Opax-

Taking into account the last definition, a range of values of m and & should be defined. It is known that
1<m< oo, but from the practical point of view in many applications, the value of m does not exceed two [33, 35, 59,
72], therefore in this case: 1<m<2. The parameter o is called bandwidth, and it indicates the degree of
smoothness of the function. If the value of & is overestimated, the function tends to show a linear behavior and its
projection in high-dimensional space loses its ability to separate non-linear data. Meanwhile, if the value of o is
underestimated, the result will be highly sensitive to the noise present in the data. Then, the search space of the
algorithm must be large, so that during the exploration, small and large values will be considered. In this paper, a
group of experiments were developed, and it was found that an appropriate range was: 0.25<c5<20.

In many scientific areas, and in particular the fault diagnosis field, bio-inspired algorithms have been widely
used with excellent results [13, 37, 38] to solve optimization problems. They can efficiently locate the
neighborhood of the global optimum in most opportunities, with an acceptable computational time. There is a large
number of bio-inspired algorithms, in their original and improved versions. Some examples are Genetic Algorithm
(GA), Differential Evolution (DE), Particle Swarm Optimization (PSO) and Ant Colony Optimization (ACO)
among others. In this proposal, the DE algorithm [1, 57] will be used to obtain the optimum values of the
parameters m and o due to its easy implementation and excellent outcomes [47-50].

3.2. Online recognition

In this stage, the fuzzy clustering algorithm is modified and the update of the center of each class is not
developed. The principal reason of doing this modification is to avoid the incorrect displacement of the center of
each class due to an unknown fault of small dimensions with a high latency time.

In this stage, a window of time with k observations and the parameter Th are established by experts. The value
of k is related with the characteristics of process, and it represents the quantity of sampling times that the experts
consider enough for analyzing the presence of a possible new fault. Th represents the percentage of observations
established by the experts to decide if the group of observations classified as noise in k sampling times should be
analyzed to determine if they represent a new fault. When an observation x, arrives, the DOKEWFCM algorithm
(Step 1: Identification of the outliers) classifies it as noise or as good taking into account the results of the training.
If the observation is classified as a good sample, the DOKEWFCM algorithm (Step 2: Clustering process) identifies
to which of the known classes C; it belongs to. However, if the observation is classified as noise, it is stored and a
counter of noise observations (NO) is incremented. This procedure is repeated until the window of time of k
observations has been completed.

After the k observations are classified, the percentage classified as noise (NOP=NO*100/k) is determined. If
NOP < Th, the noise observations are not considered representative of a new class, and the NO counter is restarted
to begin a new cycle. If NOP > Th, the NO observations are analyzed to determine whether they constitute a new
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class or if they are outliers. The possibility that the new class represents a new operation condition is not considered
here because it should be known by the technical operators and the diagnosis system should be updated before to
the system begins to work in that new operation condition.

To analyze the noise observations, the DOKEWFCM algorithm is used. It is based on the fact that the outliers
are dispersed data with low density and they do not form a cluster. However, when a new fault occurs, the data will
be concentrated (high density) by forming a cluster which characterizes a new state. The DOKEWFCM algorithm is
applied to the noise observations to determine, based on the density of the data, whether they are outliers or
represent the pattern of a new class. If the noise observations constitute a new class, the experts should identify
whether the pattern corresponds to a single fault or the pattern is the result of several single faults acting
simultaneously (multiple fault). After identifying and characterizing the pattern, it will be store in the historical
database used in the training stage. Later on, the classifier should be trained again, and the procedure of online
recognition will be repeated systematically.

The procedure explained for the online stage represents a mechanism of online detection of novel faults with
automatic learning for a fault diagnosis system. It is described in Algorithm 2.

4. Benchmark case study: Tennessee Eastman process

4.1. Online recognition

In order to apply the proposed classification scheme to fault diagnosis, the Tennessee Eastman (TE) chemical
process benchmark was selected. This process is widely used as a chemical benchmark to evaluate the performance
of new control and monitoring strategies [5, 63, 68]. The chemical process plant consists of five major units: a
reactor, a condenser, a recycle compressor, a separator, and a stripper; all interconnected. The control objectives and
general features of the process simulation are described in the papers [22].

The TE process contains 21 preprogrammed faults and one normal operating condition dataset. The datasets
from TE are generated along 48 hours of operation, with the inclusion of faults after 8 simulation hours. Each
historical dataset contains 52 variables (41 measured variables, plus 11 manipulated variables) with a sampling time
of 3 min and Gaussian noise incorporated in all measurements. For the study performed in this paper, only the 33
variables available online are considered, as shown in Table 6.

Table 6: Monitored variables in the Tennessee Eastman process

No. Variable No. Variable
1 A feed 18 Stripper temperature
2 D feed 19 Stripper steam flow
3 E feed 20 Compressor work
4 Total feed 21 Reactor cooling water outlet temperature
5 Recycle flow 22 Separator cooling water outlet temperature
6 Reactor feed rate 23 D feed flow valve
7 Reactor pressure 24 E feed flow valve
8 Reactor level 25 A feed flow valve
9 Reactor temperature 26 Total feed flow valve
10 Purge rate 27 Compressor recycle valve
11 Product separator temperature 28 Purge valve
12 Product separator level 29 Separator pot liquid product flow valve
13 Product separator pressure 30 Stripper liguid product flow valve
14 Product separator underflow 31 Stripper steam valve
15 Stripper level 32 Reactor cooling water flow
16 Stripper pressure 33 Condenser cooling water flow
17 Stripper underflow

A description of simulated faults is shown in Table 7. All datasets used in this paper can be downloaded from
http://web.mit.edu/braatzgroup/TE\underline\process.zip. Furthermore, 2100 new observations evenly distributed
among the classes were added to this dataset in order to represent the possible outliers of each class.
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Table 7: Description of faults in TE process

Fault Description Type
1 AJ/C feed ratio, B composition constant Step
2 B composition, A/C ratio constant Step
3 D feed temperature Step
4 Reactor cooling water inlet temperature Step
5 Condenser cooling water inlet temperature Step
6 A feed loss Step
7 C header pressure loss-reduced availability Step
8 A, B, and C feed composition Random variation
9 D feed temperature Random variation
10 C feed temperature Random variation
11 Reactor cooling water inlet temperature Random variation
12 Condenser cooling water inlet temperature Random variation
13 Reaction kinetics Slow drift
14 Reactor cooling water valve Sticking
15 Condenser cooling water valve Sticking
16-20 Unknown Unknown
21 The valve was fixed at the steady-state position Constant position

4.2. Analysis and discussion of results

A very important step in the design of a fault diagnosis system is to verify the quality of its performance. The
most used criterion for this analysis is the confusion matrix (CM) [47]. The confusion matrices using a cross
validation process were obtained [49]. Fig. 6 shows the cross-validation process for four partitions of the data set. In
the experiments implemented in the TE process, a cross-validation with 10 partitions of the training dataset was

performed.
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Figure 6: Cross validation process

4.2.1. Offline training stage

In this subsection, the results of the offline training stage are shown. The principal objectives in this stage are:
the trainning of the classification algorithm, obtaining the parameters m and o, and the selection of the variables
with greater contribution in the clustering for the analyzed classes.

The values used for beginning the training were: Number of iterations =100, ¢ =10~ and initial values of m=2
ando =1.

The diagnostic system was not trained to recognize faults 16-20 with the objective of using them to test the
online detection of new faults. These faults were only simulated in the online recognition stage.

To estimate the best values for m and o parameters as was mentioned in subsection 3.1, the DE algorithm was
used due to its advantages, specifically its simple structure, higher speed, and robustness [13]. The control
parameters in DE are the size of the population Z, the crossover constant Cg and the scaling factor Fg . The values
of the parameters for the DE algorithm, considering a search space 1<m<2and 0.25<o <20 where,Cg =0.5,
Fs =0.1, Z =10, Eval_max = 100 and PC > 0.9999. The behavior of the objective function (PC) is shown in Fig. 7
where it is possible to appreciate how the DE algorithm rapidly converges. The best parameters were obtained from
iteration 12: m = 1.0389 and o = 17.8870.
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Figure 7: Value of the objective function (PC)

Table 8 shows the variables or attributes with the greater contribution to clustering (higher weight values) for
the analyzed classes (operating states). To obtain these attributes, a parameter called weight threshold (Tw) must be
selected from the expert criterion. If the weight of the attribute | is greater than Tw, then the attribute | is selected.
Figure 8 shows an example of selection of the attributes considering the NOC (Tw = 0.03). Later, the attributes of

greatest contribution are used to perform online recognition of the operating states that were considered (NOC,
faults F1-F15, F21).

4.2.2. Recognition stage

In this subsection, the principal results in the recognition stage are displayed. In this sense, two objectives are
addressed. First, the improved results in the classification process when only the variables with greater contribution
in the clustering process are used. Second, the ability of the diagnosis system to analyze the data classified as noise
in a window of time and to determine if they form a new class that represents a new fault.

In this stage, Algorithm 2 was applied to perform online recognition. In the first experiment, the operating states
used in the training stage (NOC, faults F1-F15, F21) were considered. Later, in the second experiment, faults 16-20
were used to test the online detection of new faults by the algorithm.

Table 8: Results of the training stage in TE process

Operation mode Variables with greater contribution
NOC 2,3,56,8,9,12,14, 15, 17, 21, 22, 26, 30, 32
F1 1,3,4,7,8,10,11, 13, 16, 18-23, 25, 27, 29, 30, 31, 33
F2 3,4,6,7,10, 11, 13, 16, 18-20, 22, 24, 28, 30, 31, 33
F3 7,10, 11, 13, 16, 18-20, 25, 27, 29, 31, 33
F4 1,2,4,7,9 10, 11, 13, 16, 18-20, 25, 29-31, 33
F5 1,3,4,7,8,10,11, 13, 16, 18-23, 25, 27, 29, 31
F6 ,4,6,7-11, 13, 16, 18-23, 25, 28, 29, 31
F7 1,3,4,7,8,10,11, 13, 16, 18-23, 25, 27, 29, 30, 31, 33
F8 1,3,4,7,8, 10,11, 13, 16, 18-25, 27-31, 33
F9 1,3,7,11,13, 16, 18-20, 25, 29, 31, 33
F10 1,3,4,7,10, 11, 13, 16, 18-20, 23, 25, 29-31, 33
F11 , 7,11, 13, 16, 18-20, 25, 29-31, 33
F12 1,3, 4,6-8,10, 11, 13, 16, 18-21, 23-25, 27, 29-31, 33
F13 1,3,4,7,8,11, 13, 16, 18-21, 23, 27-31, 33
F14 1,3,4,7,10, 11, 13, 16, 18-20, 25, 27, 31, 33
F15 1,3,7,11,13, 16, 18-20, 23, 25, 29, 31, 33
F21 1,7,8, 10, 11, 13, 16-20, 22, 25, 31, 33
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Figure 8. Attribute weight assignment of DOKEWFCM algorithm for Normal
Operation Condition (NOC).

In order to detect a new fault early, 120 samples were evaluated. This implies a time window size of k = 120
equivalent to 120 seconds. In the case of the decision threshold, a value of Th = 60% was determined to establish an
adequate level of majority of samples classified as noise. It is important to highlight that the criteria to select these
parameters depends on the type of process, therefore, the opinion of the experts is very important.

Table 9 shows a comparison between the results of the classification using the 33 variables (Case 1) and using
the variables with greater contribution (Case 2) determined in the training stage. The results show that a better
classification (%) of the different operating states is obtained. by using the variables with greater contribution in the
clustering obtained during the training stage. It is confirmed when the Wilcoxon test is applied to compare the
results of both cases. Table 10 shows the results of that comparison. The use of a minor number of variables also
simplifies the computational complexity.

In the second experiment the unknown faults F16-20 were analyzed. First, the fault 16 was considered, which
was identified as a new class. After a new class is identified, experts should characterize the fault and updating the
historical database used in the training of the algorithm adding the new pattern. The same experiment was
performed for faults 17-20. Table 11 shows the results obtained for unknown faults F16-20. The last column reflects
the variables with greater contribution to the identification of faults.

Table 9: Results of the recognition stage in the TE process (Experiment 1)

Classification (%)

Operation mode Case 1 Case 2
NOC 96.67 98.33
F1 95 97.50
F2 100 100
F3 95.83 96.67
F4 94.17 95
F5 92.50 94.17
F6 100 100
F7 98.33 100
F8 100 100
F9 90.83 93.33
F10 89.17 91.67
F11 93.33 95
F12 99.17 100
F13 97.50 99.17
F14 96.67 98.33
F15 87.50 90
F21 86.67 88.33
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Table 10: Results of the Wilcoxon test for the Case 1 and Case 2

Case 1 vs Case 2
> R* 0
SR™ 55
T 0
T =0.05 8
Winner Case 2

Table 11: Results of the recognition stage in the TE process (Experiment 2)

Operation mode Classification (%) Variables with greater contribution
F16 81.67 4,7,11, 13, 16, 18-20, 25, 29, 31-33
F17 85.83 1,3,7,9 11,13, 16, 18- 21, 25, 29, 31
F18 95 1-4,6-8, 10, 11, 13, 16, 18-21, 23-25, 27, 29-33
F19 77.50 5, 7,13, 16, 18-21, 25, 31, 33
F20 91.67 1,7,11,13, 16, 18-22, 25, 29, 31, 33

4.3. Analysis of the number of false and missing alarms
In order to evaluate the quality of the fault detection process, usually the number of false and missing alarms is
analyzed. According to [71], these indicators called False Alarm Rate (FAR) and Fault Detection Rate (FDR) can
be calculated by:
_ No.ofsamples (J > Jjj, | f =0)

FAR
total samples( f =0)

(11)

_ No.ofsamples (J > Jjj, | f #0)

FDR
total samples( f = 0)

(12)

where J is the output for the used discriminative algorithms by considering the fault detection stage as a binary
classification process, and Jj;,, is the threshold that determines whether one sample is classified as a fault or normal
operation. The improved results are obtained for the small FAR values and large FDR values.

The results obtained for the faults F1-F15, F21 (Experiment 1) are summarized in Figs. 9 and 10. In both
indicators, the improved results were obtained when the classification algorithm uses the variables with greater
contribution in the clustering process (Case 2).

Figure 11 shows the results of the FAR and FDR indicators for the unknown faults (Experiment 2). In this case,
only the results obtained with the algorithm using the variables with greater contribution in the clustering process
are shown.

Table 12 shows the results of the FDR indicator for the algorithms’ Principal Component Analysis (PCA),
Dynamic PCA (DPCA), Independent Component Analysis (ICA), Modified ICA (MICA), Fisher Discriminant
Analysis (FDA), Partial Least Squares (PLS), Total Projection to Latent Structure (TPLS), Modified Approach
(MPLS), Subspace Aided Approach (SAP) used in [67] and the algorithm proposed in this paper. This comparison
shows that the DOKEWFCM algorithm achieves better results for almost all the analyzed faults. Also, it is
necessary to highlight the excellent results obtained by DOKEWFCM algorithm for faults 3, 9 and 15, where other
algorithms used for the comparison obtain very low FDR values.

Finally, another comparison was made with the LAMDA (Learning Algorithm for Multivariate Data Analysis)
algorithm, presented in [4] because it is an unsupervised algorithm. In this case the percent of correct classification
was used as indicator. Table 13 shows the better results obtained by the DOKEWFCM algorithm proposed in this

paper.
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Table 12: Results of the comparison of FDR indicators for the test algorithms with the one proposed in this work.
(Bold values indicate the best performance

Fault PCA DPCA ICA MICA FDA PLS TPLS MPLS SAP DOKEWFCM
1 99.88 99.88 100 99.88 100 99.88 99.88 100 99.63 99.83
2 98.75 99.38 98.25 98.25 98.75 98.63 98.88 98.88 97.88 99.94
3 12.88 12.25 4.5 14.25 7 14.25 24.25 18.75 6.38 98.78
4 100 100 100 87.63 100 99.5 100 100 99.88 99.83
5 33.63 43.25 100 100 100 33.63 100 100 100 99.67
6 100 100 100 100 100 100 100 100 100 100
7 100 100 100 100 100 100 100 100 99.88 99.78
8 98 98 98.25 97.63 98.13 97.88 98.5 98.63 95.88 99.21
9 8.38 12.88 4.75 8.88 6.25 14.5 23.5 12.13 0.88 97.89
10 60.5 72 89.25 85.88 87.13 82.63 91 91.13 95.5 98.83
11 78.88 915 78.88 61.63 73.38 78.63 83.13 83.25 84.75 99.87
12 99.13 99.25 99.88 99.88 99.75 99.25 99.63 99.88 99.88 99.89
13 95.38 95.38 95.25 95 95.63 95.25 96.13 95.5 94.88 99.78
14 100 100 100 99.88 100 100 100 100 97.63 99.67
15 14.13 19.75 7.75 10.75 12.63 23 29.88 23.25 29.5 99.61
16 55.25 67.38 92.38 83.38 83.25 63.38 90.75 94.28 94.88 95.04
17 95.25 97.25 96.88 93 96.63 94.25 96 97.13 97.13 96.46
18 90.5 90.88 90.5 89.75 90.75 90.75 91.88 91.25 91 94.71
19 41.13 87.25 92.88 80.25 87.88 26 82.88 94.25 88.5 94.63
20 63.38 73.75 91.38 86 81.88 62.75 78.38 915 83.75 94.08
21 52.13 61 56.38 70.75 52.75 59.88 66.38 72.75 38.63 97.56

AVG 71.29 77.19 80.82 79.17 79.61 73.29 83.38 83.93 80.78 98.33
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Table 13: Results of the comparison among test algorithms based on classification percentage

Fault DOKEWFCM LAMDA [4]

1 97.50 91.77

2 100 96.67

4 95 95.38

7 100 87.69

8 100 84.08

14 98.33 89.33
AVG 98.47 90.82

5. Conclusions

In the present paper, a hybrid algorithm using fuzzy clustering techniques is proposed. The algorithm is applied
in a fault diagnosis scheme with online detection of novel faults and automatic learning. The proposed algorithm
conjugates three important characteristics, which permit it to obtain very satisfactory percentages of correct
classification in the presence of noise, outliers and nonlinearities in the data. These characteristics are: a) capacity to
detect and eliminate outliers, b) identification of the variables with greater influence in the clustering process using
the Maximum-Entropy-Regularized Weighted method, and c¢) the use of a kernel function to achieve greater
separability among the classes and reducing classification errors.

The fault diagnosis scheme proposed here has two stages. In the first stage (offline training stage), the algorithm
is trained, and the best values of its configuration parameters (m and o ) are obtained as well as the variables with
greater influence in the clustering of the data, which represent the different states of the process. In second stage
(online recognition), the proposed algorithm analyzes each observation obtained from the process and classified it in
one of the known classes of the process, or as noise. Furthermore, the algorithm analyzes the observations
belonging to a window of time that are not classified in the known classes, and determines if they constitute a new
class or if they are outliers.

If a new pattern is detected and the experts determine that it represents a new fault, the pattern should be
added to the training database and the proposed algorithm should be trained again. The latter constitutes a
mechanism of automatic learning.

It is important to remark that a possible disadvantage of the proposed fault diagnosis approach is the
computational cost associated with the data driven methods. However, in general form, the dynamics of the
complex processes present in the large industries are slow, which permits the application of data driven methods.

For future research, an interesting idea is to analyze the behavior of the proposed algorithm when the
observations from the process have missing variables and it is necessary to develop an on-line imputation
procedure.
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