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ABSTRACT The analysis of EEG signal is a relevant problem in health informatics, and its development
can help in detection of epileptic’s seizures. The diagnosis is based on classification of EEG signal. Different
methods and algorithms for classification of EEG signals with an accepted level of reliability and accuracy
have been developed over years. All these methods have two steps that are signal preprocessing and
classification. The goal of the preprocessing step is removing noise and reduction of the initial signal
dimensionality. The signal dimensionality reduction is required by classification methods, but its result is a
loss of small information before the classification. In this paper, an approach for EEG signal classification
that takes this loss of information into account is considered. The novelty of the considered approach is
usage of fuzzy classifier in the classification step. This classifier allows taking uncertainty of initial data
into account, which is caused by loss of some information during dimensionality reduction of initial signal.
However, application of fuzzy classifier needs modification of the preprocessing step because it requires
data in fuzzy form. Therefore, fuzzification procedure is added to the preprocessing step. In this paper,
Fuzzy Decision Tree (FDT) is used as the fuzzy classifier for the epileptic’s seizure detection. Its application
allows achieving 99.5% accuracy of the classification of epileptic’s seizure. The comparison with other
studies shows that FDT is very effective for task of epileptic’s seizure detection.

INDEX TERMS Classification algorithms, decision tree, encephalography, electroencephalogram signal
fuzzy classifier, fuzzy decision tree, fuzzy logic, signal analysis, signal classification.

I. INTRODUCTION
Applications of Electroencephalogram (EEG) signal in dif-
ferent areas have been intensively developed in last time.
The most dynamically developed areas are human-computer
interaction studied in [1], [2] and medicine [3] – [8].
In medicine, the EEG signal analysis is used in epilepsy
diagnosis [3], [6], [7], depression [4], stress [5], and other
diagnoses [8]. The diagnostics of epilepsy is based mostly on
analysis of EEG signal.

Epilepsy is considered as one of the most common chronic
neurological disorders [9]. The observable epileptic symptom
is recurrent unprovoked seizures which usually occur without
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warning and that can affect any part of the body [10]. These
seizures are consequences of the brain activity that can be
characterized by the unexpected and sudden electrical distur-
bance of brain and excessive neuronal discharge. This activity
is recorded using the EEG [11], therefore, the analysis of
EEG signal is one of the most important tools in neurology
diagnostics [3], [7], [12].

The electrical activity of the brain is recorded using elec-
trodes placed on the top of the head in the form of EEG
signals [10], [11]. The analysis of EEG signal is implemented
based on curves that are graphical interpretation of captured
signals. The visual evaluation of these curves allows doctors
to diagnose neural disorder [12]. This visual evaluation can be
insufficient, especially in case of not-trained physicians. So,
the development of algorithms for automatic and supported
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FIGURE 1. Randomly selected signals from each subset of dataset [12].

analysis of EEG signals is a relevant problem. These algo-
rithms have to include extraction and analysis of information
from the recorded EEG signal that is used in prediction or
classification of brain state. In this paper, the EEG signal
analysis in detection of epileptic seizures is considered as one
of problems in EEG signal analysis.

The development of classification methods is based often
on data mining approaches. Data mining-based methods for
signal classification are developed based on real collected
data. Therefore, data captured by EEG recording devices
should be used in such a research. In this paper, we use one
of the well-known and often used datasets introduced in [12].
The dataset consists of 500 samples (records) of EEG signals.
Each sample represents record of EEG signal with duration
of 23.6 seconds. The samples are divided into five subsets (A,
B, C, D, and E) of the same size, which means that each of
these subsets contains 100 samples of records of EEG sig-
nals. Subsets A and B contain measurements recorded from
persons who do not suffer from epilepsy. In case of subset
A, patients had eyes open during recording while, in case of
subset B, patients had closed eyes. Whether the eyes are open
or closed affects the electrical activity of the brain according
to [12]. Samples in subsets C, D, and E were recorded from
persons suffered from epilepsy. EEG of patients in subsets C
andDwere recorded during seizure-free intervals, while EEG
signals of patients in subset E were measured during seizure
activity only. Samples in subset D were recorded from within
the epileptogenic zone, and those in subset C were obtained
from the hippocampal formation of the opposite hemisphere
of the brain. Examples of samples from these subsets are
shown in Fig. 1.

It can be observed from Fig. 1 that signals in A and E
are different from signals in B, C, and D. Nevertheless, only
visual inspection can be insufficient to recognize healthy
(A, B) and epileptic EEG segments (C, D, E). The most
significant similarity between this group is oblivious in case
of samples from B, C, and D. The samples are very similar
to each other and the use of visual inspection only can lead
to a failure in diagnostic (patient suffering from epilepsy is

diagnosed as healthy). This example shows that the devel-
opment of approach for automatic EEG signal analysis can
be useful in diagnostics because it allows deciding whether
a person has epilepsy without the occurrence of epileptic
seizure. Investigation of automatic EEG signal is thus useful
in the development of decision support systems for early
diagnosis of epilepsy [11], [13], [14].

Data mining methods for signal classification, and EEG
signal in particular, include two steps [14]. The first of them
is signal preprocessing and the second is classification itself.
Typical classifiers used in the second step need numerical
attributes for the classification, but EEG signal is represented
as a function of time which cannot be directly classified.
Therefore, this signal should be transformed into samples
of numerical attributes in the step of signal preprocess-
ing [15]–[17], which is also known as the step of the prelimi-
nary transformation. EEG signal is preprocessed to remove
noise and extract useful information needed for the next
step of classification. The signal preprocessing consists of
two procedures that are feature extraction and dimensionality
reduction. According to investigations in [7], [17], and [18],
the preliminary transformation or signal preprocessing step
has a significant influence on the result of the classification.

The feature extraction of signal is usually implemented
by wavelet [19], [20] or spectral transforms [21], [22]. The
result of the feature extraction is a matrix of the signal
features, which has typically large dimensionality. This a
reason for the second procedure of the preprocessing, which
is dimensionality reduction. The dimensionality reduction
usually transforms data matrix to a matrix of significantly
smaller dimension. Comparison of three basic techniques of
dimensionality reduction in EEG signal preprocessing can
be found in [23]. These techniques are Linear Discriminant
Analysis (LDA), Principal Component Analysis (PCA) and
Independent Component Analysis (ICA).

The output of the first step is a set of numerical attributes
that are used in the classification step. Existing studies of
EEG signal classification focus on various classifiers, such
as Support Vector Machine (SVM) [23], [24], k-nearest
neighbor (kNN) [25], decision tree [15], [21], or neural
networks [14], [26]. Special approaches based on evolu-
tion methods and clustering analysis have been consid-
ered for EEG signal classification in [25], [27]. However,
the researches in [21]–[27] have shown that the accuracy of
EEG signal classification depends not only on the used type
of classifier but also on the procedures used in the step of the
signal preprocessing.

According to investigation performed in [28] and [29], pro-
cedures of the feature extraction and dimensionality reduction
result in a loss of some information in the step of the prelimi-
nary transformation. From point of view of data miningmeth-
ods, this information loss can be interpreted as uncertainty of
the data used for classification. The efficient classification of
uncertain data requires application of fuzzy classifiers [15],
[30]. These classifiers consider membership of instance to all
possible classes. In [31], [32], and [33], it has been shown that
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the application of fuzzy data allows increasing the accuracy
of classification for uncertain data.

Several approaches of EEG signal classification in which
the feature extraction, feature selection or dimensionality
reduction procedures are developed based on fuzzy logic
background have been proposed. The fuzzy entropy-based
procedures have been used in the signal preprocessing step
in researches [7], [34], and [35]. In other investigations, such
as [36], [37], and [38], combined or join classification have
been proposed. In these studies, fuzzy-based classifier and
classifier of crisp data are used together. The modification
of the classification step in these studies is related to the
investigated data and decided problem. Therefore the change
of procedures of signal preprocessing influences the classi-
fication accuracy. The application of proposed methods in
[36], [37], and [38] can be for considered problem only.
This restricts their application in other similar problems. The
surveys of EEG signal classification in [39], [40], and [41]
have not highlighted formalized approach of EEG signal
classification based on fuzzy classifiers. Therefore, in this
paper, we want to develop and propose new approaches for
EEG signal classification with the use of fuzzy classifiers.
This work is influenced our previous work [15], in which
we have investigated fuzzy-based approach for classification
of specific signals. In this paper, we propose adaptation of
that approach for EEG signal classification and consider the
application of fuzzy classifier for EEG signal analysis in
epileptic’s seizures detection. Application of fuzzy classifier
calls for the transformation of the data after the signal prepro-
cessing into fuzzy data. Therefore, the signal preprocessing
step should be modified and one more procedure should be
added into it. This procedure is fuzzification. So, the main
novelty of this paper lies in the usage of fuzzy data to
reduce the influence of uncertainty of the data obtained after
the signal preprocessing and in the use of fuzzy classifier.
In particular, we consider Fuzzy Decision Tree (FDT), which
is inducted based on Cumulative Mutual Information (CMI)
[42], [43].

This paper is structured as follows. Section II discusses the
specifics of the proposed approach that includes two steps.
These steps are signal preprocessing and fuzzy classification
based on FDT. The principal steps of the signal preprocessing
in the proposed approach are described in section III, which
deals with the feature extraction for improving the quality of
the signal classification, with the dimensionality reduction of
the data resulting in a set of attributes used in the classifi-
cation, and with fuzzification of the attributes. The detailed
process of FDT induction for the classification, including
basic rules and mathematical background of this process,
is presented in section IV. The examination and comparison
of the proposed approach for prediction of epileptic’s seizures
is shown in section V.

II. DESIGN OF APPROACH
The analysis of EEG signal in diagnosis of neural disorder is
implemented based on the procedure of classification of this

type of signals [3], [7], [42]. Typically, signal classification
includes two steps [18], [44]: preprocessing of initial signal
and classification of data formed after the preprocessing. The
step of preprocessing consists of two procedures (the feature
extraction and dimensionality reduction) that transform initial
signal into a set of data, which is interpreted as attributes of
samples in the step of classification.

The feature extraction in signal classification is needed
to remove noise and extract significant features as useful
information for signal analysis in the next step. According
to surveys of procedures of feature extraction performed in
[21] and [39], the most used ones are spectral transforms,
such as the Fourier, Wavelet and Welch transforms. Results
of these transforms are specific properties (attributes) of the
analyzed signal. However, dimension of these attributes is
large for direct application of classification and has to be
reduced by special methods as PCA, ICA, and LDA [23],
[45]. So, the final output of EEG signal preprocessing step is
a set of numerical data. Elements of this set are interpreted as
classification attributes and can be used for the classification.

The classification itself is implemented in the second step
of EEG signal analysis [40]. For signal classification, in par-
ticular EEG signal classification, the most commonly used
classifiers are SVM [23], [24], [34], kNN [25], [46], Neural
Networks [7], [14], [26], [47], Decision Trees [15], [21] and
Naïve Bayes Classifier [48].

According to reviews in [21] and [40], accuracy of signal
classification does not result only from classifier types but
depends also on the data used in the classification, which
are obtained as a result of the preprocessing step. Specific
of this data is a loss of some information stored in the signal,
which is caused by selection of some attributes in the spectral
transform and ignoring the less informative attributes within
the procedure of dimensionality reduction [28], [29]. This
information loss leads into the uncertainty of data formed
after the preprocessing step and used as the input for the
step of classification. This uncertainty should be considered
and incorporated into the methods and approaches for signal
classification. Authors of [40] have shown that the accu-
racy of signal classification can be improved using fuzzy
classifiers. However, the data obtained after the preliminary
transformation is crisp regardless of application of fuzzy-
based procedures in feature extraction [35] or dimensionality
reduction [49]. In [7], [34], and [35], the preprocessing of
EEG signal has been implemented based on fuzzy entropy.
Other fuzzy-based techniques for EEG signal analysis have
been described in [50] and [51]. Results of all considered
transforms of EEG signal are sets of crisp data, which requires
use of crisp classifiers in the classification. There are also
several methods for EEG signal classification in which the
classification has been implemented based on fuzzy classi-
fier in combination with crisp classifier. Their examples can
be found in [36], [37], or [38], but the formalized fuzzy-
based approach for EEG signal classification has not been
proposed. If the data (classification attributes) obtained after
the preprocessing step are fuzzy, then fuzzy classifier can be
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FIGURE 2. The principal steps of the proposed algorithm for EEG signal
classification.

used without any complications. One of the possible ways
to transform the numeric and crisp data after the preliminary
transformation of EEG signal to fuzzy data is introduction of
fuzzification as an additional procedure in the preprocessing
step. Such a modification used in signal classification method
allows increasing the accuracy of classification [42].

In this paper, we propose to modify the approach for EEG
signal classification (Fig. 2) by (a) the use of fuzzy classifier
in the step of signal classification and by (b) the introduction
of new procedure of the fuzzification in the step of signal
preprocessing. This modification allows developing fuzzy-
based approach for EEG signal classification. This approach
can be used not only in detection of epileptic’s seizures but
also in other EEG-based classification problems [1] – [8].

The approach depicted in Fig. 2 assumes the application of
Fuzzy C-Means (FCM) algorithm [52], [53] as the additional
procedure in the step of EEG signal preprocessing and Fuzzy
Decision Tree (FDT) as the fuzzy classifier used in the step
of EEG Signal Classification. An FDT is a tool used for
decision support represented by a set of decision choices in
the graphical form of a tree. In the task of classification,
its purpose is to predict the value of a target variable (the
output) from the value of several input attributes. In case of
the FDT, the result of classification is usually determined by
multiple leaves. It is common that an FDT is transformed into
fuzzy classification rules to perform classification effectively.
In what follows, we focus on individual procedures of the two
steps that the approach depicted in Fig. 2 consists of.

III. SIGNAL PREPROCESSING
A. FEATURE EXTRACTION
The feature extraction is an important procedure in sig-
nal preprocessing. Generally, the raw measurement of EEG

signals contains noise, artifacts and other defects. These can
be caused by eyes blinking, muscular activity or other phys-
iological processes in a human body [3] – [8]. Moreover,
measured EEG signals are functions of time. This kind of rep-
resentation of signals is not usable for classification. Hence,
special transformations have to be applied to signals. These
transformations can reduce impact of mentioned undesired
effect and should extract information from signal that can be
used for classification. The purpose of feature extraction is
to enlarge distinguishability between classes of EEG signals
by Power Spectral Density (PSD) estimation to selectively
represent the instances of EEG signals [54].

To select a goodmethod for feature extraction, we have cre-
ated a comparison of spectral transforms used in field of EEG
signals classification (Table 1). Most often spectral trans-
forms used for this problem are Discrete Wavelet Transform
(DWT) [20], Discrete Fourier Transform (DFT) [55], and Fast
Fourier Transform (FFT) [55]. There are also investigations to
develop newmethods for the feature extraction based on these
transformations for specifics of EEG signals. For example,
new wavelet-based transforms for EEG signal analysis have
been proposed in [19] and [56]. Authors of [57] have devel-
oped a new hybrid method for the feature extraction of EEG
signal based on Fourier and wavelet transforms using fuzzy
entropy. In addition to spectral transforms, other methods
can be used to eliminate signal noise and reveal its specific
features. In this case, some studies for feature extraction
based on fuzzy logic should also be noted. Authors of [7],
[34], [35], [57], and [58] have developed new fuzzy-based
procedures for EEG signal feature extraction. In [7], a new
method for epileptic seizure detection based on Permutation
Fuzzy Entropy (PFEN) has been proposed. Similar to study
in [7], fuzzy entropy has been used in [34] and [35]. The
special filter based on an artifact rejected multiclass exten-
sion of common spatial pattern by using joint approximate
diagonalization has been proposed for feature extraction in
[58]. These fuzzy-based transformations allow decreasing the
influence of the information loss in the step of preprocessing,
but their results are crisp data that is not acceptable for fuzzy
classifiers.

From common spectral transforms, authors of [21] have
shown an advantage of the DFT compared to DWT for clas-
sification method of decision tree that is inducted based on
method C4.5. Welch’s method has been used in [22] and
[59] for feature extraction of EEG signal. These studies have
shown that power spectrum density estimation by Welch’s
method provides strong attributes for good representation of
EEG signal.

Regarding the previous analysis, we have decided to imple-
ment the feature extraction of EEG signal by Fourier trans-
form, in particular DFT [21]. It is a simple spectral transform
that has good result in EEG signal classification according
to research in [21], [60], and [61]. The common property
of spectral transforms is that they sample a signal over time
and divide it into frequency components. The frequency com-
ponents are represented by a single sinusoidal oscillation at
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TABLE 1. The analysis of methods for feature extraction in EEG signal
classification.

distinct frequencies, and each of these oscillations has its own
amplitude and phase [21].

After applying the Fourier transform to the EEG signals
from [12], we get a matrix of elements with 128 columns

and 500 rows. Each row of the matrix represents one EEG
signal in the frequency domain. The obtained number of
features (128) is too large to create an accurate classifier
(we have too many features in proportion to the number of
data instances). To solve this problem, we use a dimension
reduction technique called PCA to decrease the number of
features of the matrix [62].

B. DIMENSIONALITY REDUCTION
The dimensionality reduction is a next procedure in EEG
signal preprocessing. In some researches, this procedure is
named as feature transformation [40] or feature selection
[1]. This procedure is required because the output of feature
extraction is a large matrix. If we reduce the dimension of
this matrix, the process of classification can be more effec-
tive. Typically, PCA, ICA, and LDA are used for feature
selection or dimensionality reduction in EEG signal classi-
fication. These methods accomplish a linear mapping of a
high-dimensional input vector into a low-dimensional vector
whose components are uncorrelated [49]. The comparison of
PCA, ICA and LDA shows that LDA acquired the best per-
formance. Nevertheless, it has been shown in [45] that PCA
could outperform LDA. This result is caused by the classifier
used in the second step of EEG signal analysis [15], [18].

Table 2 contains themost popular dimensionality reduction
methods used for EEG signal preprocessing. There are also
researches to develop other types of procedures for dimen-
sionality reduction for the purposes of EEG signal classi-
fication. For example, in [35], [63], and [64], fuzzy-based
procedures for transformation of feature matrix have been
proposed. These fuzzy transformations used for the purposes
of the dimensionality reduction allows increasing accuracy of
EEG signal classification, but they form a set of crisp data for
classification.

In our study, we use PCA to decrease dimension of the fea-
ture matrix obtained after the spectral transformation. Some
studies claim that LDA gives better results, but as we said
before, it was shown in [45] that PCA can outperform LDA,
especially, in cases when the number of training samples
per class is quite small. Moreover, LDA assumes Gaussian
distribution of data, and in situations when data has not this
distribution, LDA can fail. According to [28], PCA can reflect
dynamics of original signal. The first principal components
with larger variances represent the signal dynamics. The last
principal components with smaller variances are dominated
by noise. If the data is composed of an information-carrying
signal and a Gaussian noise, the PCA is optimal for dimen-
sionality reduction from the information-theoretic point of
view [28].

The PCA transforms a feature matrix with n features Y =
(Y1, . . . ,Yn) into a new matrix where features (columns)
are called ‘‘principal components’’ [62]. In order to reduce
the dimension of the matrix, we have to select some of
the most important principal components. The importance
of the principal components can be expressed by variance.
The variance of component indicates variability in the data.

189724 VOLUME 8, 2020



J. Rabcan et al.: Review of Methods for EEG Signal Classification and Development of New Fuzzy Classification-Based Approach

TABLE 2. The analysis of methods for dimensionality reduction in EEG
signal classification.

After transformation, the components are sorted in descend-
ing order of their variance. Then, we have to select just a few
first components. One of the most commonly used criteria
to select an appropriate number of principal components is
the eigenvalue-one criterion, known also as the Kaiser crite-
rion [68]. This criterion selects a principal component if the
component has variance bigger than 1.00. It is useful to note
that the variance of the principal component corresponds to
eigenvalue of this component.

After applying PCA on data from [12], we obtain 8 princi-
pal components, which describe the reduced feature matrix
of origin EEG signals. Hence, each EEG signal is repre-
sented by 8 principal components. In the text bellow, these
principal components are noted as numerical input attributes
Xi (i = 1,. . . , 8) of EEG signals.
A loss of some information is possible in the step of the

signal preprocessing according to [28]. This can be shown by
evaluation of distributions of principal components. For this
purpose, let us test the obtained principal components based
on typical distributions by minimum squared error fit. This
test calculates sum of squared discrepancies between his-
togram frequencies and fitted-distribution frequencies. It is
assumed that the data has a distribution with minimal squared
error. We implemented this test by Arena Input Analyzer

TABLE 3. Sums of squared discrepancies between histogram frequencies
and fitted-distribution frequencies.

(https://www.arenasimulation.com/) for each principal com-
ponent. The results are shown in Table 3. At final, we cal-
culate sum of squared error fit for each distribution of all
principal components. These results are shown in the last
column of Table 3. The smallest value of this squared error
has normal distribution. Therefore, we assume that the data
is distributed normally.

C. FUZZIFICATION
Fuzzification transforms each numeric attribute (principal
component) Xi obtained after dimensionality reduction into
fuzzy attribute Ai (i = 1,. . . , n). Numerical attribute Xi is
defined by a vector of real values (x1, x2, . . . , xk , . . . , xK ),
where K is the number of samples. Each fuzzy attribute Ai
consists of mi (mi ≥ 2) linguistic terms. The j-th linguistic
term of Ai is represented by fuzzy set Ai,j (j = 1, . . . , mi).
Fuzzy set Ai,j with respect to Xi is defined by a member-
ship function µAi,j (x) :Xi → 〈0, 1〉. The membership func-
tion gives a membership degree µAi,j (x) for each x (x ∈ Xi),
which defines how strongly element x is the member of fuzzy
set Ai,j. Formally, fuzzy set Ai,j is defined as an ordered set of
pairs Ai,j =

{(
x, µAi,j (x)

)
, x ∈ Xi

}
, where:

(a) µAi,j (x) = 0 if and only if x is not the member of set
Ai,j,
(b) 0 < µAi,j (x) < 1 if and only if x is not the full member

of set Ai,j,
(c) µAi,j (x) = 1 if and only if x is the full member of set

Ai,j.
Fuzzification can be done using various methods. One of

them is Fuzzy C-Means (FCM) clustering [53]. The FCM is
an extension of K-means algorithm, and it is based on use of
fuzzy membership function. The K-means algorithm assigns
each instance to one cluster. In case of FCM, an instance can
be assigned to more clusters with some partition degrees. The
FCM tries to minimize the objective function defined as:

minimize
mi∑
j=1

K∑
k=1

(
uk,j

)r d (xk , cj)2, (1)

where r is the parameter of cluster fuzziness, d
(
xk , cj

)
is a

distance between scalar value xk and center cj of the j-th
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cluster. Increasing of r causes smaller values of partition
degrees uk,j. At the beginning, the instances are randomly
assigned to the clusters with some partition degree. Then,
the partition degree of the k-th instance into the j-th cluster
and the new centers are computed based on the following
formulae:

uk,j =
1/d

(
xk , cj

)2
mi∑
t=1

1/d (xk , ct)2
and cj =

K∑
k=1

(
uk,j

)2 xk
K∑
k=1

(
uk,j

)2 . (2)

This process is repeated until centers do not change. As a
result, we found partition degree uk,j, which defines the mem-
bership degree of scalar value xk to the j-th fuzzy set (fuzzy
term) Ai,j.
After fuzzification of results of the procedure of the

dimensionality reduction applied on signals form dataset
[12], we obtain data described by 8 fuzzy input attributes
Ai (i = 1,. . . , 8) and one output attribute B. Based on this
data, we are able to induct an FDT that can make decision
about presence of epileptic’s seizure. For the purposes of the
FDT induction, these attributes are stored in a form of three-
dimensional matrix Ai,j,k where i is the index of the attribute,
j is the index of the attribute term and k is the index of the
row (which corresponds to one signal from the dataset).

IV. FUZZY CLASSIFICATION
A. FUZZY CLASSIFIERS
In most studies of EEG signal classification, the fuzzy clas-
sifiers have not been used. More often the fuzzy-based meth-
ods have been implemented only in the preprocessing step.
Such methods have been developed for the feature extrac-
tion in [55], [56], [7], [34], and for the feature selection or
dimensionality reduction in [63], [64], and [35]. Based on
surveys [18], [39], [40], [41], and [69], we can state that
fuzzy classifiers have not been used often in investigations
of EEG signal classification. According to last reviews [18]
and [69], the most often used classifiers have been SVM
[23], kNN [25], neural networks [7], [14], decision tree, and
random forest [34], [71], [66]. Hybrid classifiers based on
combination of typical classifiers have also been used [70],
[72], [73].

Fuzzy classifiers for EEG signal classification have been
used in some initiative studies (Table 4). In [36] and [74],
fuzzy kNN classifier has been used in combination with other
classifiers. Authors of [38] have proposed fuzzy-based neural
network for EEG signal classification. The fuzzy-rule based
approach has been developed in [75].

It is important to note that the research for the development
of fuzzy-based methods in EEG signal classification has
shown the efficiency of fuzzy classifiers, but these and other
investigations have not been formalized. Therefore, the step
of the signal preprocessing has not been formalized too, and
fuzzy data for classification is formed by the different way in
these investigations.

TABLE 4. The analysis of fuzzy classifiers in EEG signal classification.

B. CLASSIFICATION BASED ON FUZZY DECISION TREE
Decision trees are composed of nodes and leaves. Each node
is associated with one input attribute (splitting attribute). The
set of all possible linguistic values of this input attribute
determines outgoing edges of the node. Each value from this
set is associated with one outgoing edge. The classification
of an unknown instance begins at the root of the tree. Sub-
sequently, the instance travels down the tree. The direction
of the instance is determined by the splitting attributes asso-
ciated with the tree nodes. When the instance enters into a
tree leaf, the output class can be determined. In a case of
the FDT, the instance traverses through multiple branches.
Therefore, the classification result is determined on the basis
of a set of leaves.

There are different methods for induction of FDTs [43],
[78], [79]. In this paper, the algorithm for FDT induction
based on CMI is used [43]. The CMI in output attribute B
based on knowledge of attribute Aiq and the sequence of
values Uq−1 has been introduced in [43] as follows:

I
(
B;Uq−1,Aiq

)
=

miq∑
jq=1

mb∑
j=1


M
(
Bj × Uq−1 × Aiq,jq

)
×

 log2M (Bj × Uq−1 × Aiq,jq )
+ log2M (Uq−1)− log2M (Bj × Uq−1)
− log2M (Uq−1 × Aiq,jq )
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where Uq−1 =
{
Ai1,j1 × . . .× Aiq−1,jq−1

}
is the fuzzy set

defined by the sequence of fuzzy terms Ai1,j1 , . . . ,Aiq−1,jq−1
of selected attributes Ai1 , . . . ,Aiq−1 from the root to the q-th
node, M

(
Bj × Uq−1 × Aiq,jq

)
is a measure of cardinality of

fuzzy set Bj × Uq−1 × Aiq,jq .
The splitting criterion that selects splitting attribute for

node of the tree is defined as follows:

iq = argmax
(
I
(
B;Uq−1,Aiq

)
/H
(
Aiq |Uq−1

))
, (3)

where function argmax returns attribute index iq with the
maximal value of CMI, and H

(
Aiq |Uq−1

)
is the cumulative

conditional entropy. This entropy is defined between fuzzy
attributeAiq and the sequence of selected attribute termsUq−1
as follows:

H
(
Aiq |Uq−1

)
=

miq∑
j=1

M
(
Aiq,j,Uq−1

)
.

×
(
log2

(
M
(
Uq−1

))
−log2M

(
Aiq,j × Uq−1

))
(4)

Dividing CMI by this entropy can eliminate drawback
of CMI. CMI tends to prefer attribute with a large set of
linguistic values. Division of CMI solves this problem by
taking into account the number of branches that would be
created before the split. To avoid overfitting of initial data,
the FDT induction is stopped in two cases:

a) if the confidence degree bj of the analyzed node is bigger
than manually chosen parameter β. This confidence degree bj
reflects the confidence of the decision that the output attribute
belongs to the j-th class. This degree can be calculated as:

bj =
M
(
Bj × Ai1,j1 × . . .× Aiq−1,jq−1 × Aiq,jq

)
M
(
Ai1,j1 × . . .× Aiq−1,jq−1 × Aiq,jq

) . (5)

b) if frequency f
(
Uq
)
of branch defined by sequence of

fuzzy terms
{
Ai1,j1 , . . . ,Aiq,jq

}
= Uq is less or equal to man-

ually chosen parameterα. Frequency f
(
Uq
)
can be calculated

as follows:

f
(
Uq
)
= M

(
Ai1,j1 × . . .× Aiq−1,jq−1 × Aiq,jq

)
/K , (6)

where K denotes the number of data (signals) in the dataset.
The used algorithm for tree induction uses two pre-pruning

parameters α and β. According to these parameters, the
algorithm can stop tree induction in a branch. If the fre-
quency of branch is less than the value of α, tree induction
is stopped. The second parameter β expresses sufficient con-
fidence degree to the some of the classes in the node. If at least
one of the confidences bj to j-th class in the node is bigger than
parameter β, then the tree induction in this node is terminated
and the node becomes a leaf.

Values of α and β affect the size of the tree, which is
defined by the number of nodes in the tree. It is usually
required that the tree should be as accurate as possible.
However, if the tree induction with different α and β can
create trees with the same accuracy, then it is desirable to
use a smaller tree. Use of a smaller tree reduces the time

required to classify an unknown instance because fewer tests
are performed during classification. Trees inducted with big-
ger value of α have smaller size. On the other hand, trees
inducted with bigger value of β have bigger size. The special
case is when the value of α is 0 and β is 1. Trees with these
values of α and β are unpruned. The second special case is
when α is 1 and β is 0. This setting of parameter will produce
a tree with single node (the root node). This tree is known as
a decision stump. In our experiments, we tries to find values
of α and β by the experimental investigation to minimize the
classification error of an FDT [15], [43].

The detailed steps and examples about construction of and
FDT using the above algorithm can be found in [15], [42], and
[43]. The FDT in Fig. 3 has two types of nodes that are leaves
(marked by grey) and decision nodes. Each node includes
three rows of text. In case of a decision node, the first line
informs about input attribute associated with the node. The
attribute naming convention is as follows. The attribute name
begins with letters ‘‘PC’’ followed by a number that deter-
mines the fuzzified principal component: PC1, PC2,. . . , PC8.
In case of leaves, the first line informs about the dominant
output class: seizure or seizure free. The next two lines are the
same for both types of nodes. The second line informs about
the frequency of branch which comes to the node. The third
line informs about membership degrees to the output classes
(the first number agrees with ‘‘Seizure’’ while the second one
with ‘‘Seizure free’’). The numbers associated with branches
of the tree are determined by the values of centroids obtained
after fuzzification by using FCM.

The obtained FDT for task of EEG signals classification in
case of 8 fuzzy input attributes is shown in Fig. 3. It consists
of 25 leaves that allow representing the classification of the
signals by 25 fuzzy decision rules. The obtained FDT can also
be simply transformed into fuzzy decision rules [43].

The classification rule that corresponds to single leaf on
Level 3 (the green path in Fig. 3) is equal to:

IF PC1 is PC13 and PC2 is PC22
THEN B = [0.952; 0.048] with frequency 0.045.

The antecedent condition describes the situation with
selection of branches PC13 and PC22 for attributes PC1 and
PC2, respectively. The result describes the possible value
of the output attribute B. The decision ‘‘Seizure’’ should
be accepted with confidence 0.952 and decision ‘‘Seizure
free’’ in this case has confidence 0.048. The frequency of this
decision in this leaf is 0.045.

V. ACCURACY OF THE PROPOSED ALGORITHM
Important modifications of the proposed fuzzy-based
approach for EEG signal classification are additional pro-
cedure of fuzzification in the first step of the preliminary
transformation and application of fuzzy classifier for EEG
signal classification in the second step (Fig. 2).

The efficiency of the proposed approach can be shown
by the comparison with similar studies implemented for the
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FIGURE 3. The FDT for EEG signal classification. The threshold parameters α and β are defined as α = 0.011 and β = 0.882.

same data. In our investigation, we use the Fourier transform
(in particular FFT) for feature extraction of EEG signal,
PCA for the dimensionality reduction, and FCM for the data
fuzzification in the step of the preprocessing, and FDT as the
fuzzy classifier in the step of the EEG signal classification.
The similar procedures in the preprocessing step have been
used in experimental investigations (for crisp-based classi-
fiers, the Fourier transform and PCA have been used only).

Because the application of fuzzy classifier is a principal
modification of the proposed approach, the FDT evaluation is
provided to show the efficiency of the fuzzy-based approach
for EEG signal classification. The evaluation of the FDT is
based on usage of binary classification metrics.

There are many metrics that can be used to measure the
performance of a binary classifier. The most common ones
are accuracy, sensitivity, and specificity. Accuracy is often
considered as the most valuable estimation that is defined
as a proportion of correctly classified instances. But this
estimation should be supplemented by specificity and sensi-
tivity, when the data are not uniformly distributed into classes
because the accuracy can be misleading. Sensitivity measures
the proportion of actual positives that are correctly identified

as positive. For example, sensitivity measures percentage of
people with epileptic seizure who are correctly classified
as having the seizure. Specificity measures the proportion
of actual negatives that are correctly identified as such. For
example, the percentage of seizure-free people who are cor-
rectly identified as not have the seizure. Therefore, the classi-
fication of instance can be as true (True positive (TP) or True
negative (TN)) or false (False positive (FP) or False negative
(FN)). According to these four cases, the accuracy, sensitivity,
and specificity are defined in Table 5 [16], [17]. In experi-
mental analysis, we also consider other metrics summarized
in Table 5.

The comparative analysis is implemented based on dataset
introduced in [12] for identification of patients during epilep-
tic’s seizure. Hence, classes (A, B, C, D, and E) of the original
dataset were merged into two classes. We aim to separate
persons during seizure activity and persons in seizure-free
interval, therefore, we have two classes (ABCD, E), where
class E determine seizure activity and class ABCD stands for
seizure free interval. The initial data consists of 500 records
of signals (each of duration 23.6 seconds) that are cut into
smaller signals (each with 2.95 second duration). In this way,
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TABLE 5. The evaluation criteria of classification.

we obtain 4,000 signals. These signals are transformed by
FFT, PCA and FCM into the set of 8 fuzzy attributes in
the step of the preliminary transformation (section III). The
dataset of fuzzy-based samples is then split into two subsets:
one subset is used for the FDT induction and another one
for evaluation of FDT by using criteria defined in Table 5.
Splitting data into training and testing sets is done randomly
in a 70 to 30 ratio [42], [59]. The FDT is inducted using
the method considered in section IV based on the training
data subset. The inducted FDT is evaluated by testing set.
We repeat this splitting and classification of testing subset
103 times to eliminate influence of the random data split.

We experimentally establish values α and β. This estima-
tion is based on multiple FDT inductions. For each FDT,
classification accuracy is computed and then the FDT with
the best accuracy is selected. We analyze α from 0.0 to 0.2
(by step 0.001) and β from 0.75 to 1.0 (by step 0.001). The
influence of values α and β on the classification accuracy is
shown in Fig. 4. We created surfaces (Fig. 5) that show the
impact of α and β parameters on the classification accuracy.
These surfaces were obtained by transformation of three-
dimensional scatter chart to the surface using MATLAB.
These surfaces have three axes: the x axis represents value
of α, the y axis shows value of β, and the z axis agrees with

value of the classification accuracy of the FDT inducted with
the corresponding α and β values. This estimation shows that
the best accuracy is obtained for α ≈ 0.230 (the accuracy
has maximal value for values of this parameter from range
0.182 to 0.273) and β = 0.864. The FDT inducted with the
indicated pruning parameters has optimized size andmaximal
value of the accuracy. So, it can be used as the classifier for
EEG signal classification (Table 6).

Other classifiers are also applied and evaluated in the
problem of the identification of patients during epileptic’s
seizure for the fuzzy-based dataset formed in the step of pre-
processing. We make comparison of classification results of
the proposed approach and other approaches with fuzzy clas-
sifiers for the same initial data. Four classifiers are involved
in this comparison: Fuzzy Naïve Bayes classifier [80], fuzzy
classification rules according to the algorithm in [81] and
[82], and neural network (more specifically, Fuzzy Multi-
Layer Perceptron) [83]. We implement all these classifiers
in MATLAB. In the step of the preprocessing the Fourier
transform, PCA and FCM procedures are used. According to
the presented evaluations in Table 6 the FDT achieves the best
result of the classification for the considered data.

We also provide comparison with non-fuzzy approaches.
In this experiment, the fuzzification is not used in the EEG
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FIGURE 4. The dependency of classification accuracy on values of
pruning parameters α and β.

FIGURE 5. The dependency of classification accuracy on values of
pruning parameters α and β. This figure shows a cropped part with the
best accuracy from Fig. 4.

signal preprocessing. We use Fourier transform (FFT) for the
feature extraction and PCA for the dimensionality reduction
in the step of EEG signal preliminary transformation. Five
classifiers are examined: k-Nearest Neighbor (kNN), Multi-
Layer Perceptron, Decision tree inducted based on method
C4.5, SVM, and Naïve Bayes. The experiments are imple-
mented in MATLAB again. We try to find the best values of
parameters of mentioned classifiers. Therefore, these classi-
fiers are obtained by multiple runs with different parameters
by similar approach as α and β for FDT. The most accurate
classifiers for every type are chosen and shown with their
evaluation in Table 7.

To compare results of our investigation with similar stud-
ies, we have created the comparison shown in Table 8. This
table includes only studies which have used the same data

TABLE 6. The evaluation and comparison of the proposed algorithms
based on FDT with existing ones.

TABLE 7. The evaluation and comparison of non-fuzzy
classification-based algorithms.

as we use. The classification of the selected studies has
been targeted on prediction of occurrences of the epileptic’s
seizures. The selected studies are different in methods of data
preprocessing (for the signal feature extraction and dimen-
sionality reduction) or classification. The comparison is pre-
sented in Table 8. The second column in this table describes
used methods in preliminary data transformation, the third
column defines the used classifier, and the last column shows
acquired classification accuracy according to the considered
publications.

The implemented analysis and evaluations show the effi-
ciency of the fuzzy-based approach for classification of EEG
signals in detection of the epileptic’s seizures. This result is
illustrated by the comparison of fuzzy classifier (Table 6) and
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TABLE 8. Table of results from other studies for epileptic’s seizure
detection.

non-fuzzy classifier (Table 7), which are based on similar
methods and are used for identical data for classification.
The fuzzy classifiers have comparable accuracy and, for
example, the classification accuracy based on FDT is the
best in comparison with the decision tree inducted based
on C4.5 method. At the same time, the comparison of the
proposed approach based on FDT with other researches is
acceptable. The classification accuracy of FDT-based method
is slightly less with comparison to two researches only. The
classification accuracy in [59] has been achieved by specific
implementation of the classifier induction, where the data set
has not been divided into training and testing subsets and all
samples used in training have been involved in testing too.
The classifier used in [22] is a hybrid automated identifica-
tion system based on Artificial Immune Recognition System
(AIRS) with fuzzy resource allocation mechanism. This spe-
cial fuzzy-based mechanism allows taking data uncertainty in
preliminary transformation into account.

So, the implemented investigation proves the efficiency of
the fuzzy classification in EEG signal analysis which results
from considering the uncertainty formed in the step of initial
EEG signal preprocessing.

VI. CONCLUSION
The new fuzzy-based approach for classification of EEG
signals for purposes of detection of the epileptic’s seizures
was developed in this paper. This approach is based on typical
approach for signal classification which consists of two steps
that are the preliminary data transformation (or preprocess-
ing) and classification itself [17]. In the step of preprocessing,
noise is removed and useful information needed for the next

step of classification is extracted. At the same time, the signal
is transformed into a set of samples that can be classified.
The data after the preprocessing is a set of numerical crisp
attributes. According to investigations in [28] and [29], the
data preprocessing causes the loss of some information and
arising of the data uncertainty. It results into the decrease of
the classification accuracy. Therefore, this data uncertainty
should be considered in the step of classification, which is
possible by the application of a fuzzy classifier. The change
of the classifier type requires other type of data, which should
be fuzzy. The fuzzification of data after the preliminary trans-
formation should be implemented. Therefore, the new type
of classifier is used and the new procedure of the fuzzifica-
tion is added in the data preprocessing in the new proposed
fuzzy-based approach for classification of EEG signal for the
purposes of detection of the epileptic’s seizures (Fig. 2).

In this paper, we considered and evaluated the proposed
approach for FDT based classifier, which is inducted through
application of CMI [42], [43].We developed the algorithm for
EEG signal classification, which uses procedures of Fourier
transform for feature extraction, PCA for dimensionality
reduction, and FCM for fuzzification of data in the step
of the preprocessing and FDT in the step of classification.
We used a well-known public dataset from [12]. This dataset
originally consists of 500 samples, but we divided each EEG
records into smaller pieces in our experiments. In this way,
we obtained 4,000 instances divided into two classes (seizure
and seizure free). The procedures of the signal preprocessing
(feature extraction, dimensionality reduction, and fuzzifica-
tion) allowed representing each sample by 8 fuzzy attributes,
which were used for FDT induction.

We evaluated the classification efficiency of the developed
approach for epileptic’s seizures detection and compared
it with some other. In particular, the proposed FDT-based
approach was compared with other fuzzy-based approaches
(Table 6) and non-fuzzy-based classifiers that use crisp data
(Table 7). In all approaches, procedures of the feature extrac-
tion and dimensionality reduction were implemented same.
The additional transformation based on FCM was imple-
mented in algorithms with fuzzy-based classifiers. The com-
parison of these approaches showed that the fuzzy-based
classifiers give the best results for this data. Furthermore,
the classification based on FDT allows achieving the accuracy
of 0.995 that is the best result for evaluated fuzzy-based clas-
sifiers (Table 6) and non-fuzzy-based classifiers (Table 7).
The best result for non-fuzzy-based classifier is obtained for
decision tree inducted based on C4.5 algorithm. The devel-
oped FDT-based algorithm for classification of EEG signals
was also compared with existing studies (Table 8). Results of
the comparisons show efficiency of the developed approach.

In this paper the epileptic seizure detection based on
EEG signal classification was considered as one of the basic
problems in EEG signal analysis. This problem was chosen
to evaluate the efficiency of the fuzzy-based classification
approach in EEG signal analysis. The presented results allow
us to develop and use this approach for similar problem
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in EEG signal analysis. The obtained results were achieved
for data from [12]. In case of other real data, the indicated
accuracy can be less than 0.995, but the expansion of such
data samples for the proposed approach allows achieving the
indicated accuracy. In future work, we will investigate impact
of alternative procedures in the signal preprocessing. The
first of the investigated procedures will be fuzzification, i.e.,
different algorithms of fuzzification will be studied for the
purposes of signal classification.
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