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Abstract: Wavelet transform (WT) is an important tool to analyze the time-frequency structure of a signal. The WT
relies on a prototype signal that is called the mother wavelet. However, there is no single universal wavelet that fits
all signals. Thus, the selection of mother wavelet function might be challenging to represent the signal to achieve the
optimum performance. There are some studies to determine the optimal mother wavelet for other biomedical signals;
however, there exists no evaluation for steady-state visually-evoked potentials (SSVEP) signals that becomes very popular
among signals manipulated for brain-computer interfaces (BCIs) recently. This study aims to explore, if any, the mother
wavelet that suits best to represent SSVEP signals for classification purposes in BCIs. In this study, three common
wavelet-based features (variance, energy, and entropy) extracted from SSVEP signals for five distinct EEG frequency
bands (delta, theta, alpha, beta, and gamma) were classified to determine three different user commands using six
fundamental classifier algorithms. The study was repeated for six different commonly-used mother wavelet functions
(haar, daubechies, symlet, coiflet, biorthogonal, and reverse biorthogonal). The best discrimination was obtained with
an accuracy of 100% and the average of 75.85%. Besides, ensemble learner gives the highest accuracies for half of the
trials. Haar wavelet had the best performance in representing SSVEP signals among other all mother wavelets adopted
in this study. Concomitantly, all three features of energy, variance, and entropy should be used together since none of

these features had superior classifier performance alone.

Key words: Steady-state visually-evoked potentials, brain-computer interfaces, wavelet transform, mother wavelet
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1. Introduction
For many years, researchers have thought that electrophysiological measurements of brain activities can provide
a channel to commit messages and/or commands to the outside world and they have conducted many studies
for it. During the last 25 years, some productive human-machine interface (HMI) applications have emerged
[1]. These applications especially focused on improving communication and control needs of people with some
neuromuscular disorders (ALS, brainstem stroke, and spinal cord injury, etc.) [2]. The main objective of these
systems is to provide word-processing programs or neuroprosthesis that help partially- or completely-paralyzed
patients express their wishes to other people.

In HMI, applications targeting patients with some disabilities, different biomedical signals acquired

from the brain (electroencephalography, EEG), cardiac rhythms (electrocardiography, ECG), eye movements
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(electrooculography, EOG), and various combinations of them have been used since these signals can be acquired
relatively easy compared to other types of signals. Nonetheless, some of these patients can maintain their brain
activities and produce EEG signals only. In such a context, only EEG signals can be manipulated to enable
patients to express themselves. Then, this type of HMI system is called the brain-computer interface (BCI),
and it uses brain-related signals [1, 2].

Various methods are available to monitor brain activities including EEG, functional magnetic resonance
imaging (fMRI), magnetoencephalography (MEG), positron emission tomography (PET), and optical imaging.
However, fMRI, PET, MEG, and optical imaging are not preferred since they are technically difficult and
expensive methods compared to EEG methods [3]. Besides, fMRI, PET, and optical imaging methods are less
suitable for fast communication as they require a longer time to acquire data. Among these monitoring methods,

only EEG-based methods may offer a practical BCI possibility [1-3] since
e it is relatively noninvasive,
e it requires shorter processing time,
e it is relatively available and accessible in most cases, and
e it needs a simpler and cheaper equipment.

Commonly used signals in EEG-based BCIs are slow cortical potentials, mu and beta rhythms, event-
related potentials (ERP), event-related synchronization (ERS), event-related desynchronization (ERD), and
visually-evoked potentials (VEP). VEP-based BCI is considered to be a dependent BCI, unlike other systems
because VEP depends on stimulating the eye via cranial nerves and extra-ocular muscles. However, this method
cannot be applied to a small number of people with severe neuromuscular barriers that may lack the exit
channel of extra-ocular muscle control only. Therefore, VEP-based BCI appears to be more suitable than other
systems. It has advantages such as high information transfer rate (ITR), simple system structure, shorter user
rehabilitation, and shorter time requirement [4].

The VEP is the response of the brain against a visual stimulation. It reflects the visual information
processing mechanism in the brain. The steady-state visual evoked potentials (SSVEP) is a response to a
modulated visual stimulus that has a frequency higher than 6 Hz [4]. The SSVEP can be recorded on the visual
cortex from the scalp with maximum amplitude in the occipital region. In recent studies, SSVEP has received
increasing attention as a pivot in the implementation of BCI systems due to its robustness [5].

With the recent advances in system design and signal processing, the performance of SSVEP-based BCls
has improved significantly over the last decade [6, 7]. In general, the structure of an SSVEP-based BCI can be
roughly divided into four stages: data acquisition, signal preprocessing, feature extraction, and classification
[5]. The first stage is related to acquire the EEG data. The second stage is to apply some well-known processes,
i.e. temporal and spatial filtering. The third stage is a methodological attempt to extract meaningful attributes
for the characteristics of the selected paradigm. The classifier stage generates a control command using these
features extracted from the acquired signal.

There are various methods used in all these stages including the feature extraction stage. However,
the discrete wavelet transform (DWT) method, which is known to be effective especially in nonstationary
signals during the feature extraction stage, gives relatively better results in EEG-based BCI studies [8-17],

compressing the grayscale images [18], filtering angiopraphic images [19], recognizing isolated spoken words
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[20, 21], diagnozing epileptic patients [22, 23], determining eye blinks [24], understanding the meditation [25].
When extracting feature(s) with DWT, it is necessary to know which mother wavelet should be used since the
performance of the system strictly depends on the representativeness capacity of the extracted features. As
a consequence, in the wavelet transform (WT), selecting a suitable mother wavelet is always the first step.
Different mother wavelets give different WT coefficients even for the same data segment [26]. Based on the
literature search performed within the scope of this study, between 1977 and 2020, the EEG-based studies and
efforts that aimed to determine the best mother wavelets were compared in Table 1 to reflect the actual situation
in the literature.

Table 1. Studies in the literature comparing the EEG signal for different mother wavelets to determine user command(s)
where # shows the number of commands.

Task Classifiers Wavelets | #

To discriminate imaginary movements of left-hand, | Bayes Net, SVM, RBF Sym4 3 | 18]
right-hand, and step forward

To gaze at one stimulus according to single control in- | SVM Cmor 1 ][9]
tention

To control cursor movements for ALS patients MLP, PNN (RBF), SVM | Haar 2 | [10]
To control the movement of a small ball on the screen | Fisher classifier Db40 4 | [11]
To discriminate imaginary movements of left- and right- | Hidden Markov model Db10 2 | [12]
hands

To decode finger movements LDA Mor 2 | [13]
To discriminate imaginary movements of both fists and | NN Coif4 2 | [14]
both feet

To classify four different mental tasks ANN Coifl 4 | [15]
To classify five different mental tasks No classifier Db 5 | [16]
To determine the visual attention Statistical evidence Morlet 1 | [17]

In BCI studies, system performance has been generally evaluated using one or two commands in most
real-time applications [27]. The reason for this is that when the number of commands increases, the recognition
rate of the correct mental state decreases [1, 28]. In other words, parallel to the increase in the number of
commands, BCI performance decreases rapidly, which endangers the reliability of the system [27, 29]. However,
it is a fact that more commands should be used to provide a more flexible, useful, and efficient system [30].
Thus, in many studies in the literature, they have tested their systems using three commands, both to ensure
system reliability and to design a more flexible BCI: The first one is a visual environment navigation application
with a BCI based on motor imagery designed by Scherer et al. [31]. In this study, the user can turn left, turn
right or move straight in a virtual garden with 3 different commands (left hand, right hand and foot movement).
In another study, Benevides et al. [32] aimed to steer a robotic wheelchair using BCI competition III EEG data.
The data set, which includes three mental tasks, includes the imagery of the right and left hand movement, and
the mental tasks of generating a word starting with the same random letter, respectively. They assigned these
tasks as wheelchair right turn, left turn, and straight forward commands, respectively. Some of the studies
carried out with the SSVEP signal are: Legény et al. [33], in their game Mind Shooter, provided the movement
of the spaceship using 3 different frequencies. In this game, 10 Hz, 12 Hz, and 15 Hz are used, and these

frequencies are commanded to move right, move left, and shoot, respectively. In another study of the same
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team, [34] directed a virtual butterfly with the frequencies of 12 Hz, 15 Hz, and 20 Hz to move to the right, left,
and straight, respectively. In the study by Chung et al. [35], the left-hand movement, right-hand movement,
and stop commands of the humanoid robot in a virtual house were provided with frequencies of 12 Hz, 15 Hz,
and 20 Hz. In another study, Farell et al. [36], by using the same frequencies as the previous study, triggered
an avatar make it raise its left hand, press the button, and lower its left hand again. In addition, Babu et al.
[16] determined the PSD features only from the flickering frequencies of 6.67 Hz, 7.50 Hz, 8.57 Hz, 10.00 Hz,
and 12.00 Hz. Finally, de Lissa et al. [17] investigated the statistically meaningful differences between gaze and
no gaze at the flickering frequency of 30 Hz using Morlet wavelets.

In addition to the DWT-based feature extraction BCI studies, DWT has been accepted as a common
denoising method in other BCI studies in the literature [37-41]. To our knowledge, the mother wavelet
comparison has been made for SSVEP by Zhang, Li, and Deng only. The best performance achieved by this
study has been 95%; however, they compared continuous mother wavelets although the SSVEP had a discrete
nature [9]. Moreover, analyses were performed only for a single command in their study. Therefore, one can
argue that the mother wavelet selection for SSVEP is still an open question.

In addition, whenever the WT is adopted and implemented in a pattern recognition system, a feature
and/or features must first be extracted for it [42]. In many studies, energy and/or entropy and/or variance are
calculated from heart rate variability (HRV) [43-46], electrocardiography (ECG) [48], electromyography (EMG)
[49, 50], electrooculography (EOG) [51], electroencephalography (EEG) [52, 53], steady-state visually-evoked
potentials (SSVEP) [53] signals first. When their mathematical formulas are examined, these features seem
to be similar. However, in most of these studies, all these features were used together by neglecting their

effectiveness in classification.
In this study, effects of the mother wavelet and different wavelet features including energy, entropy, and

variance for SSVEP signals were investigated to determine which combination of the mother wavelet, and feature

group has a greater discrimination power on BCI studies classifying three commands at the same time.

2. Materials and methods

The methodological approach of this study is summarized in the following block diagram (Figure 1). In
accordance, wavelet coefficients were calculated using six different mother wavelet types (haar, daubechies,
symlet, coiflet, biorthogonal, reverse biorthogonal) from the EEG data set containing the SSVEP data. The
rest of the algorithm was repeated for each of these six different mother wavelet types. First, computed wavelet
coefficients were grouped into five different EEG frequency bands (delta, theta, alpha, beta, and gamma). In the
next step, the features were generated by calculating the energy, entropy, and variance values from the wavelet
coefficients obtained for each frequency band. After this stage, all the features were applied to the input of
the classification algorithms, then the features are applied separately. When different subtypes of the six basic

classifier algorithms were included, twenty-four different classification procedures were run respectively.

2.1. Dataset description and preprocessing

In this study, the dataset (AVI SSVEP Dataset) containing SSVEP signals designed and recorded by Adnan

Vilic was used'. The data set consists of EEG measurements of the triggered responses of SSVEP signals from

4 healthy individuals while they were looking at the flashing target with three different frequencies. Table

LAdnan Vilic (2013). AVI steady-state visual evoked potential (SSVEP) signals dataset [online]. Website:
https://www.setzner.com/avi-ssvep-dataset [accessed 14.10.2020].
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Figure 1. Block diagram of the proposed study.

2 presents the physiological knowledge (gender and age) of these participants in the experiment. All EEG
data were recorded using three electrodes (Oz, Fpz, and Fz) from the standard international 10-20 system
for electrode placement. The sampling frequency of the EEG signal is 512 Hz. The reference electrode was
positioned in Fz with the signal electrode in Oz and Fpz in the ground electrode. Besides, the entire data set

is freely available and accessible.

Table 2. List of participants (male (M), female (F)).

Participant | 1 2 3 4
Gender M| M| M|F
Age 32 127 | 27| 31

Subjects sat in front of an LCD computer display with a refresh rate of 120 Hz. Contrast and brightness
were set to maximum. Besides, the screen resolution was 1680 x 1050 pixels. The targets presented to the

2. An application was developed in Microsoft Silverlight

subjects were arranged to have an area of 2.89cm
to display the visual stimulus to subjects and was run on a Windows 8-based computer. An analog notch
filter was applied to the data obtained at interference frequency (50Hz). The data were saved as both Matlab
(MathWorks, Inc., Natick, MA, USA) and text files.

In this experiment, individuals have seated 60 cm away from a monitor staring at a single flashing target
whose color changed rapidly from black to white. The test stimulus is a flashing box at 7 different frequencies
(6-6.5-7-75-82-9.3- 10 Hz) presented on the monitor. Although the data set included these 7 different
frequencies, 3 frequencies (6, 8.2, and 10 Hz) among them with larger differences were selected for this study.

The dataset was acquired through four sessions, i.e. one session for each participant. Each session was
conducted with three identical experiments. Each experiment yielded EEG data for seven frequencies with short

breaks among them and took 30 s.

2.2. Wavelet-based feature extraction

Feature extraction is the process of obtaining the information hiding in EEG signals [54-56]. Time-domain,
frequency-domain, and time-frequency features have been used in EEG- and SSVEP-based systems [57]. One
of the most popular signal processing methods of these signals is wavelet transform (WT) [22]. There are two

major reasons to use WT. First, WT is an effective method yield the signal in the both time and frequency
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domains. Second, WT is a robust transformation method in nonstationarity signals like all biomedical signals
[18, 20].

In this study, as feature vectors, features have been calculated by using the DWT [18]. As the first step
of the feature extraction phase, the signal is passed through a series of high-pass filters to analyze the high-
frequency changes in the signal, and through a series of low-pass filters to analyze the low-frequency changes.
The signal obtained by subsampling the signal at the low-pass filter output is called the approximate coefficients
(A), while the one in at the high-pass filter output is called the detail coefficients (D). Figure 2 shows these

wavelet coefficients for 9-level decomposition of DWT.

g[n] ~d,» | : i
x[n] | gl Fd» |
hin] a5 | 2 i elnl 4> l
| hin] | & g[n] +d, -
| T .@.
| : b Fas((2)
m=1 : m=2 ! m=3 I m=9

Figure 2. 9-level decomposition in the discrete wavelet transform.

Using different DWT functions (haar, daubechies (DB), symlets (SYM), coiflets (COIF), biorthogonal
(BIOR), reverse biorthogonal (RBIO)), EEG signals are subdivided into frequency bands. Wavelet families,
which are compared in the presented study, where mother wavelet types are used for EEG signals in the litera-
ture.Thus, features of energy, entropy, and variance were obtained from A and D coefficients for corresponding
EEG bands [22].

The energy of each coefficient was calculated using the following equation:

E; =C? (1)

J

C; in the equation expresses each of the wavelet coefficients formed by the wavelet level corresponding
to each EEG band [52]. Total energy of an EEG band, E;, was calculated separately for EEG bands:

Ef=> E (2)
Jjef
Here, f represents the the EEG frequency band [52].

Another feature, entropy (W.Sy), was calculated as follows:
WSy ==Y (p;loga(p;)) (3)
Jjef

Here, the probability of energies of all frequency ( f) values in the frequency band of interest is calculated

as p; [51] and p; is the value obtained by dividing the energy of the frequency of interest by the total energy
E.
( Ef,ojtal ) :
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Once the wavelet coefficients are known, the variance of each wavelet level can be calculated as follows:

Dy=7 (C; - Cp)? (4)

Jjef

Where Cj is the j-th value of the wavelet coefficient, and Cif is the average value of all wavelet coefficients
at the EEG frequency band of f [44-46].

These features were applied to the input of classifiers with different combinations: energy features only,

entropy features only, variance features only, all these features together.

2.3. Classification of signals

To recognize and convert an SSVEP signal to a command, that is to use it as output, classification is performed
after the feature extraction stage [3]. For the classification process, there are two substages. First, the classifier
parameters are determined by using known data, which is called training. After the training, a decision
mechanism algorithm is used to assign the unknown inputs to the appropriate classes [42], which is called testing.
In the classification phase, there is no universal classifier to solve all pattern recognition problems. There is
no exception for EEG-based BCI systems. Therefore, in this study, feature vectors extracted from the SSVEP
signal were tested with twenty-four commonly-used algorithms of the six basic classifiers by applying different
algorithm-specific parameters. These classifiers were implemented using the Matlab software (Matlab Inc.):
decision trees (fine, medium, coarse), discriminant analysis (linear, quadratic), naive bayes (Gaussian, Kernel-
based), support vector machines (linear, quadratic, cubic, fine Gaussian, medium Gaussian, coarse Gaussian),
k-nearest neighbors (fine, medium, coarse, cubic, cosine, weighted), and ensemble classifiers (boosted, bagged,

subspace discriminant, subspace KNN, RUSBoosted trees).

2.4. Evaluating classifier performances

The k-fold cross-validation and confusion matrix evaluation criteria were used to evaluate the performance of

the classification algorithms used in this study.

2.4.1. k-fold cross-validation

The feature set consisting of the features extracted from the data sets is divided into train and test sets.
Although parameters of a classifier are adjusted using the training set, the classifier performance is tested using
the test set. It is necessary to achieve a good generalization performance for a classifier [42]. One of the most
commonly used methods for dividing the data set as a train and test sets is the k-fold cross-validation method.
In this method, the data set is randomly divided into k& segments. Among these segments, k-1 parts are used
for the training and the remaining part is used for the testing. This process is repeated until all parts are used
for testing separately. The test errors are recorded each time and the average of the errors after the last part is
reported. The performance of the classifier algorithm used is evaluated using this validation approach [47]. In

this study, the data set is divided into five equal parts (Figure 3).

2.4.2. The confusion matrix
The confusion matrix is calculated for evaluating classifier performances. It is generated by comparing the
responses of the classification algorithm to the test set with the actual values in the data set. In the case of

three-state problems, it is a table consisting of nine different situations only (Table 3) [42]:
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Test data Train data

1st Fold —» Error,

2nd Fold —» Error,
1 5

3w Fold — Error, L Error = - »_ Error;
SiE

4t Fold — Errory

5t Fold —» Error;

Figure 3. k-fold cross-validation model used in the classification of this study with k=5.

Table 3. 3 x 3 confusion matrix for 6 - 8.2 - 10 classes.

Predicted class

6 Hz | 8.2 Hz | 10 Hz
6 Hz a b c
Actual class | 8.2 Hz | d e f
10Hz | g h i

Overall accuracy (ACC) value is calculated as classifier performance based on these values [42]:

a+e+i
ACC = 5
atbtct+d+etf+g+h+i ®)

2.5. Experimental design

In accordance with the objective of our study, we have designed it in a two-fold manner. First, we measured
the accuracy of each (feature, mother wavelet function) pair. In the second part, we combined the set of three

features with each mother wavelet function in order to discover which mother wavelet function leads to the best
performance.

2.6. Implementation details

Three important features (i.e. energy, variance, and entropy) have been extracted for EEG bands (i.e. delta,
theta, alpha, beta, and gamma) using six different mother wavelet families (haar, db, sym, coif, bior, rbio). To
this purpose, algorithms were implemented using signal processing toolbox and wavelet toolbox in Matlab 2019a
(Matlab Inc.). All the classifiers and performance analyses were implemented using the classification learner
app tool from Matlab version 2019a (Matlab Inc.).

3. Results and discussion
As the results of the first part of the experimental design, the classification accuracies are obtained for each

feature (energy, entropy, and variance) extracted using each wavelet family for 4 participants. Mean, minimum,
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and maximum values of the classification results are presented in Figure 4. Features obtained from the haar
wavelet function yielded higher accuracies than those obtained from the other wavelet functions. Haar resulted
in the accuracies of 75.85%, 73.08%, and 73.75% for energy, entropy, and variance features, respectively. There
are no major differences among the mean values of the 3 features extracted based on the haar wavelet. However,

the entropy feature had a noticeable maximum accuracy of 100% compared to the others.

100.00 "

90.00

80.00
70.00
60.00
50.00
40.00

Energy Entropy Variance Energy Entropy Variance Energy Entropy Variance Energy Entropy Variance Energy Entropy Variance Energy Entropy Variance
Bior 3.5 Coif 1 Db 4 Rbio 2.8 Sym 4
69.62 48.88 54.85 51.95 39.43
55.60 40.00 44.40 30.00 30.00
77.80 66.70 66.70 66.70 50.00

Accuracy (%)

30.00
20.00
10.00

0.00

Haar
73.08
55.60
100.00

42.23
30.00
55.60

41.50
30.00
58.30

73.75
5830
88.90

52.35
40.00
66.70

52.65
30.00
66.70

54.85
44.40
66.70

75.85
66.70
88.90

49.58
33.30
66.70

52.35
40.00
66.70

= Mean 65.71
= Min. Value  58.30
Max. Value  77.80

65.34
50.00
77.80

46.93
33.30
60.00

Wavelet family based feature group

B Mean M Min. Value Max. Value

Figure 4. Classification performance of energy, entropy, and variance as separate features.

In Table 4, classifier performances of each participant using energy, entropy, and variance features
The

classifier algorithms, which gave the most successful performance, were given between prantheses just below

are presented seperately. The highest accuracies were given for each mother wavelet and feature sets.

the accuracies. The average classifier accuracies were also given in the last column of Table 4. Among these

algorithms that gave the highest accuracies, the ensemble learner algorithm gave the highest accuracies 43 times.

Table 4. Classification performances when energy, entropy, and variance are used as

seperate feature sets.

Mother Feature Accuracies (%)
wavelet group
Subject 1 Subject 2 Subject 3 Subject 4 Mean
Energy 58.30 60.00 66.70 77.80 65.70
Bior3.5 (Ensemble) (SVM) (Ensemble) (Ensemble)
(KNN)
(Ensemble)
Entropy 75.00 70.00 55.60 77.80 69.60
(LDA) (SVM) (Ensemble) (Ensemble)
(KNN)
(Ensemble)
Variance 66.70 50.00 66.70 77.80 65.30
(LDA) (Naive Bayes) | (Ensemble) (Ensemble)
(KNN)
(Ensemble)
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Mother Feature Accuracies (%)
wavelet group
Subject 1 Subject 2 Subject 3 Subject 4 Mean
Energy 50.00 60.00 44.40 33.30 46.93
Coifl (SVM) (LDA) (LDA) (Naive Bayes)
(KNN)
(Ensemble)
Entropy 66.70 40.00 44.40 44.40 48.88
(Ensemble) (LDA) (LDA) (Naive Bayes)
(Naive Bayes)
Variance 58.30 40.00 66.70 33.30 49.58
(SVM) (LDA) (LDA) (KNN)
(Ensemble) (Ensemble)
Energy 58.30 40.00 44.40 66.70 52.35
Db4 (Ensemble) (SVM) (Ensemble) (Naive Bayes)
(Ensemble)
Entropy 58.30 50.00 44.40 66.70 54.85
(SVM) (Ensemble) (SVM) (Ensemble)
(Ensemble) (Naive Bayes)
Variance 58.30 50.00 44.40 66.70 54.85
(Ensemble) (Ensemble) (Ensemble) (Naive Bayes)
(Naive Bayes)
Energy 66.70 70.00 88.90 77.80 75.85
Haar (Decision tree) | (Ensemble) (LDA) (Ensemble)
Entropy 66.70 70.00 100.0 55.60 73.08
(Decision tree) | (Ensemble) (LDA) (Ensemble)
ariance 58.30 70.00 88.90 77.80 73.75
(Naive bayes) | (Ensemble) (LDA) (Ensemble)
Energy 58.30 40.00 44.40 66.70 52.35
Rbio2.8 (SVM) (Ensemble) (LDA) (Ensemble)
(Ensemble)
Entropy 66.70 30.00 44.40 66.70 51.95
(LDA) (Naive Bayes) | (Ensemble) (LDA)
Variance 58.30 30.00 55.60 66.70 52.65
(SVM) (Ensemble) (Ensemble) (Ensemble)
Energy 50.00 30.00 33.30 55.60 42.23
Sym4 (SVM) (Ensemble) (LDA) (Ensemble)
(KNN) (SVM)
(Ensemble)
Entropy 50.00 30.00 33.30 44.40 39.43
(SVM) (LDA) (SVM) (Ensemble)
(KNN)
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Table 4. (Continued).

Mother Feature Accuracies (%)

wavelet group
Subject 1 Subject 2 Subject 3 Subject 4 Mean
(Ensemble)

Sym4 Variance | 58.30 30.00 33.30 44.40 41.50
(SVM) (LDA) (SVM) (Ensemble)
(Ensemble) (Ensemble)

In the second part of our experimental design, the extracted features were grouped as a single feature
set. With reference to results obtained (Figure 5), it is obvious that the most successful wavelet family was the
haar wavelet function. The performance ranking in other wavelet families is the same with the first part. The
accuracy values are as follows: 75.85% with haar mother wavelet, 67.53% with bior3.5 mother wavelet, 60.85%
with db4 mother wavelet, 56.25% with coifl mother wavelet, 52.35% with rbio2.8 mother wavelet and 44.73%
with sym4 mother wavelet. Grouping the features had an impact, both positive and negative, on classifier
performances. The mean accuracies of Coifl, Db4, and Sym4 had a significant increase of 6.7%, 6.0%, and

2.5%, respectively; whereas, Bior3.5’s mean accuracy decreased by 1.9%.

L
Bior3.5 Coifl Db4 Haar Rbio2.8 Sym4
67.53 56.25 60.85 75.85 52.35 44.73

55.60 44.40 50.00 66.70 40.00 33.30
77.80 75.00 77.80 100.00 66.70 55.60

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Accuracy (%)

® Mean
B Min. Value
Max. Value

Wavelet family based feature group

B Mean M Min. Value Max. Value

Figure 5. Classification performance of energy, entropy, and variance as a unique feature set.

In Table 5, classifier performances of each participant using energy, entropy, and variance features together
are presented. The highest accuracies were given for each mother wavelets. The classifier algorithms, which
gave the most successful performance, were given between prantheses just below the accuracies. The average
classifier accuracies were also given in the last column of Table 5. Among these algorithms that gave the highest
accuracies, the ensemble learner algorithm gave the highest accuracies 12 times.

From the literature, Mistry et al. [41] achieved a mean accuracy of 79.4% to discriminate four user
commands from SSVEP signals. Mishchenko et al. [39] achieved the mean accuracy of 77% using SVM and
75% using LDA classifiers to discriminate three user commands from EEG signals. Shao et al. [37] achieved the
maximum accuracy of 89.92% using canonical correlation analysis (CCA) to classify four user commands from

SSVEP signals after wavelet-based denoising. Similarly, Erkan and Akbaba [38] found the highest accuracy
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Table 5. Classification performances when energy, entropy, and variance are used as a single feature set.

Mother | Accuracies (%)

wavelet | Subject 1 Subject 2 Subject 3 Subject 4 Mean

Bior3.5 | 66.70 70.00 55.60 77.80 67.53
(LDA) (KNN) (Ensemble) (Ensemble)

Coifl 75.00 50.00 55.60 44.40 56.25
(LDA) (Naive Bayes) | (LDA) (Naive Bayes)
(Ensemble) | (Ensemble) (Ensemble)

Db4 50.00 60.00 55.60 77.80 60.85
(SVM) (KNN) (Naive Bayes) | (LDA)

(KNN)

Haar 66.70 70.00 100.0 66.77 75.85
(LDA) (Ensemble) (LDA) (Ensemble)

Rbio2.8 | 58.30 40.00 66.70 44.40 52.35
(SVM) (LDA) (Ensemble) (Ensemble)

(Naive Bayes)
(Ensemble)

Sym4 50.00 40.00 33.30 55.60 44.73
(SVM) (LDA) (SVM) (Ensemble)

(KNN)
(Ensemble)

of 100% using CCA and minimum energy combination (MEC) to discriminate four user commands from EEG
signals after wavelet-based denoising. Finally, in a very recent study, Heidari et al. 2 investigated four different
algorithms to obtain three distinct user commands from SSVEP signals. They achieved the maximum accuracy
of 91.39% using the k-NN classifier, 89.34% using the SVM classifier, 72.52% using the Bayes classifier, and
59.55% using the MLP classifier. These results are achieved by using all time-domain, frequency-domain, and
nonlinear features together and/or applying feature selection algorithms. In this study, we used only common
features extracted from the wavelet transform. By regarding this fact, the achieved results seem satisfactory
for SSVEP-based BCI designs.

On the other hand, the database consisting of SSVEP data obtained from only four subjects, including
3 men and 1 woman, is the weakness of this study. The findings obtained in our study, which is a preliminary
research in character, need to be supported by another study with a larger data set.

Our study might lead a path for those future studies bringing dwt and machine learning methods to
analyze SSVEP signals for use in BCIs. In this respect, other power spectral density estimation methods
including Gabor transform, Wigner—Wille distributions, Lomb—Scargle periodogram, autoregressive modeling,
and moving average modeling, and especially Fourier transform should be investigated. In such a follow-up
study, it may be possible to obtain which frequency conversion method and parameter combinations are most
convenient in SSVEP-based BCI studies.

2Heidari H, Einalou Z, Dadgostar M, Hosseinzadeh H. A comparison of the analysis of methods for feature extraction and
classification by wavelet transform in SSVEP BClIs. Brain Informatics 2020; Under review.
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4. Conclusion

In this study, the type of mother wavelet that presents optimal performance for classification of SSVEP signals
was explored with respect to accuracy measure. The adopted open access dataset includes SSVEP signals that
were obtained by showing pictures to four subjects (1 female, 3 males). It is aimed to estimate the pictures shown
to the subjects in seven different frequencies; however, with three selected stimulation frequencies were adopted
within the scope of this study. Using the dataset, energy, variance, and entropy features were calculated by
means of the DWT for five different EEG bands. For this purpose, six commonly used wavelet functions (haar,
daubechies, symlet, coiflet, biorthogonal, reverse biorthogonal) that are known to have high representation
performances in EEG signals have been selected to extract features. Each of these three features (i.e. energy,
entropy, and variance) extracted from aforementioned wavelet functions have been used as separate single
feature vector. The fourth feature vector was formed by using all three features. As a result of the classification
processes performed separately for each subject, when the performances of both feature groups were examined,
the most successful wavelet function was found to be the haar wavelet. When the average accuracy values of the
feature groups are examined, the results of the feature vector with three features together gave higher results for
all wavelet functions than the other feature groups. Although there is no dominant one among energy, entropy,
and variance features, the highest result was achieved by the entropy feature in Subject 3 (Table 4) with 100%.
When performances of machine learning algorithms have been examined and compared, it is apparent that the
ensemble learning algorithm has the highest classification performance.

The major aim of this study was to discover type of mother wavelet that could be effective in extraction
of features within SSVEP signals to be used in BCI applications. Consequently, classification was executed
based on only those features which can be acquired through wavelet transformation. In order to achieve higher
accuracy results, use of time-domain features together with haar wavelet-based features is suggested.

Concomitantly, it was aimed to find out if there exists a wavelet feature with high classification per-
formance. Results indicate that none of these features alone has achieved high accuracy with all subjects.
The feature vector having all three features together, however, has reached highest classification accuracies in
every case, for which single-featured feature vectors have all lower accuracies. Ergo, in BCI studies, forming
the feature vector with three wavelet-based features adopted in this study; i.e. energy, entropy, and variance,
and executing one of the feature selection algorithms, where and when necessary, might positively impact and
improve classification accuracy. In conclusion, if the wavelet transform is used in a SSVEP-based BCI study,

the use of energy, entropy, and variance features calculated from haar wavelet should be preferred.
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