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Abstract—Quantum-inspired Evolutionary Algorithms
(QiEAs) have demonstrated to be very effective in several
applications. In particular, employing this algorithm for feature
selection as a wrapper technique in Brain-Computer Interfaces
applications was recently proposed with great results. Moreover,
the training time of the model was decreased while maintaining a
high classification accuracy, both essential conditions for a
successful BCI. The drawback of this model was the sensitiveness
to changes in the direction and magnitude of the rotation angle,
which can produce adverse effects in both performance and
convergence time. Chaotic systems and Evolutionary algorithms,
when combined, can enhance the convergence rate and speed of
the evolutionary process, incrementing the capacity of reaching
the global optima. In this paper we explore the effects of adding
ergodicity to a QiEA by the employment of chaotic maps in two
operators: chaotic uniform crossover and chaotic quantum
update gate. To validate the proposed approach, six commonly
used chaotic maps are tested with data of Motor Imagery (MI)
Electroencephalography (EEG) of right and left hand movement.
The results of these experiments are compared with the ones of a
QiEA and a classical Genetic Algorithm (GA). In the proposed
model, Wavelet Packet Decomposition is employed as the time-
frequency analysis to characterize the signal, whereas a
Multilayer Perceptron Neural Network is used as a classifier. The
results demonstrated that Chaotic QiEAs can significantly
improve the convergence time of the model with only a small loss
in the final accuracy.

Keywords—Feature selection, Chaotic maps, Quantum-inspired
Evolutionary Algorithm, BCI applications, Motor Imagery
classification

I. INTRODUCTION

The translation of scientific theories that explain natural
phenomena into Computational Intelligence algorithms is a
core paradigm in this field of knowledge. One of the most
promising examples of this is the combination of Quantum
Computing and Evolutionary Computing [1], [2]. Applications
of these algorithms range from engineering optimization
problems [3] and healthcare [4], to feature selection [S] and
neural architecture search [6]. These approaches are defined as
Quantum-inspired Evolutionary Methods, and integrate
Quantum Computing elements as Quantum Bits (Qubits),
Quantum Gates, coherence, and entanglement, to produce
highly efficient algorithms.
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The main advantages of this category of algorithms are the
great balance between exploitation and exploration, the
capacity of finding a global solution with a small number of
individuals [7], and the fast convergence [8]. Nevertheless,
these models present a high sensitivity to the selection of the
direction and magnitude of the rotated angle [5], [8], which
affects directly their convergence capacity and time.

A novel approach to enhance the convergence rate and
speed of evolutionary algorithms, as well as their capacity to
reach the global optima is to incorporate a component of
chaotic behavior through ergodic chaotic signals. Such a
method is successfully combined with algorithms as
Differential Evolution [9], Particle Swarm Optimization [10],
or Genetic Algorithms (GA) [11]. However, this approach is
rarely applied with  Quantum-inspired  Evolutionary
Algorithms, even with evidence that qubits have chaotic
characteristics [12]. In [12], chaos updating quantum gate is
proposed to increment the efficiency of the evolutionary
algorithm with good results in both convergence capacity and
temporal complexity. Reference [13] introduced a real-coded
quantum-inspired evolutionary algorithm that included a
chaotic mutation operator for Fuzzy Neural Networks (FNN)
training. The results of the simulation demonstrated the speed
of convergence of the model to an optimal FNN. The work
described in [14] added a chaos interference operator to a
quantum-inspired evolutionary algorithm for grey image
thresholding, outperforming the classical counterpart algorithm
(GA). Employing chaotic maps, in [15] variants of chaotic
crossover, quantum gates, and control of population dynamics
were implemented. The resultant performances for several
benchmarks validated the superiority of a quantum-inspired
evolutionary algorithm that combines the approaches
mentioned.

A valuable application for these enhanced Quantum-
inspired Evolutionary Algorithms (QiEAs) are the processing
stage of Brain Computer Interfaces (BCI). These neuro-
technology devices have as objective the translation of brain
signals in communication commands for any external tool.
Commonly, in noninvasive BCI, the brain activity produced by
predefined mental or physical tasks are measured through
electroencephalography (EEG), following by a complex
processing procedure that intents to identify which task
produced such signals [16]. The task recognition is based on



the application of Computational Intelligence algorithms
related to feature computation, selection and classification.

BCI systems demand high performance and faster
convergence given that, for each user, it is needed to train the
whole signal processing pipeline. Moreover, EEG signals
present really challenging conditions, being characterized by
nonlinearities, small amplitudes, poor spatial resolution, high
sensitivity to artifacts, and pronounced variations in time.
Therefore, the search for a robust processing pipeline that is
both fast and highly accurate is extremely relevant for the
application of BCI devices.

Recently, we proposed a QiEA that improved the feature
selection stage of Motor Imagery (MI) EEG data for Brain
Computer Interfaces (BCI) [5]. The results obtained with three
different subjects for the model in a wrapper approach with
binary representation and a Multilayer Perceptron Neural
Network (MLP) to classify right- and left-hand movements
indicated the superiority of this method over a classical GA.
Nonetheless, it was highlighted the great influence of the
magnitude of the rotated angle in both convergence speed and
performance of the QiEA.

In this work, our objective is to explore the capacity of
adding ergodicity to a QiEA through the utilization of different
chaotic maps [17] to produce a chaotic crossover operator and
chaotic quantum update gate. Moreover, the algorithm will be
applied for the feature selection task as a wrapper approach in
MI EEG signals classification, which, to the extent of our
knowledge, is not reported in the literature. The proposed
Chaotic Quantum-inspired Evolutionary Algorithm (CQiEA) is
evaluated by comparing the classification performance of an
MLP obtained from three subjects available from BCI
Competitions II and III with a classical GA (best method from
[18]) and the QiEA proposed in [5].

The remainder of the paper is organized as follows: next
section offers a detailed description of the methods utilized in
each of the signal processing stages (Preprocessing, Feature
Extraction, Feature Selection, and Classification), offering
more attention to Chaotic Systems and QiEAs. Section III
presents the datasets employed and the results obtained for the
different evolutionary models, discussing their significance.
Lastly, Section IV provides the final remarks of our work.

II. MATERIALS AND METHODS

As stated in [5] and [19], our proposed BCI system
comprises four stages (Fig. 1) for the analysis of EEG signals.
The following sections describe the methods employed for
each stage, dedicating more time to the Feature Selection and
QiEAs in particular.

A. Preprocessing and Feature Extraction

EEG signals present significant randomness, extreme
variations in time, and non-stationarity. These characteristics
establish, as objectives in a Preprocessing stage, the removal of
muscular or Electrooculography artifacts and other unwanted
components existing in the signal, and the improvement of the
Signal to Noise Ratio (SNR) [20]. Additionally, the signals are
prepared for the feature extraction stage by the application of
some temporal or spectral analysis.

In our application, we apply a time-frequency analysis that
not only allows representing the signal in both temporal and
spectral domains through meaningful features but also
separates the components of the signal in different informative
frequency sub-bands. The selected method was the Wavelet
Packet Decomposition (WPD), which is recommended for non-
stationary, random, and transient signals [21].

The WPD is an extension of the Discrete Wavelet
Transform (DWT) that employs a consecutive set of high and
low band filters to decompose the signal into shifted and scaled
versions of a waveform known as mother wavelet. This
multistep approach offers a hierarchical structure in which the
components of different frequency sub-bands are represented
by wavelet coefficients. For a detailed explanation of the
algorithm please refer to our previous work [18].

To apply this model, it was chosen the mother wavelet
Daubechies of order 4 (db4) and four decomposition levels. As
a result, the signal is decomposed (in the last level) into sixteen
sub-bands with a bandwidth of 4Hz, from which eight sub-
bands are selected to represent the MI EEG signal: 0-4Hz, 4-
8Hz, 8-12Hz, 12-16Hz, 16-20Hz, 20-24Hz, 24-28Hz and 28-
32Hz. These sub-bands were selected following evidence
presented on the literature [22], [23] that a broad spectrum
band - including delta (from 0.5 to 4Hz), theta (4-7Hz), and
gamma (30-40Hz) - can improve the accuracy of the analysis
and classification of MI BCI applications.

Feature
Selection

Feature

. Classification
Extraction

Preprocessing

EEG Signal Class

Fig. 1. Stages of the proposed BCI system.

After obtaining the different sub-bands, for each of them
the signal is reconstructed (an example of the results for one
EEG channel can be observed in Fig. 2). Then, the signal of
each sub-band is described by a combination of statistical,
power and phase descriptors. Those selected features are
commonly used separately for EEG signals processing, with
the exception of the energy ratio of adjacent sub-bands, which
was proposed by the authors based on another work that
employed the ratio of other metrics [24]. The final feature
vector comprises 134 features, as Table I illustrates.

B. Feature Selection

Due to the high dimensionality of the feature vector and
looking for a subset of features that could improve both the
accuracy of the classification model and the speed of the
machine learning pipeline, a feature selection stage is
introduced in the BCI application. Feature selection algorithms
are categorized into two groups: filters and wrappers [25]. The
categorizations depend on the metric employed to validate the
feature or subset of features. For filters, that assessment is
completed using specific criteria, for example, information



gain or redundancy, totally independent from the learning
model. For wrappers, the evaluation criterion is the accuracy
obtained by the learning model employing a specific subset of
features.
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Fig. 2. Reconstructed signals for each sub-band of a sample MI EEG signal

from channel C3: a) 0-4Hz, b) 4-8Hz, c¢) 8-12Hz, d) 12-16Hz, e) 16-20Hz, f)
20-24Hz, g) 24-28Hz, h) 28-32Hz

TABLE 1. FEATURES FOR THE BCI MODEL

Number of features
Feature Reference (for two EEG
channels)

Mean of the absolute values of each
sub-band 26] 16
Average amplitude change of each [27] 16
sub-band
Standard deviation of each sub- [28] 16
band
Variance of each sub-band [29] 16
Energy of each sub-band [21] 16
Entropy of the coefficients of each [28] 16
sub-band
gelllrzll(sie Locking Values of each sub- [30] 3
Root mean square of each sub-band [27] 16
Ratio of the energy of adjacent sub-

14
bands

Specifically, in [18], after comparing several feature
selection algorithms from filter and wrapper approaches, it was
demonstrated that a GA as a wrapper approach produced a
relevant subset of features that resulted in better classification
accuracy from the learning model. Moreover, our work
presented in [5] described a QiEA wrapper approach that

outperformed the results of a classical GA with a significant
improvement on convergence time for this specific BCI and
EEG processing applications. Despite the advantages of this
algorithm, the definition of the magnitude of the rotated angle
had a great impact in both convergence speed and performance
of the learning model. A new approach that can improve the
former limitation is the addition of chaotic behavior to the
QIiEA by including variants of chaotic crossover operator and
chaotic quantum update gate based on pseudorandom chaotic
maps. The proposed binary CQIiEA, from the extent our
knowledge, has never been applied for feature selection, BCI
or EEG signals processing.

1) Classical QiEA

In QiEAs with binary representation, Qubits are the basic
processing units (as in any quantum computer). These elements
have the particular property of a quantum system of being in a
coherent superposition of states, managing to represent states
|0), |1}, and any superposition of both [31]. The state of a Qubit
is described employing the expression:

)= al0) + BIT) (M

where o and B are complex values known as probability
amplitude for the system to take any of the states. Therefore,
these values have to comply with the condition that |a> + |B|* =
1, where |af? and |B[* are the probabilities of observing states |0)
or [1), respectively.

A set of consecutive Qubits defines a quantum
chromosome, which, when observed, collapses to a classical
individual. The general representation of a chromosome with
m Qubits is shown in Equation 2.

qt = ajtl ajtz a],tm:| (2)
g ﬁ ]Fl ﬁ ]FZ ﬁ jtm

The quantum population Q(t) = {g%, ¢, ..., g4} is initialized
by setting the probability amplitude of each Qubit to (1/+/2)
for both states, guaranteeing that at the beginning the
probability of observing each state is equal. The crossover
operator employed usually is the uniform crossover [32]. The
main operator over the quantum population is the quantum
rotating gates, which acts over probability amplitudes of
Qubits, guiding the evolution process to the best solution in the
population. This process is defined as Update:

[a]'ti+1] _ [cos A6

—sin A0
Bt sinA@  cos A ] [ﬁﬂ] ®)

where A8 is the rotated angle that controls the angular
approximation of the Qubit state to |0) or |1). In this way, the
selection of the right magnitude for this parameter is of vital
importance for the performance of the algorithm. The evolution
is terminated when the maximum number of generations is
reached.

2) Chaotic Systems

Chaotic systems is a term that embodies phenomena that
behaves as an irregular series of elements that are defined by a
relatively simple rule [17]. Such systems are described as
nonlinear and deterministic, and can be represented as maps
(singular or multidimensional functions in which the value of



Xn41 18 defined only by x,,). Other form of representing chaotic
systems is through attractors, which are patterns formed when
the system is represented in the phase space [33]. As main
characteristics, chaotic systems are dynamical and present a
great sensitivity to initial conditions and defined parameters.
Consequently, small variation in these values can generate big
differences in the system when iterations advance; ergodicity,
and pseudorandom behavior [34].

3) Chaotic QiEA

Given the chaotic nature of Qubits, fast convergence rate
and capacity of avoiding local minima [35], we propose to
substitute the randomness in the QiEA by pseudo-random
sequences known as chaotic maps. In this way, we introduce
pattern-based ergodic disorderliness to the algorithmic
structure that can improve the performance of the evolutionary
process [15]. Two operators of the algorithm are affected by
this change: the crossover operator and the quantum rotation
gate.

Uniform crossover, in its standard form, swaps two parents’
genes with a probability of 0.5. In [32] it was demonstrated that
this probability (P.) can be modified to decrease its disruption
capacity. Therefore, the right value of this probability produces
a right balance between exploration and exploitation. In our
approach, this probability is not static, being defined by a
chaotic sequence X (Equation 4).

P.(t) = R(t— 1) )

The second operator is the chaotic quantum rotation gate.
In the classical QiEA, the value of A8 can be maintained
constant or defined by a lookup table, which increases the
computational complexity of the algorithm. In the proposed
CQIiEA, this value is extracted from the chaotic map in that
generation. Considering that the variations of this angle should
be proportional to @ and the outputs of chaotic maps can be
limited to the unity range, then:

A =7 R(t—1) (5)

As chaotic systems are sensitive to the initial conditions, in
the CQiEA, after generating the chaotic map, a random number
determines the starting position of the system over the series.
This approach produced different starting positions for each
experiment and chaotic operator. Additionally, given that
chaotic maps can be one or two-dimensional, for two-
dimensional maps the method of folding the attractor around
the y-axis [9] is used. This technique is formulated in Equation
6, in which the output value of the map R(t) is determined by
the absolute value of the output of the map in the x axis over
the maximum value of both generated chaotic series.

R(t) = abs(R,(t))/max(Ry, (£)) (6)

A flowchart of the CQiEA structure is shown in Fig. 3. To
apply this algorithm for the feature selection stage in a BCI
system, a Quantum chromosome has 134 Qubits (one Qubit for
each feature), and each observation generates a classical
individual that defines, depending on the binary value of each
bit, which subset of features are selected to train the learning
model. The fitness of each observation is determined by the
accuracy of an MLP with 10 neurons in the hidden layer and
training five models with random initialization of the weights.

The neural network with the best classification accuracy is
selected for the fitness value. A simplified diagram of the
CQiEA and how it is employed for feature selection is shown
in Fig. 4.

Six well known and commonly utilized chaotic maps
including both one-dimensional and two-dimensional
categories are employed to validate the quality of the approach
and determine the best map for our specific application.
Specifications of these maps are illustrated in Table II.

4) Classification

The classification stage is implemented employing an MLP
with dynamic topology. In this model, the neurons of the
hidden layer are varied between 5 and 20, and each network is
trained 5 times in order to obtain the best possible accuracy. In
BCI applications, this classifier is regarded as highly accurate
and robust [16]. This network is different that the model
employed inside the wrapper training, which has a fixed

topology.

Begin (t—0)

Initialize quantum population Q(t)

Meet final
condition

(t—t+1)
Make P(t) observing the states of Q(t-1)

Evaluate P(t)

B)—P()

P(t)«—chaotic recombination of P(t) and B(t-1)

Evaluate P(t)

B(t)«<—best individuals from P(t)UB(t-1)

Update Q(t) using chaotic rotating gates

Fig. 3. Flowchart of CQiIEA

Quantum
Population

Update Evaluation
(Chaotic Quantum (MLP Neural Network
Rotation Gate) Classifier)
Observation I

Classical Evaluation Recombination
e (MLP Neural Network 8
Individuals B (Chaotic Crossover)
Classifier)

Fig. 4. Simplified diagram of the CQIiEA for feature selection




TABLE II. DEFINITION OF CHAOTIC SYSTEMS EMPLOYED IN THIS WORK

Chaotic Definition Parameters
System
Xn+1 = aXn - Yn2 a=0.75
Burgers map
Yos = bV + X3y b=1.75
Xps1 = a— X, ° + bY, a=14
Henon map
Yn+1 = Xn b=03
a=6
X1 =7 + u(X, cos ¢ + Yy sing)
=04
Ikeda map Vo1 = (X, cos@ + Y sing)
y=1
(Pzﬁ_a/(1+Xn2+Yn2)
u=09
Logistic map Xy = aX,(1-X,) a=4
Quadraticmap | X,,; = a — X,,° a=195
a=09
Xoe1 = X2 = Y% + aX, + bY, b=-0.6
Tinkerbell map i " " " "
Yoy = 2X, Y, + X, +dY, c=2
d=0.5

III. RESULTS AND DISCUSSION

The data employed in this work were provided by the BCI
Competitions II (Dataset III-MI) and III (Dataset IIIb-MI),
offered by the Department of Medical Informatics of the
Institute for Biomedical Engineering of Graz University of
Technology [36], [37]. The data contain EEG signals from
three subjects that performed right and left hand MI tasks. The
signals were filtered between 0.5 to 30Hz. Other details of the
data are offered in Table III.

All models were developed using Matlab 2016a software
tool. For the classification process, the dataset was normalized
to a range of 0 to 1 and the training set divided into 70% trials
for training and 30% for validation. The parametrization for the
CQIiEA algorithm was set as illustrated in Table IV, with
values similar to the ones set for the QiEA in [5], in order to
establish a direct comparison with those reported results.

TABLE III. CHARACTERISTICS OF THE DATA

Trial Sampling Training/
Dataset | Subject . Electrodes Test
Duration Frequency
Samples
HI-MI A2 9s 128Hz 140/140
S4 C3 and C4 540/540
Ib-MI 7s 125Hz
X11 540/540
TABLE IV. PARAMETERS OF THE CQIEA
Parameter Value
Number of quantum individuals 5

Number of observations 40 (8 observations for each

quantum individual)

Number of Generations 40

The analysis of the results is twofold. Firstly, the
characteristics of the evolutionary process for the three subjects
are reported and discussed. Secondly, the results of the selected
subset of features by the best models over the test set are
analyzed.

Figs 5, 6, and 7 show the results of the selected chaotic
maps for the three subjects, with the addition of the results of
the QIiEA presented in [5] and a classical GA over the
validation set. Observing the figures, it is clear the significant
convergence rate and the capacity of reaching the global
optima of the proposed CQiEA. For subjects S4 and XI1,
Logistic and Ikeda maps resulted in a faster convergence when
compared with the QiEA and the GA, obtaining higher values
of accuracy in the evolutionary process. The number of
evaluations needed to reach the maximum accuracy was
reduced by 55% (from 968 to 440 evaluations) for Logistic
Map and Subject S4 and around 39% (from 520 to 320
evaluations) for Ikeda map and Subject X11. Respectively, the
maximum accuracy was improved by around 1% in S4 and
1.25% in X11.

In Fig. 7, the same behavior of the evolutionary process for
subject A2 can be observed for Logistic and Tinkerbell
sequences. This is a clear indication that, effectively, chaotic
behavior enhances the performance of QiEAs, not only by
reducing the number of evaluations needed to reach the
maximum accuracy but also by increasing the value of that
maximum accuracy.

S4

Performance (%)

Evaluations

Henon Tkeda

Logistic Quadratic Burgers Tinkerbell = = QIEA === GA

Fig. 5. Results from experiments with different chaotic maps for the proposed
CQIEA, a classical QIiEA and a GA for Subject S4

XI11

Evaluations

Henon Tkeda

Logistic

Quadratic Burgers Tinkerbell = = QIEA === GA

Fig. 6. Results from experiments with different chaotic maps for the proposed
CQIEA, a classical QIiEA and a GA for Subject X11



Evaluations

Henon Tkeda

Logistic Quadratic Burgers Tinkerbell == == QIEA = == GA

Fig. 7. Results from experiments with different chaotic maps for the proposed
CQIEA, a classical QiEA and a GA for Subject A2

Of all chaotic maps tested, the one with better results was
the Logistic map, followed by the Ikeda map. In general, for
the three subjects, the Logistic map presented a significant
improvement, being the second-best both on convergence time
and maximum accuracy for subjects X11 and A2, and the best
one in those indicators for S4. The Ikeda map presented
outstanding results for X11, being the second-best for S4.
However, for subject A2, the performance was limited, being
surpassed in convergence rate even by the QIEA model. The
quality of Logistic maps for the enhancement of QiEA is in
agreement with conclusions reported in the literature [15].

The other chaotic maps included in the analysis presented a
significant variation in their performance for different subjects.
For S4 and X11, only the Quadratic map obtained an accuracy
superior to the QIiEA, but with a bigger convergence time.
Exceptionally, the Tinkerbell map was the best for subject A2,
showing poorer performances for the other subjects. Henon and
Burgers maps did not present positive results, which seems that
they are not suitable for this specific feature selection task in
MI EEG signals classification.

The computational time of each evaluation is similar for
each algorithm, given that they are configured with the same
number of observations (therefore the same number of classical
individuals), and each observation evaluates the same
classifier. The introduction of chaotic operators in the CQiEA
and the different number of features of each evaluation did not
presented significant modifications to the computational time
of the evaluations.

The mean accuracy and standard deviation of the results
obtained when classifying the test set with the best subset of
features recommended by ten runs of the CQiEA with Logistic
map and Ikeda map, and of the classical GA and QiEA are
presented in Table V. In general, test accuracies for the CQiIEA
approaches are lower than the values for the QiEA and GA.
The cause of such results can be related to the nature of the
wrapper approach, which, depending on the classifiers
accuracies over a validation set, can suffer from overfitting,
limiting in this way the generalization properties of the selected
subset of features. The tradeoff then would be related to the
selection of an algorithm with faster convergence time of the
whole machine learning pipeline, losing a small amount of
accuracy in new data, or to select another method more
computationally costly. Moreover, with the significant
improvement of the convergence time, other methods to avoid

overfitting can be included, for example, it could be applied
some alternative of cross-validation. The causes of this
difference between the accuracies of the CQiEA and the other
models will be investigated in further depth in future works.

Another way to validate if the difference between
accuracies of Table V is significant is to apply a statistical
validation. The Friedman test [38] was selected as statistical
test, with the null hypothesis stating that all the algorithms are
equivalent, presenting the same rank. The rejection of this
hypothesis means that exist significant differences between the
algorithms. The obtained Friedman approximation value (y2)
is 3.4 for a number of tested algorithms of 4 and 3 subjects. For
a p<0.001, the critical value indicated by the Table of Chi-
Square Distribution [38] for a degree of freedom of k-1 was
16.27. As x?2 is smaller than the critical value, then the null
hypothesis cannot be rejected. Therefore, there not exist a
statistically significant difference between the results of the
applied feature selection models. Moreover, even for p<0.1, a
critical value of 6.25 maintains the former conclusion.

The advantages of introducing chaotic systems to QiEAs is
twofold. In the first place, by altering both crossover and
quantum gates operators, the balance between exploration and
exploitation is enhanced, allowing to search into new spaces. In
the second place, the convergence speed is greatly improved,
allowing the system to obtain solutions of better quality (e.g.:
new values of maximum accuracies for subjects S4 and X11).

TABLE V. RESULTS OF THE BEST SUBSET OF FEATURES FOR THE BEST
APPROACHES OF CQIEA, QIEA, AND GA

S4 X11 A2
Mean Mean Mean

Accuracy St Accuracy Std Accuracy Std

CQIEA - 87.88 098 | 8196 | 095 | 9543 | 130
Logistic

CQIEA - 89.27 1.47 82.52 0.76 94.71 0.64

Ikeda
QiEA 89.82 1.05 83.62 0.89 95.29 0.92
GA 89.84 0.98 83.74 0.74 95.00 0.78

IV. CONCLUSIONS

In this work, we have investigated the effects of adding
ergodicity to a QiEA through the utilization of different chaotic
sequences to produce variants of chaotic crossover operator
and chaotic quantum update gate for feature selection
applications on BCI based on MI EEG signals. Our hypothesis
stated that, according to evidence of the advantages of the
combination of chaotic systems and other evolutionary
algorithms, the performance of the QiEA also can be improved
by this technique. The main objective was, due to the need of
individual training for each subject in BCI applications, to
shorten the processing time of the wrapper approach,
maintaining a good level of accuracy in the classification of
user intention. The CQIiEA was evaluated with data from three
different subjects available at BCI Competitions and six



commonly used chaotic sequences, and the results were
compared with the results of a QIEA and a GA (introduced in
[5]). The quality of the algorithm and the feasibility of each
chaotic map for this task were assessed employing an MLP as a
classifier.

The proposed CQiEA demonstrated that, with an adequate
chaotic map (Logistic or Ikeda), it can reach the maximum
accuracy in much less time than both QiEA and classical GA.
Additionally, when tested with new data, the algorithm
presented a small decrease in the accuracy, which can be
corrected by modifications of the learning model employed in
the feature selection process (e.g.: inclusion of the method of
cross-validation). The experiments implemented demonstrated
that, for a greater convergence speed, CQiEA can be an
effective algorithm for the feature selection stage in BCI
applications. Particularly, even with a drop in the final
classification accuracy, the results are very high and present a
much shorter convergence time than QiEA and GA
counterparts.

As future work, the causes of the limitation on the
generalization capabilities of the model will be further
investigated. In this sense, the algorithm can be enhanced by
considering changes in the learning model that improve the
final classification accuracy by tackling the possible overfitting
of the MLP. Another interesting task can be the hybridization
of this binary approach with a real representation [1], making a
neuroevolutionary model that includes feature selection and the
optimization of parameters of the learning model or/and
preprocessing steps. Finally, the advantages of this algorithm
for BCI applications can be evaluated in a real model,
including online data obtained with an EEG headset and an
orthosis for neurorehabilitation purposes.
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