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Abstract—P300 speller provides a medium of communication
to patients with severe neuro-muscular disabilities. It relies on
the detection of P300 peak in EEG recordings due to the
occurrence of external stimulus. The patients are asked to focus
their attention on the character/symbol displayed on the screen
and their EEG recordings are monitored at the same time. These
recorded signals are then processed and analyzed to determine
the target character. Thus the patient is able to spell out the word
he intended to communicate. In the process, a large amount of
redundant and noisy data is also collected which reduces the
overall accuracy of the speller.

This paper proposes the use of multi-objective binary particle
swarm optimization (MO-BPSO) technique to identify the most
relevant electrode channels on an EEG headset for data
collection. The trade-off between the accuracy of the character
detection and the number of channels is determined using the
pareto-optimal solution plot. The user can later select any of the
pareto-optimal solution based on his requirement. The dataset
used for this purpose is of BCI competition III. The result section
also discusses the channel and thepositioning which play a major
role in P300 signal detection.

Keywords—P300 speller, optimal channel selection, EEG,
PSO, multi-objective optimization, SVM.

I. INTRODUCTION

Brain-computer interfaces (BCI) are communication
pathways which allow human beings to interact with the
computer without involving any muscular activity. The brain
directly communicates with the external devices.BCI devices
have proved effective for locked-in and paralyzed patients
who have lost control over their limbs[1].BCI incorporates
researchers from the fields of neuroscience, engineering,
physiology, psychology, medical health care and robotics. The
applications of BCI spans to rehabilitation, game playing,
brain controlled drone racing, emotion detection, sleep
detection,  brain  fingerprinting, and  concentration
improvement exercises[2-5].

There are two methods of recording brain signals: invasive
and non-invasive. In invasive BCI system, the electrodes are
placed inside the brain to record the signals whereas in non-
invasive method, electroencephalography (EEG) headset is
used for recording signals. Though invasive systems provide
better signal to noise ratio, non-invasive BCI systems are
preferred for their less risky and convenient signal acquisition
techniques[6].

P300 speller, works on non-invasive BCI system, which
was first introduced in 1988 by Farewell and Donchin[7].
P300 speller is based on the oddball paradigm, where an
infrequent stimulus produces a positive deflection in EEG
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recordings after 300ms[8].P300 speller row/column (RC)
paradigm consists of a matrix of English alphabets and
numbers. The rows and columns of this matrix are randomly
intensified. The subject is asked to focus on the character
displayed on the matrix that he wants to spell (target
character). When the row/column containing the target
character is intensified, a peak is observed in the EEG
recordings of the subject. This peak in EEG signals is used to
detect target character. Since signal to noise ratio is low,
character detection from single trial is difficult[8].For
improving accuracy in character detection, multiple trials are
done for the same character.

There are many problems associated with the P300 speller
which leads to incorrect deduction of the character in the
matrix. Adjacency[9], crowding effect[10, 11], habituation[12]
and fatigue[13] deteriorate the performance of the speller.
Also, there is considerable amount of irrelevant and redundant
data present in the EEG recordings. If we can find the relevant
channels which together give a better result, we can get rid of
irrelevant data, reduce the computation time anduse
configuration of these channels for future recordings. To
maximize the accuracy in character detection and minimize
the number of channels, we propose to employ multi-objective
particle swarm optimization (MOBPSO)-based approach.
There are various evolutionary optimization techniques that
have been studied but PSO was chosen for its simpler
implementation, faster computational speed and an efficient
global optimizer quality[14].The solutions are chosen for the
pareto-front such that one objective of any data point cannot
be increased without compromising at least one another
objective. Thus, all the solutions in the pareto-front are
considered optimal and different solutions are selected
according to the requirement.

The rest of the paper structure is as follows: Section 2
briefly describes the related work in P300 speller. Section 3
elaborates the data set, pre-processing and classification
methods used. Section 4 describes the proposed optimization
techniques. Section 5 compares the result of the MOBPSO
technique against existing methods; followed by conclusion in
Section 6.

II. RELATED WORK

Several variants have been proposed for BCI-based P300
speller. P300 speller with different display paradigms[15-17],
with characters in different languages[18-20], with images
instead of characters[21-23], with different colours and font
size[9, 24] and with different sequence of random
intensifications[25] have been proposed. Several classification
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methods such as support vector machines (SVM), artificial
neural network (ANN), Bayesian linear discriminant analysis
(BLDA) and step-wise linear discriminant analysis (SWLDA)
have successfully classified target vs. non target stimuli [26-
32]. Various optimization techniques have also been used for
better channel selection like particle swarm optimization
(PSO), genetic algorithm (GA) and differential evolution (DE)
[32-34].

III. MATERIALS AND METHODS

A. Dataset

The data set is Wadsworth BCI dataset for P300 evoked
potentials from BCI Competition III (2004)[35]acquired using
a general purpose software named BCI2000[36]with P300
Speller paradigm shown in Figure 1. The signals were
collected from two subjects in a session of five each, which
was then filtered through a band-pass filter (0.1- 60Hz) and
then digitized at 240Hz. The given datasethas train and
testmatrix for both the subjects.

Fig. 1.The 6x6 P300 display paradigm used for recording the dataset.One of
the rows is intensified in the presented image.

B. Pre-Processing

Pre-processing is done to remove noise from the data and
to improve the signal-to-noise ratio (SNR). Data sample are
collected from 0 to 600ms after the each intensification. As
P300 ERP is generated after around 300ms, the time period of
600ms is sufficient to analyse the signals. Since, only P300
peak has to be detected for classification purposes, we need
only low frequency component of the data which contains the
basic information of EEG signals. These extracted data points
are then passed through a band-pass fourth order Chebyshev
Type 1 filter having a cut-off frequency of 1 to 10Hz. The
filtered signals are decimated to cut-off frequency of
10Hz.Then normalization is carried out by subtracting each
data point by its mean and dividing it by the standard
deviation of the corresponding channel. Figure 2 visualizes
two different signals, one with +1 class label (i.e. with P300
ERP signals) and another with -1 class label (i.e. without P300
ERP signals).
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Fig.2.Raw signals with and without P300 ERP.

After pre-processing, the signal sampleshave been

converted into vectors of 6 samples per channelper

intensification.Thus, the training data is a 15300x384 matrix;
12 intensifications X 15 trials X 85 characters in training data
set =15300 and 6 samples x 64 channels = 384 samples. The
pre-processing is repeated for the test data where the final data
set after pre-processing is of sizel8000x384 (there are 100
characters in test data set: 12 intensifications x 15 trials X 100
characters in training data set =18000).

C. Classification using SVM-based Classifier

The classification process is divided into training and
testing stages. In the first stage, the SVM system is trained
with the trainingdata provided in the dataset and then in the
second stage, the SVM system maps the test data to the class
labels. The accuracy is calculated by comparing the actual
labels against the labels allotted by the SVM system.SVM-

based classification is chosen because it has better
generalization  capabilities over other classification
methods[37].

The SVM system is trained by using averaged feature
vectors of the training matrix. There are 12 intensifications per
character and for its correct detection; the user focuses his
attention on the same target character for 15 trials (i.e. for
12x15 =180 intensifications). The P300 peak signals of EEG
recordings of same character are averaged. This reduces the
effect of noise and the data to be processed is significantly
compacted.The SVM system is trained on this reduced data
set. It learns a hyper plane w”x + b = Othat maximizes the
separation margin between the data points of two classes[38].
The learned hyper-plane is then used to assign a class label -1
or +1 to the test data points as in Eq. (1). Here, +1 denotes that
the intensification of the corresponding row/column contains
the target character.

D. Character Detection

After the SVM has allotted labels to the test data, for every
one character, there are ten class —1 vectors and two
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class+1vectors (corresponding to one row and one column).
The information of the row and column is used to detect the
target character. The score vector S containing 12 score
values, refers to the score values of 12 rows and columns for
one character is given as:

S( = ), kKX, M

where, ;1 =1,2...N are the Lagrange’s multipliers. 4;’s zero
for all points which are not support vectors.X;represents the
training points for i= 1,2...N and X; represents the test points
corresponding to 12 different rows and columns for
j=1,2...12. The correct column and row are predicted on the
basis of the score values S as computed in Eq. (2) and Eq. (3).

Predicted column = *} 1225 () @
Predicted row = a;i}";‘;’; SG) 3

Once the row and column are identified, the target
character is identified from the display paradigm.

IV. PROPOSED MOBPSO-BASED CHANNEL SELECTION

A. Binary PSO

Particle swarm optimization (PSO) was introduced in 1995
by Kennedy and Eberhart[39]. It is an evolutionary
optimization technique inspired from the social behavior of
bees, birds and fishes. PSO technique attempts to maximize a
fitness function by moving a swarm of particles around the
space defined by the fitness function and its constraints.

Initially, the particles are spread randomly in the space.
The position of various particles is updated iteratively by its
velocity. Each particle maintains a record of its previous best
performance position aspy.s:. There are three basic parameters
responsible for updating the velocity of a particle: personal
best position ppes:, global best position gps and inertia. The
velocity v; of particle x; is updated as:

v = wo® + o1 Prest = K + 26y (Gpest = %) (@)
Further, the position of particle x; for next iteration is
computed as:
x§t+1) — vi(t+1) + xi(t) (5)

L

where,w is the weight coefficient, c;and c, are constants and
generally ¢; +c; =4 [40].The numbers ¢ and ¢, are
generated randomly from a uniform distribution over 0 to 1.

Different coefficients (w, 1,Ca, ¢1, ¢2)decide how much a
particle would be affected by its own experience, experience
of other particles and its inertia.This conventional version of
PSO cannot be used for the problems defined in discrete
domain. Hence, a binary particle swarm optimization (BPSO)
was proposed.Instead of using real values for defining the
position and velocity of the particle, BPSO uses only 0s and
Is[41].In order to integrate this change, a modification was
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done in the velocity term. In BPSO, the velocity term
(v;)refers to the probability that the particle (x;)will change
its position state to 1. Thus, the velocity (v;) is restricted
between 0 andlas:

UL-I = Sig(l?i) = m (6)

Following this, the position of the particle is updated as:

MG {1, if rand() < sig(v;)
i 0, ot lerwise

(7

This first version of BPSO may suffer from the problem of
trapping into local minima. Hence, its variants are proposed.
We have used the algorithm of [42]in this article.

B. MOBSO for Optimizing the Trade-Off between The

Classification Accuracy and Number of Channels

BPSO and PSO were designed to workfor only one
objective function. However, maximization of classification
accuracy and minimization of number of channels is a multi-
objective optimization problem. In this article, the positions of
particles define the number of channels selected. The
MOBPSO proposed in the article handles the multi-objective
problem, which is mathematically formulated as follows:

Objective 1: max(A(x;))
Objective 2: min(C(x;))
s.t.xjcx (8)

Here,A (x;) and C(x;) are the accuracy of character
detection and the total number of channels corresponding to
particlex;, respectively. The particlex; is represented as a 1x64
dimensional matrix and it uses only those channels for
classification, which are taken as 1 in the
particle x;.Mathematically, the channelj is chosen, if x;; = 1
for j =1 to 64. The MOBPSO algorithm plots optimal

solutions in the pareto-front, anyoptimal solution may be
chosen depending on the application.

V. RESULTS AND DISCUSSIONS
A. Results Obtained using SVM Classifier for The Data
Collected from All 64 Channel
The classification accuracies obtained by SVM-based
classifier for different number of trials are depicted in Table.1.
For obtaining these results,data from all 64 channels were
used for analysis.

TABLE I. CLASSIFICATION ACCURACIES FOR DIFFERENT NUMBER OF TRIALS.

No. of trials
Subject
5 10 15
Subject A 70.8 82.1 91.0
Subject B 65.4 78.1 85.9
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Figure 3: Pareto-optimal solutions for different trials
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Figure 4: Channel topo-plot for two subjects

978-1-5090-6785-5/18/$31.00 © 2018 by IEEE

Authorized licensed use limited to: Meta (formerly Facebook). Downloaded on February 13,2025 at 05:11:21 UTC from IEEE Xplore. Restrictions apply.



B. Results Obtained using SVM Classifier with BPSO-based
Method for Maximizing The Classification Accuracy
The classification accuracies obtained for different number
of trials after applying BPSO for maximizing the classification
accuracy are tabulated in Table 2.The accuracy values have
improved and the number of channels, required for processing,
has decreased.

TABLE IL ACCURACIES FOR DIFFERENT NUMBER OF TRIALS FOR

CLASSIFICATION WITH BPSO

Averaged accuracy (A) and number of channels selected(C)
with different number of trials
Subjects 5 trials 10 trials 15 trials
A C A C A C
Subject A 72.3 32 83.5 32 93.1 36
Subject B 70.5 29 79.1 31 88.4 25

C. Pareto-Pptimal Solutions using MOBPSO Algorithm

The aim of MOBPSO in this article is to attain two objectives
are namely, to improve the classification accuracy and to
decrease the number of channels. The pareto-front diagrams
for different number of trials are shown in Figure 3.

D. Channel Topology

The various channel numbers and their placement is
represented inFigure 5.
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Figure 5: Channel configuration

Channel topoplot effectively displays the best set of
channels for both the subjects. The data points obtained in
pareto-front are used to determine most frequently used
channels. The channel topoplot for the optimal solutions
obtained by SVM-MOBPSO technique is visualized in Fig.4.

E. Statistical Analysis

Friedman test is often wused to provide statistical
comparison between various algorithms. In this test, the
Friedman test has ranked different approaches according to
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their performance on different datasets[43]. The best approach
for a given dataset is given 1% rank. The second best approach
is selected for the 2" rank, and so on. This procedure is
repeated for different datasets. Then, the Friedman test
statistics are calculated on the average rank obtained by the
approaches. The Friedman test in this article was applied to
two different classification approaches namely, SVM (trained
by considering data from all 64 channels) and SVM used with
BPSO optimization technique. The calculatedp-value
(0.014306) was less than 0.05. The null hypothesis was
rejected, following which, the post-hoc Nemenyi test was
applied to report any significant difference between the
individual approaches [44]. The results of the test are shown in
Figure 6.

Friedman p = 0.014306

(8]

SVM-BPSO SVM(64)

Figure 6: Results of Freidman test depicting SVM-BPSO’s better performance
over SVM(64).

As the rank difference between the two methods is greater
than the critical distance, the first ranked method is
significantly better than the second ranked method. Thus,
theproposed methodwill always perform better than SVM.

VI. CONCLUSION

In this paper, MOBPSO technique was employed with
SVM for optimizing the trade-off between classification
accuracy and the number of channels used to collect EEG
data. The proposed method has been tested and validated on
the publicly available dataset. The results have provided
pareto-optimal solutions; the user can later choose the solution
according to his needs and requirements. Statistical analysis
shown in the results, prove that the SVM with MOBPSO
provides significantly better results than SVM alone.

In thepaper, the filtered and decimated amplitudes of EEG
signals were considered as feature vectors. The future work is
proposed to explore more features to further improve the
performance of the system. Also, the work portrayed here was
analyzed offline and its performance on online systems would
be examined in future.
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