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Abstract

Brain-computer interface (BCI) spellers enable severely motor-impaired people to
communicate through brain activity without the use of their muscles. Our brains
precisely predict what we will think. If a human-readable character can be identi-
fied by its appearance, our issues may be resolved. Currently, human, machine, and
brain communication based on machine learning is highly believable. In this study;,
we intend to employ the non-invasive brain stimulation technique, often known as
EEG, for the treatment of these individuals. A Braincomputer interface system
based on electroencephalography provides the optimal solution to this issue. It es-
tablishes a link between the brain and the computer system, allowing brain waves
to control our actions. The objective is to determine if a person is paying attention
by recognizing characters from a dataset of P300, which is an event-related poten-
tial (ERP) component, using a BCI design. If a character is identified as a person
paying attention, the data is labelled as target class; otherwise, the data is displayed
as non-target. Our study has resulted in a number of Machine Learning strategy
techniques. In this study, we analyzed the performance of four different types of
Machine Learning Algorithms, including Logistic Regression (LRR), Random For-
est Classifier, AdaBoost classifier, and XGBoost Classifier, to determine the most
accurate algorithm. Custom CNN achieved the highest accuracy among classifiers,
at approximately 88.46%

Keywords: Textual representation, Brain signal, BCI, EEG, LRR, CNN, ERP
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Chapter 1

Introduction

The nervous system’s command center is the human brain. It is composed of the
spinal cord, the cerebrum, the brainstem, and the cerebellum. The most significant
part of our brain, the cerebrum, is in charge of speech. The corpus callosum, a band
of nerve fibers that connects the two hemispheres of the cerebrum, divides it into
two halves. The left half of our brain is in charge of our speech. Speech-related
brain activity occurs predominantly on the left side of the brain. These elements
can be damaged or injured, resulting in speech difficulties. However, everyone wants
to be ahead of the curve in this age of science and technology; no one wants to be
left behind. According to Christopher and Dana Reeve Foundation, 1 out of every
50 persons is paralyzed, almost 5.4 million people worldwide [15].

People who are unable to interact due to any physical illness may be left behind as
it is such a crucial component of society.To aid these individuals, we would like to
present a method that predicts attentiveness based on character emphasis, with the
hope that this effort will produce a new method of communication that does not
require physical interaction. If a person’s thoughts can be read by a computer, it
will be a remarkable discovery that will prevent anyone from feeling alone even if
they are unable to articulate their feelings in an usual human manner.

Brain computer interfaces, or BCls, offer a significant possibility to improve the lives
of persons who are unable to interact normally by translating brain signals into com-
mands that are transmitted to an output device to execute desired outcome. In a
BCI speller, P300 components of ERPs are used to figure out how the brain is pro-
cessing a physical, auditory, or visual stimulus [21]. There will be a rectangular grid
of alphanumeric characters ordered in row/column stimulus intensification by which
the BCI system will detect the presence of P300 wave and choose targeted characters
[1][21].It utilizes event-related potentials, which are components of EEG signals, to
identify activity in the brain based on the mental state of the user [12][6][21].

Our study is based on a P300 dataset where a scalp-connected ERP signal has been
used to determine if a patient is paying attention by focusing on a target character
thinking or about something else [21].. We refer to it as ”Target ERPs” when the
patient is concentrated on the desired character. Otherwise, when a person perceives
something other than a character designated as "Non Target ERPs” [21].



1.1 Problem Statement

Although the BCI system, which uses EEG signals from a patient’s brain, has a
lot of promise to improve our lives, there are several obstacles in this field, such as
detecting a brain signal is a very complex technology, and the size of the speller has
limitations. Every day, this system gets better, but it’s not yet possible to decode
people’s thoughts and turn them into proper text due to the limitations and com-
plexity of the brain. So, this system is working on one area at a time in the hopes
of being able to translate people’s thoughts someday.

The aim of our paper’s research is to determine whether or not someone is paying
attention by choosing characters from the alphanumeric grid. A person must predict
the character in our study topic to demonstrate their attentiveness; else, something
else will be predicted. When using a BCI speller to extract brain signals, it is not
always possible to anticipate the intended results. He or she may instead choose
irrelevant results. In our study, the phrase "target ERPs” refers to when a patient
is paying attention by predicting character. In contrast, "non target ERPs” occur
when a patient guesses something other than a character.

Figure 1.1: The patient is thinking of a character
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Figure 1.2: A list of characters
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Figure 1.4: Target ERPs and Non-target ERPss

In figure 1.1, the patient is trying to identify a character from the list of characters
in figure 1.2. Sometimes the patient can not recall the characters; instead, they
identify any other else in figure 1.3. In figure 1.4, the electrode montage used in this
study, as well as the target and non-target ERPs. Target ERPs are events in which
the patient is attentive and identifies the target character, while non-target ERPs
are all other occurrences [21].

1.2 Research objectives

In this work, we need to develop several machine learning algorithms for our case
which are Logistic Regression, Random forest, XGBoost, AdaBoost and also a deep
learning algorithm that can evaluate patient attentiveness using a CNN model. This
would increase the effectiveness and appeal of the model. In our research paper, we
will focus mostly on the following study objectives in order to construct the most
effective model possible:

e By evaluating a patient’s ability to predict the presence or absence of a target
character, we can determine whether or not he or she is attentive.

e Again, we can find a model that best fits our training data.

e Moreover,to find a model that can handle overfitting, underfitting, and over-
lapping in any data.



1.3 Paper Orientation

This chapter primarily exposes the reader to the brain’s function related speech
generation and the suffering of speech-impaired individuals. It also includes a brief
description of the issue statement and aims of the research. The remaining sections
of the paper are structured as follows: The second chapter presents a summary
of the background information for this study, introduces the concept of CNN, and
justifies the usage of CNN in this research. The third chapter offers a literature
review of previously published research on the application of machine learning to
recognize desired characters/texts, etc. from patient’s brain signals. The fourth
chapter focuses on the dataset, its analysis, and its preprocessing for use in the
research. This research’s models are introduced in Chapter 5, and their outcomes
are analyzed in Chapter 6. Chapter 7 discusses briefly the potential elements that
contributed to the success of the custom CNN, as well as the limitations of the
research and proposed enhancements. The eighth chapter summarizes the entire
investigation and finishes the article. The paper concludes with a bibliography that
contains a list of all the websites and periodicals cited throughout.



Chapter 2

Background

2.1 Convolutional Neural Network

CNN'’s are deep learning neural networks that can recognize and detect particular
features in pictures and are frequently used to analyze visual images. It is a reg-
ularized version of multilayer perceptrons, and at at least one layer of this neural
network, matrix multiplication is replaced by a mathematical operation known as
convolution. A CNN architecture is built on the foundation of three layers, each
with its unique parameter and activation function. The layers are the convolutional,
pooling, fully connected, and a ReLLU correction layer, mainly an activation function.

L/——] Fully connected Layer
o wjj

convolution Pooling layer
8

Feature extraction

""" classification

Figure 2.1: Basic Architecture of CNN

2.2 Building Blocks of CNN Architecture

2.2.1 The Convolutional Layer

The convolutional layer in convolutional neural networks is the first and most im-
portant layer. The goal of this layer is to locate a particular set of features in the



input images. Between the input image and a filter of a particular size FxF' in this
layer, the mathematical convolution process is performed. Sliding the filter over the
image produces the dot product between the filter and the sections of the input
image corresponding to the filter’s size (F x F). As a result, the convolutional layer
calculates the convolution of each image with each filter after receiving input from
numerous images.The features we’re looking for in the photographs are exactly what
the filters match. The computation of the dot product provides us with a feature
map, which identifies the locations of the features in the image. Rather than being
pre-defined, the network learns features during the training phase within this layer
Filter kernels are the name given to the weights of the convolution layer. Usually,
convolutional methods do not allow the kernel’s center to overlap the input’s out-
ermost element, resulting in data loss in the feature map, which can be reduced by
using a technique known as zero padding. The space between two sequential kernel
places is called a stride, which is usually 1.

It can, however, be different on occasion. The following equations are used to achieve
the output size in the convolution layer :

Output size = N paap
— F+
5 +1 (2.1)
where,
N = Size of the images
F = Size of the filter
S = Stride
P = The amount of padding
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Figure 2.2: Convolutional operation with zero padding

2.2.2 Pooling Layer or Max Pool:

This layer lets feature maps be made smaller while still retaining their properties.
Each map is pooled to reduce the amount of computing time required for each.



Various pooling processes exist, each with advantages and disadvantages, depending
on the method employed. When CNNS is pooled, it is frequently done as a max
pool. The maximum pool provides us with precisely the same number of feature
maps we had before, but they are significantly smaller. When a size 2*2 max-pooling
filter with a 2 stride is used, the feature map is reduced in size by half.

2 4
7 8 8
Max Pool
3| 2 1 0
3 4
11213 |4 Filter : 2*2
Stride: 2

Figure 2.3: Max pooling layer operation

2.2.3 Fully Connected Layer:

CNN'’s last layer is called the "fully connected” layer since every input value is
related to each output value. At this point, the process of classification begins.
Consequently, the layer returns a vector of size H, which is the number of classes in
the picture classification issue, as an input to the network. For instance, probabilities
of classification or other outputs can be calculated by lowering the number of features
in the convolution layer and then pooling them together.

2.2.4 ReLU Activation Layer:

The activation function is an essential parameter in the CNN model. The feature
map from the convolutional layer is later passed on to a non-linear activation func-
tion. The ReLU, or rectified linear activation function, is common to activate neural
networks, especially CNN.

If the input is positive, this activation layer will output it directly; otherwise, it will
output zero, replacing all negative numbers received as inputs with zeros.



f(x)=max(0,x)

y=x

Figure 2.4: The activation function in CNN (ReLU)

2.3 Training a network

A network is trained to discover a combination of kernels in the convolution layer
and weights in the fully connected layers that produces outputs with the smallest
deviation from the labeled dataset.

2.3.1 Loss function:

A loss function is a function that determines the variance between the network
output and the real output via forward propagation. This function determines the
dissimilarity between the output of the algorithms and the target value.

Mainly, it considers the possibility or uncertainty of a prediction depending on how
far it differs from its actual value after each optimization iteration. As a loss func-
tion, we used binary cross-entropy in our research. The actual class output is com-
pared to each predicted probability in this particular loss function, which can be 0 or
1. It then calculates the score, penalizing the probabilities based on their difference
from the predicted to the actual value.

2.3.2 Adam Optimizer:

To compile a model, we need an optimizer. Adam is a more robust and most pop-
ular optimizer in deep learning. It creates a new learning approach to maximize a
range of neural networks by combining the benefits of two earlier stochastic gradient
techniques, Adaptive Gradients and Root Mean Square Propagation (RMSprop). It
squares the gradients like RMSprop and utilizes the gradient’s moving average in-
stead of the gradient like SGD with momentum to scale the learning rate. Adam
uses adaptive moment estimation, which modifies the learning rates of each weight
based on an estimate of the gradient’s first and second moment. Adam additionally
stores an average of prior gradients that decays exponentially. The following equa-
tions are used to achieve this

o) 22
R 23)



where,

m(t) = first moment,
v(t) = second moment,
81 =009,

B2 = 0.999,

t = batchnumber

We employ Adam to update the weight. Here, adam optimizer uses the following
formula:

Ht-f—l - Qt - (24)

v(t) + €

where,

0 = weight,

n = the learning rate,

€ = zero-avoidance parameter = 1078

2.3.3 Overfitting:

Overfitting is one of the problems that might arise in supervised machine learning.
This prevents us from generalizing the models to accurately match both the training
set’s observed data and the testing set’s unseen data [23].When the training accu-
racy is higher than the validation accuracy, an overfitting problem is evident. It has
a detrimental effect on both test data and new data, which is a critical issue because
test data are mainly used to evaluate a model’s performance.

The common practice of tracking accuracy and loss on the training and validation
sets allows for the detection of overfitting on training data [20]. Numerous factors,
including the existence of noise, the complexity of the classifiers, and the small size
of the training set, might cause overfitting [23]. The best way to reduce it is to
increase the amount of training data, however there are other helpful methods that
can also benefit in the overfitting issue, such as batch normalization, regularization
with dropout, weight decay, early stopping, data augmentation, and architectural
complexity reduction [20].

2.3.4 Dropout:

Dropout is a regularization procedure in which random activations are set to zero
during training to eliminate them [20]. In other words, during the training phase,
randomly selected neurons are not considered.

Dropouts are units that have dropped out of a neural network, both visible and
hidden [13]. When a unit is ”dropped out,” the entire set of connections to and from
it are temporarily removed from the network[13]. Dropout is employed in models
to prevent overfitting, where it randomly removes some nodes according to the drop
probability. For example, if a dropout is implemented with a drop probability of 0.5
and the hidden layers contain 100 neurons, 50 neurons will be discarded at random
throughout each iteration.



2.3.5 BatchNormalization

A technique known as batch normalization can be used to normalize activations in
deep neural networks’ intermediary layers. Due to its capacity to increase accuracy
and cut training time, it has become a popular deep learning technique [19]. To
standardize the input or output of the sequential model, a layer is introduced. The
model layer allows for its application at a number of places in between. It frequently
comes just after the convolution and pooling layers. Since batch normalization
introduces noise to each layer’s inputs, it has a regularizing impact. As a result,
overfitting is prevented since the model no longer generates deterministic values
based only on a specific training sample.

2.3.6 Epoch:

A neural network is typically trained across several epochs. The number of epochs
is a hyper-parameter that controls how many times the learning algorithm runs over
the whole training dataset. A cycle across the entire training dataset is referred
to as an epoch. The length of the epoch depends on the complexity and dataset
size; it could be represented as seconds or hours. The more epochs are used, the
more modified parameters, and the model perform better. However, overfitting may
occur if there are too many epochs. When a model is overfitted, it performs well in
training data but poorly in testing data. In our BCI dataset, we employ 100 epochs
with an input size of (16,76).

2.4 Why we use CNN for this research?

While doing our research, to recognize characters, we use the Convolutional neural
network (CNN), which uses convolutional layers and top pooling layers to extract
higher-level features. CNN distinguishes the characters by analyzing their shapes
and contrasting the qualities that differentiate them. Multiple convolutional layers
are active in all layers of a CNN and scan the entire feature matrix while performing
dimensionality reduction. As a result, CNN is an excellent model for classification
and processing. However, the number of parameters in a neural network increases
rapidly as the number of layers increases. This can make model training time-
consuming. In this case, CNN effectively reduces the time required to tune these
parameters. Moreover, even if only a tiny amount of training data is provided, a
CNN can yield excellent recognition accuracy. These features of CNN are beneficial
for recognizing characters. Our goal of this research is to know if the person writing
the character or not, CNN can be more effective than other models. For these
reasons, CNN was selected for this research.

10



Chapter 3

Literature review

The authors of this article [21] evaluated the performance of their Logistic Regres-
sion (LRR) models in forecasting the class variable using a collection of independent
test datasets collected from the same participants. This implies that the Logistic
Regression classifier outperforms all other classifiers regarding the area under the
curve(AUC), demonstrating that LRR models accurately predict class variables [21].
On the High Dimensional and Amyotrophic Lateral Sclerosis datasets, the outcomes
of sinusoidal signal modeling with principal component analysis(PCA), Waveform
Audio File Format(WAV), and power spectral density(PSD) are compared. LRR is
compared to several feature extraction algorithms in this graphv [21] [11] [8] [5] [3]
[2]. This shows that the AUC of LRR models is consistently the highest. Here [21],
a non-linear least square technique is used to determine the unknown parameters of
a signal model, which has two advantages: signal spectrum elements are included
in the collection of model parameters, and signal modeling dimensionality reduction
is justified because the larger the sample size, the more precisely the classifier is
trained. The amount of predicted dominant and discriminatory frequency compo-
nents for each participant is determined by the quality of the classification process
and the efficiency of the estimation method. In this paper [21], The Time Frequency
representation was generated to check for missing frequencies and has the benefit
of simultaneously modifying and distributing the chronological and frequency do-
main structure of subject-specific EEG recordings. For each class of event-related
potential trials independently, this paper [21] discovered a sliding hanging taper
with an adjustable time window of six cycles for each frequency in 20-millisecond
steps for frequencies from 0.1 to 12 Hz. It also takes the absolute difference between
target and non-target after grand averaging in the time-frequency domain, but the
disadvantage is that it does not account for efficacy [21].

Furthermore, according to Farquhar et al [21] [10], the most discriminative frequency
range is between 0.1 and 12 Hz, but other research extracts spectral characteristics
using alternative frequency bands. It was recently proposed that the optimal fre-
quency range is between 0.1 and 21.33 Hz, as stated in [17]. In this study, they
found that spectral bands with a frequency of 6.4 Hz have the most substantial
discriminative frequency for excellent decoding and can be used to develop a BCI
speller algorithm [21].

In this signal modeling strategy, the inherent features of ERPs result incorrect men-
tal state decoding models. These findings show that signal modeling-based ap-
proaches are more effective and accurate against variability than traditional mod-

11



els such as PCA, Wavelets, and PSDs. In most BCIs, the failure of a previously
functioning BCI system is caused by irrelevant properties, high dimensionality, and
enormous unpredictability, hence these findings are essential [21] [8]. The signal
modeling method, in conjunction with logistic regression with the L2-ridge penalty,
enabled us to extract underlying spectrum features of ERPs and construct unex-
pectedly specifically designed for predicting users’ psychological intention in a BCI
speller system in this study [21]. In addition, shorter waves, such as delta or theta-
band activity, might broaden the uses of BCI, as was previously mentioned. This
research indicates that BCI systems can create surprisingly accurate classifiers using
only a few channels.

In this study [21], the authors used a BCI speller algorithm to measure an individ-
ual’s brain activity and then turn it into communication directives by removing the
connections between the central and peripheral nervous systems in this work. Event-
related potentials, which are elements of EEG data, are utilized by BCI spellers to
infer activity in the brain variations. Event-related potentials are time-locked brain
reactions to an external sensory input event or an internal event related to the
performance of motor activity. In this article [21], the authors examined seven pa-
tients who did not have a neurological condition to evaluate their mental status.
They have used the row-column paradigm, which was made by Farwell and Danchin
[21] [9], to improve the presentation of visual stimuli by using a rectangular grid
of letters and numbers. Based on that row-column stimulation, they used a BCI
system that infers a P300 waveform and picks sequential characters for spelling and
communication for the user’s mental purpose. According to Bostanov [21] [4], to
get the accurate event-related potential features of P3, waves can be deconstructed
using t-statistics. To evaluate the user’s attentiveness [21], it was mentioned that
target characters on the visual stimulus matrix were green for two seconds before
flashing began, and participants were directed to count the target character’s flashes
where they had to visit five target letters. It was mentioned that Mowla et al they;
employed a wavelet wavelet algorithm to identify stable Spatio-temporal properties
through evaluating the time delays and variation in event-related potential waves in
order to improve the performance of the BCI system [21][18].

The following research paper is [22], where the authors propose creating a BCI sys-
tem to directly translate the text from brain signals to help disable patients speak
again.However, implementing this in practical life can cause obstacles because of
the speed and accuracy of the words. To address these flaws, the authors describe a
solution technique in which a language model, an LSTM (Long short-term memory),
and a Particle Algorithm (pf) are applied to patient-collected data [22]. In this pa-
per [22] the authors used the LSTM to find all the possible outcomes of a phoneme
at each time uttered by a subject and added it to the particle filtering algorithm
to produce the efficiency text relating to the debugging word by including the prior
knowledge of the English language model. The authors [22] applied similar tech-
niques to the data of six patients by capturing signals and dividing each recording
into time windows ranging from -166.67 to 100 MS relative to a single set of speak-
ing stimuli. In Table 3.1 , this system’s [22] input feature was concatenated with a
matrix that contained a time domain signal, a highest z-scored frequency band for
creating vowels, and an enclosing band that contained consonant information.
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Subjects | Frequency Bands
1 150-200, 200-250
150-200, 1000-1150
70-150
200-250, 650-1150
200-250, 700-1150
150-400, 600-750

O T = | W DO

Table 3.1: The requisite frequency bands [22]

Moreover, in Table 3.1 , the authors achieved great results in Mutual Information
(MI) 47.53 and Words per Minute (wpm) 26.67 compared to the other results which
were cited by the author. On the other hand, the word accuracy (ACCW) and bits
per word (BW) was respectively 32.16, 1.78 which was quite poor considering the
other results.

In this paper [29] the authors approached to uses a customised GUI to convert
thoughts to writing (GUT). This GUI displays numbers, alphabets, and special char-
acters on a virtual keyboard based on the patient’s mood. The sequence of character
sets on the keyboard helps users choose from restricted characters, speeding up typ-
ing. The variable character set arrangement promotes the productivity of differently
abled patients. The 14-channel Emotiv Epoc headset has been used to capture brain
signals. EmoWrite uses proven classification methods to reduce training time.
Moreover, the proposed "EmoWrite” system uses BCI to help paralyzed individu-
als with speech impairments express their thoughts. EmoWrite has a customized
keyboard. A customized keyboard with many numbers, letters, and special char-
acters saves time and screen space. This system’s sentiment-based thought-to-text
translation and suggestions are not employed in other brain signal-to-text conversion
systems. As keyboard design affects typing speed in this system, a circular design
is employed to minimize traversing delay. The proposed solution uses 'machine-
learning’ to improve users’ writing.

In this work [11], they studied amyotrophic lateral sclerosis (ALS) patients’ atten-
tiveness. This study examined whether ALS patients’ attention and memory affected
their control of a visual P300-based BCI. The P300 is a positive shift that shows
up 300 ms after a stimulus is shown. The ability to pay attention to one aspect of
the environment while ignoring or neglecting others is known as selective attention.
Participants are shown a visual display and asked if a certain target is present.This
task is a common technique to explore the effects of selective attention on visual
search.In RSVP task, finding one or more objectives hidden among the stream of
inputs is the goal. Participants were asked to report on two targets: T1 and T2.
The experiment protocol involved two different sessions. A single letter flash at the
beginning of each trial focused the target. EEG data from the first three runs (15 tri-
als) was kept for BCI calibration.Due to the participants’ motor impairments, they
were requested to respond in binary (yes or no) to the operator via the remaining
communication channel.

Three calibration runs were SWLDA to obtain classifier weights.The P300 peak
amplitude for each test was calculated by averaging target and non-target epochs.
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P300 potential in Cz was determined by comparing target and non-target waveforms
in 250-700 ms. Sevenfold cross-validation tested each participant’s classifier’s binary
accuracy. T1 and T2 were the two test subjects. At each repetition, they put
the test data through a SWLDA. The average online accuracy for the BCI task
was 97.5%[11]. The average offline binary accuracy was 87.4%The average online
accuracy for the BCI task was 97.5% [11]. The average offline binary accuracy was
87.4%. The mean detection accuracy for T1 and T2 in the RSVP task was 77.2%
and 67.7% [11].
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Chapter 4

The Dataset

4.1 Data collection:

In order to gather P300 wave data from brain signals, the row/column ordered flash-
ing approach initially demonstrated by Farwell and Donchen [1] is typically utilized.
The EEG signals of seven healthy individuals and eight ALS patients were acquired
from a publicly available dataset [21]. Following a 10-20 international system elec-
trode was positioned on the subject’s scalp. A 6*6 matrix with an alphanumeric
grid was employed, and a green target letter was flashed, in order to determine a
person’s mental state and attention level by measuring screen flash time. The au-
thors began the session by telling the participants to count the flashes of the target
character [21].Participants were told to calculate the number of instances target let-
ters flickered to determine their level of attentiveness [21]. Each target character
was displayed five times, separated by a two-second interval [21].

4.2 Data Analysis and Pre-processing:

The p300 (p3) wave is a component of the event-related potential (ERP) that man-
ifests when a decision must be made. It is called an endogenous potential because
it has nothing to do with how a stimulus looks but with how a person responds
to it. The raw features collected from the brain signals will be greater in size and
more sensitive to noise, thus it is necessary to process the datasets adequately in
order to fit them into our classification model.We retrieved a dataset that has been
pre-processed in six steps [21] as part of our research.The EEG data are divided into
target and non-target trials lasting 600 ms following stimulus onset in the first step
[21], and observations between 200 and 500 ms are taken into consideration. In the
subsequent detrending process, a total mean value was subtracted from each channel
to eliminate noisy data caused by arbitrary offsets.In bad trial removal, eeg data
trials were edited to remove artifacts by computing the mean absolute value of each
trial and removing trials with values more than three standard deviations above the
median trial[21]. For the purpose of bad channel removal, the total power of each
channel, the mean channel power, and the variation in channel power throughout
all epochs were calculated. Then, they eliminated and replaced channels with a
power that surpassed three standard deviations[21].Once more, source mixing and
volume-transfer noise were removed using spatial filtering. FElectrodes were then
linearly reweighed and the original data was transmitted using uncorrelated, equal-
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power sensors[21]. In the final step of spectral filtering, the EEG signal was Fourier
transformed and weighted to remove unwanted frequencies in order to band-pass the
signal between 0.1 Hz and 15 Hz [21]. By following these processes they have pre
processed their dataset and we retrieved it for our research work and used it on our
classifications model. In our research, we measured subjectl’s attentiveness using
3982 events where target and non-target was a class label for positive and negative
value respectively.
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Chapter 5

The Models

Following the data preprocessing, we will describe the algorithms we used to measure
accuracy in this section.

5.1 Classification Model:

5.1.1 Logistic Regression

A supervised machine learning model is Logistic Regression which is applied to
anticipate the outcome of binary events, such as yes or no. Logistic regression can
be used to predict the most influential variables used for the classification. That is
why it is suitable for solving the classification problem. Here the sigmoid function
is used to map predicted values into probabilities. Its value must be between 0 and
1, so it makes a graph of the 'S’ shape.

1.0 A

b
=
(=]
oo

Figure 5.1: Logistic regression graph

To use the model for our binary classification, we have to fit this model for the
training set. We extracted the dependent and independent variables. Then we
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predict the result and give the test accuracy of the result.

Inputs (X) Probabilities Values between 0 and 1

0
Linear Model Rigmoid function Or
1

Figure 5.2: Logistic regression model

5.1.2 Random Forest

Random forest is a supervised machine learning algorithm that can be used for both
classification and regression problems in Machine Learning. By merging several
different learning models, it produces better results when applied to difficult issues.
In addition, this approach requires significantly less training time than existing
algorithms. The method constructs numerous decision trees and then combines
those trees in order to obtain answers that are more accurate and consistent. The
results will be significantly more trustworthy if there are more trees in the forest
overall. While splitting a node, the algorithm seeks for the best characteristics from
a random selection of features, which increases the model’s variety and produces a
superior model.

Dataset

Decision Tree-1 Decision Tree-2 Decision Tree-N

Result-1 Result-2 Result-N

Majority Voting / Averaging

Final Result

Figure 5.3: Random forest model
[27]
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Random forest models first make a bootstrapped dataset from the original dataset
randomly. In bootstrapped dataset, samples can be duplicated or also there can be
missing samples. After that, it makes random decision trees. Different decision trees
give different predictions. The prediction which is the highest number or average
number is the final result.

5.1.3 XGBoost

Extreme Gradient Boosting (XGBoost) is an end-to-end tree boosting system with
a high scalability function [25] [26]. This algorithm uses parallel and distributed
processing to achieve faster solutions [16]. It maximizes the objective function by
lowering the loss function by employing decision trees as base classifiers, where
the loss function regulates the complexity of the tree [25]. It supports regulariza-
tion, sparsity-aware algorithms, shrinkage and column subsampling blocks, cross-
validation, cache-aware access, parallel learning blocks, out-of-core computations,
greedy algorithms, etc. XGBoost’s main prominent characteristics are:-

e To reduce model complexities and overfitting, the regularization method is
utilized [25]

e XGBoost eliminates missing or zero-valued entries that induce sparsity from
split candidates by computing their gains.[25]

e Enables out-of-core computation for data that cannot fit in main memory by
dividing the data into several blocks and stores each block on disk [16].

e Cache optimization helps to switch the direct read/write dependency to a
longer dependency by reducing the runtime overhead for large rows [16].

e Stores compressed and sorted data in memory blocks to minimize the tree
sorting time [16].

Cache aware access

Parallel
Learning
XGBoost
In-built
Cross-validation

Figure 5.4: XGBoosts’s Prominent Features
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5.1.4 AdaBoost

A single classifier may not always be able to predict an item’s class accurately. How-
ever, a robust model can be made by combining weak classifiers and letting each
learn from the other’s mistakes [24]. AdaBoost, also called Adaptive Boosting is a
technique in Machine Learning that uses a sequential approach to train and deploy
trees. The most frequent AdaBoost algorithm is decision trees with only 1 split.
They're called Decision Stumps [28] Initially, some weights will be given to these
data points. Then, identify the stump that best fits the new group of samples by
figuring out their Gini Index and choosing the one with the lowest Gini Index. The
next step is to figure out the ’Amount of Say’ and "Total error’ to update the sample
weights from before.

Using the following formula, the actual influence for this classifier,

1 « In x (1 — Total Error)
G 2 " Total Error

(5.1)

Here, oy = Stumps influence in the final classification
TotalError = The total number of misclassifications for that set divided by the
training set size.

In addition, the total error will always be between 0 and 1. In the meantime,
normalize the weights of the new samples. Lastly, the algorithm picks numbers at
random from 0 to 1 and makes a new dataset.A sample whose classification by the
previous tree was incorrect will have its weight increased so that the upcoming tree
may categorize it effectively. Classification accuracy increases but overfitting and
generalization capacity drops when inadequate classifiers are added to a structure
in sequence. AdaBoost works well with skewed data but not with noise [24]

Weighted
dataset Dataset
e ®*® °
e o [ ] (]
o @
[ [.. [ .l (]
D L e -
'Og ®
'Y :‘. °..®
[ ] L O. ]
Weak Weak
learner #2 learner #1

Strong
learner

Figure 5.5: Implementation of AdaBoost classifier on a dataset that has two features
and two classes
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5.2 The Custom CNN model:

Our research aimed to develop models that were easy to access and simple to train,
with fewer learning parameters but higher accuracy than the pre-trained models
used in this research. As a result, we constructed a custom convlD CNN model
to improve efficiency rather than depending on pre-trained models. We build our
customized CNN model as follows: For our research, before applying the model,
we split our dataset into an 80:20 ratio where the training set is 80%, and the test
set is 20%. Our network has 3 layers, namely the convolutional layer, max-pooling
layer, and dense layer. We used 32 (3x3) kernel convolution layers with a stride
of 1, RELU activation, and an input shape of (16,76). Similarly, 64, (3x3) a 1D
convolutional layer containing half padding and a batch normalization layer with an
activation function of RELU was applied. Along with that layer, we implemented
a batch normalization layer with a RELU activation function and 128,(3x3) a 1D
convolutional layer with half padding. Furthermore, a dropout layer with a value of
0.25 was introduced to improve the overfitting problem. Also, flattening layers help
flatten the multi-dimensional layers into a 1-dimensional layer. At this time, another
64, (3x3) a 1D convolutional layer with half padding and a batch normalization
layer with a RELU activation function were added to the model. After that, a
max-pooling layer with an average kernel size of 1 and a stride of 1 was applied.
Finally, we add a dense layer with the activation function of Sigmoid so that it can
provide weights to all the nodes from previous layers. Most binary classification is
done using sigmoid. For our model compiling, we execute adam as an optimizer,
binary cross-entropy as loss function, and accuracy as matrices. To find validation
data, we put 100 epochs to achieve reasonable accuracy.

Convolution Baich Convolution Batch Convolution Batch
Conv 1D(32,(3)) Mormalization() Conv 1D(64,(3)) Normalization() Conv 1D(128,(3)) Normalization()

e

Max Polling Convolution
\ glatienl) MaxPooling1D((2)) %7 Conv 1D(64,(3)) ‘—{ DropoutilIs)

Dense
dense(512,

Input —

activation ="relu™)

Dense
dense(1, |
activation ="sigmoid")|

Output

Figure 5.6: Architecture of custom CNN model
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5.3 Model Evaluation Metrics

To evaluate our CNN model and machine learning classifier, we employed some
metrics and functions in our algorithm and needed to learn about these metrics to
understand our analysis at ease. This evaluation will help us to comprehend our
result analysis.

5.3.1 Confusion Matrix:

The confusion matrix, which is also called the error matrix, is a table that shows or
sums up the performance of a classification or supervised model. We used a binary
classification in our research. As a result of employing this matrix, we were able to
come up with four binary classification possibilities as below:

e True positives (TP): When the predicted and real outcomes are both positive.

e True negatives (TN): When both the authentic outcome and the prediction
are negative.

e False positives (FP): When the actual outcome is negative, but the predicted
outcome is Positive. This is also called as the Type 1 error.

e False negatives (FN): When prediction is negative but actual is positive. This
is also called as type 2 error.

Actual values

Positive Mepative

Posilive TP FP
Predicted values
I Megatve Fr T

Figure 5.7: 2*2 confusion matrix for binary classification

5.3.2 Accuracy:

Accuracy is a way to measure how well a classification model works by looking at
how often it makes correct predictions. It tells us how many of the positive pre-
dictions came true out of all of them, and it is usually given as a percentage. The
following formulas are used to accomplish this:
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Accuracy =
TP+TN

TP+ FP+FN+TN

For our research, the proposed model is focused on determining whether a person
can correctly predict the character or predicting something else is implemented in
this section. After employing the algorithm we got our desired outcomes.

(5.2)

5.3.3 Precision

Precision is the capacity of a database to retrieve pertinent document records while
excluding irrelevant ones [7]. Alternatively, precision is defined as the ratio of true
positives to all positive model predictions.

TP
P 1 1 —_ — .
recision TP (5.3)

5.3.4 Recall

The ratio of all potentially corrected relevant items to the actual retrieved significant
items is known as recall [7]. This indicator displays the percentage of all correctly
predicted positive outcomes made by models that are actually true.

The mathematical representation of recall:

TP
Recall = FN+TP (5.4)

5.3.5 Fl-score

The harmonic average of recall and precision is what makes up the Fl-score [14].
F1-score represents both classifiers by combining them into a single metric. One can
calculate F1-score:

2 x Precision x Recall
Fl— = 5.5
seore Precision + Recall (5:5)

The Fl-score increases in direct proportion to a model’s performance
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Chapter 6

Result Analysis

To have a general understanding of the performance of the models, we have trained
and tested each one. Consequently, it is now required to evaluate the results obtained
from them in order to differentiate between the highest and lowest levels of accuracy
from the table [Fig : Analysis of classification accuracies]. The accuracy percentage
of Logistic Regression is 84.19%, Random Forest is 85.82%, XGBoost is 85.82%,
AdaBoost is 81.81% and Custom CNN is 88.46%.

1 Classification Analysis

1.0

88.46%.

0.9
85.82% 85.82%

84.19% 81.81%

0.8

0.7

0.6

Accuracy

0.5

0.4

0.3

0.2

0.1

Logistic Regression Random Forest AdaBoost Xgb Custom CNN

Figure 6.1: Analysis of classification accuracies

Test accuracy portrays the models’ ability to differentiate between target and non-
target using unseen data. High test accuracy indicates that the model can distin-
guish between targets and non-targets with more accuracy. In this table Custom
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CNN has a higher accuracy of 0.8846 which indicates that the model accurately
predicted the test data 88.46% of the time.The accuracy ratings show that Custom
CNN has the maximum accuracy of 88.46% and the lowest test accuracy of 81.81%
is achieved by AdaBoost.
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Figure 6.2: First 10 epochs of CNN accuracy

For deep learning, a customized 1D CNN model has been proposed. To fit our
model, we arbitrarily utilized 100 epochs to evaluate its performance. After training
and evaluating the model, the highest level of validation accuracy is achieved, which
is 88.46%.

In our custom CNN model for some cases, the accuracy graph revealed that our
model is overfitted by comparing training accuracy to validation accuracy. On the
other hand, the validation loss rate is much higher than the training loss rate, which
may indicate that the model is overfitting. As a result, we employed the regularized
dropout method, which assists in reducing overfitting, along with batch normaliza-
tion. In our model, we utilized the Batch Normalization Layer and Dropout Layer
with a value of 0.25 for this purpose. After that, we had more accurate results than
we had previously. By training and testing our model with an input set and multiple
layers, we were able to get the highest accuracy for our CNN model.
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Figure 6.3: Train accuracy vs validation accuracy
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The figure 6.3 above shows train accuracy vs validation accuracy. Here, the train
accuracy increases with the increasing number of epochs on average. On the other
hand, in terms of validation accuracy, when epoch is 0 it is the highest. After that,
with the increase of epochs it’s getting to a lower value on average.
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Figure 6.4: Train loss vs validation loss
The figure 6.4 shows the train loss vs validation loss. In terms of validation loss, it

is increasing as the number of epoch increases step by step. On the other hand, in
terms of train loss when epoch is increasing the training loss is decreasing on average.

For our four classification models, the average precision, recall, and F1 scores are
used as evaluation measures, as indicated in the table below [Table 6.1],

Model Avg. Precision | Avg. Recall | Avg. Fl-score
Logistic Regression 0.79 0.84 0.80
Random Forest 0.73 0.86 0.79
AdaBoost 0.77 0.82 0.79
XGBoost 0.73 0.86 0.79

Table 6.1: Average Precision, Recall and F1- Scores of the Models

According to the [Table 6.1], all models have a greater Recall than Precision and F1-
score. Approximately 86 percent of the target label can be identified using Random
Forest and XGBoost classifiers as they have the highest recall values. Moreover,
among the models, logistic regression has the highest precision values, meaning it
would detect fewer non-target labels and measure attentiveness with a higher degree
of accuracy (0.79 %). The F1 score is the harmonic mean of recall and precision,
hence a classifier with a high F1 score is superior. As a result of its high precision
and recall, logistic regression receives a high F1 score about 0.80%, but the other
three models have a constant F'1 score.

To sum up , data analysis reveals that the custom CNN is the most accurate model
for predicting attentiveness among the patients. Compared to the other machine
learning classifiers we have tried, it is faster, easier to use, and more accurate in
classifying attention.
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Chapter 7

Discussion

The preceding [figure 6.1] depict the classification performance of our various ap-
proaches (Logistic Regression, Random Forest, XGBoost, and AdaBoost) to detect
focused attention.We achieved an accuracy of 88.46% with our custom CNN 1D
model for binary classification. In related works [11], Riccio et al. demonstrated a
stepwise linear discriminant analysis (SWLDA) which was performed for determin-
ing weights of the classifier. They had two targets- T1 and T2. The mean accuracy
of RSVP task for detection for T1 was 77.2% and for T2 67.7%. The BCI tasks’
binary accuracy was on average 87.4%. In addition, [1] Farwell et al. established
accuracy of 80% and 95% using their quickest tested algorithm SWDA. Here, they
showed how the P300 part of the ERP, which measures how the brain reacts to
events, works when mental prostheses are used.

Our research also uses the P300 dataset, therefore we tested a few alternative ap-
proaches from those studies.We tried a few different ways from those papers as our
research is also based on the P300 dataset. To determine whether a person is at-
tentive or not, we proposed a revolutionary tailored CNN 1D model combined with
classifications based on machine learning. In addition, the CNN model provided us
with a greater accuracy rate of 88.46%, thereby revealing a new research direction.
A binary classification problem arises when a machine learning model needs to be
trained to classify between two classes. Due to the fact that our dataset consists of
two parts—train and test—binary classification is an efficient method for achieving
a superior result. In this work, we also applied binary classification to determine
a subject’s degree of concentration using a BCI system. Due to the complexities
of the BCI system and related work, the machine learning algorithm is not always
up to the mark; therefore, we will also attempt to enhance the performance of our
applied models.
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Chapter 8

Conclusion and Future Plan

8.1 Conclusion

The BCI technology allows people to express themselves using machine translation.
Our research relies on different approachs of machine learning while using the P300
dataset and EEG to monitor the patient’s brain activity, we can determine if they
are attentive and able to detect the target characters or if they are preoccupied.
Logistic regression, Random forest, XGBoost, AdaBoost, and a Custom CNN were
used in this investigation. Custom CNN There are numerous distinct EEG signal
applications. People who are lagging behind in their ability to interact with others
can profit greatly from our method as it will create an opportunity for them to later
detect character. These machine learning algorithms can also detect brain signal
problems. People who are lagging behind in their ability to interact with others can
profit greatly from our method as it will create an opportunity for them to later
detect character.

8.2 Future Plan

Following a patient attention test, the next stage of our research involves using the
P300 speller system to recognize a specific character from a 6*6 matrix of 26 letters
(A-Z) and 10 numbers (0-9) that are randomly flashed on a computer screen in rows
and columns. We’'ll also attempt to use more algorithms to get the best possible
precision and accuracy.
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