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Abstract

Multistage stress classification and cognitive capacity analysis using EEG

Abdul Waleed

Stress is a physiological and psychological strain caused by mental workload. It is better to
detect stress at early stages, which can help in stress management, compared to later stages, which
may develop into psychiatric disorders such as anxiety and depression. In this study, we employed
Muse S, a four-channel EEG headband, to record participants’ EEG data under stressed and con-
trol conditions. We utilized mental arithmetic tasks and the Stroop color-word test as stressors to
induce stress among our participants. We conducted subject-dependent and subject-independent
evaluations by employing 10-fold and LOSO cross-validation strategies, respectively, and analyzed
the difference between the two evaluation strategies. We proposed a two-stage deep learning model
that comprises a fully connected autoencoder and a bidirectional LSTM model with an attention
mechanism to improve the classification metrics for subject-independent evaluation using LOSO
cross-validation strategy. We employed our proposed deep learning model to perform both binary
and three-stage stress classification, achieving an accuracy of 83% for binary classification, while
for three stage stress classification our model reported an accuracy of 66%. We compared the cog-
nitive capacity of our best and worst performers by employing statistical tools such as line graphs
and the Mann-Whitney U test. We implemented a regression model using random forest to predict

the participants’ scores by employing brain waves and response time.
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Chapter 1

Introduction

1.1 Overview

Stress is the physiological response caused by demanding situations. It can be due to challenging
situations such as financial issues, challenges faced in the workplace, difficulties in marital life,
and adapting to technological advancements [1]. A mild level of stress elevates focus and leads
to higher productivity [2]. A high level of stress leads to psychiatric disorders such as anxiety
and depression [3]. People suffering from long-term high stress can become victims of negative
emotions that can reduce their ability to focus on their tasks, hence decreasing their output [4] [5].

The fact that stress has an impact on both mental and physical well-being [6] puts emphasis on
its detection. People who suffer from stress become victims of negative emotions that degrade their
mental well-being. Stress detection in early stages is very important because it can improve mental
well-being, prevent burnout, and enhance quality of life [7]. Since stress varies from person to per-
son, before devising personalized measures for stress management, it is very crucial to investigate
the reasons behind stress and its impact on mental well-being.

Stress detection is challenging because it varies person to person because of its subjective na-
ture [8]. There are symptoms of stress that can be detected using various methods, such as physio-
logical tests (cortisol levels and blood pressure), questionnaires, and cognitive performance tests [9].
There are some key indicators associated with high stress, for example, high blood pressure, in-

creased heart rate, tense muscles, avoiding eye contact, and increased speech rate [10]. There are



wearable devices such as smart watches that can monitor physiological vital parameters such as
blood pressure, heart rate, cortisol levels, and skin temperature [11]. There are smart watches that
can even record sleep patterns and utilize physiological parameters to generate reports containing
stress scores, enabling them to perform real-time stress detection [12] [13] [14].

EEG is a non-invasive technique that measures electrical potential from the scalp [15]. Itis a tool
that provides real-time insights about brain activities, making it suitable for stress detection. EEG is
widely used in the medical field for detecting various neurological disorders such as schizophrenia
[16], epilepsy [17], and sleep disorders [18]. EEG is also used in brain computer interfaces to design
devices for physically impaired people that can be controlled with their brainwaves [19]. EEG is
also widely employed in literature by studies on emotions, sleep patterns, and stress detection.

EEG has a high temporal resolution that makes it the best choice for stress detection compared
to other techniques such as TEP and FMRI. EEG is safe, inexpensive, and more reliable.

Stress detection requires stressors to put participants under controlled stress conditions. Stimuli
that cause stress are called stressors. There are various stressors that have been used in the literature
to perform stress detection, such as the Stroop color-word test [20], mental arithmetic task [21] [22],
cold pressor test [23], and trier social stress test (TSST) [24]. A description of each will be provided
in the Background Chapter 3.

There are a lot of studies that have conducted stress detection using EEG. Researchers have uti-
lized models such as Multilayer Perceptron(MLP) [25], Support Vector Machines (SVM) [26], Lo-
gistic Regression (LR) [27], and Naive Bayes (NB) [28] to perform stress detection. The mentioned
machine learning models reported very high performance evaluation metrics in subject-dependent
analysis by employing a K-fold cross-validation strategy.

We recorded EEG data from 50 participants, making sure that each was wearing a Muse S EEG
headband while solving stressor questions. We designed our stressors by incorporating the count-
down approach by making sure that there would be enough time for the participants to answer each
stressor question. After solving each stressor question, the participants could see their current stand-
ings, which put them under competition stress. After collecting the EEG data from 50 participants,
we performed stress detection by employing subject-dependent and subject-independent evaluation

strategies. Subject-dependent evaluation strategy is one in which the same participant data is used



in the training and testing phases, whereas subject-independent evaluation strategy utilizes data
from different participants to evaluate the model’s performance in the testing phase. For subject-
dependent evaluation, we employed 10-fold cross-validation, and for subject-independent evalua-
tion, we used the Leave-One-Subject-Out (LOSO) cross-validation strategy. In the LOSO cross-
validation strategy, the model is trained on the remaining subjects after leaving one subject out;
the left-out subject is used to test the model’s performance in the testing phase. We evaluated five
different classifiers, namely Naive Bayes, Random Forest, Support Vector Machine (SVM), Long
Short Term Memory (LSTM), and Convolutional Neural Network (CNN), by using both subject-
dependent and subject-independent evaluation strategies and investigated the difference in results
obtained by the two evaluation strategies. Most of the literature has performed stress detection us-
ing EEG by employing subject-dependent evaluation. The biggest drawback that subject-dependent
evaluation contains is subject bias, due to which it is not a practical approach. Subject-independent
evaluation strategy removes subject bias and is a more practical approach. We proposed a two-
stage deep learning model consisting of the fully connected autoencoder and bidirectional LSTM
model with an attention-based mechanism to improve the performance evaluation metrics of subject-
independent evaluation by employing LOSO cross-validation strategy. We compared the cognitive
capacity of the best-performing and worst-performing groups of our study based on the brain waves.
We made two groups of 10 participants each, one consisting of best performers, whereas the other
group consisted of bad performers. We investigated which brain wave ratio can differentiate be-
tween the best and worst performing groups. We employed statistical tools such as line graphs and
Mann-Whitney U test to perform this comparison. Kahoot assigns scores to participants based on
time taken and is a continuous value. We predicted the scores assigned to participants by Kahoot,
and since the assigned scores were continuous, the problem was framed as a regression. We im-
plemented a random forest regressor model to predict the scores of participants assigned by Kahoot

and achieved a root mean square value of 1.18.

1.2 Contributions

Our main contributions follow:



* We recorded EEG data from 50 participants to perform EEG-based multistage stress classifi-
cation. To the best of our knowledge, this is the dataset with the highest number of participants

for multistage stress classification.

* The dataset has been shared with the public research community, which is publicly available

[29].

* We performed multistage stress classification by employing subject-dependent and subject-
independent evaluation strategies and investigated the difference between evaluation strate-

gies.

* We proposed a two-stage deep learning model using a fully connected autoencoder and a
bidirectional LSTM model with an attention-based mechanism and achieved a binary classi-

fication accuracy of 83% and 66% accuracy for three-stage stress classification.

* We compared the cognitive capacity of the best and the worst-performing groups of our study
using their brain waves and established a random forest regressor model to accurately predict

the scores of participants.

1.3 Thesis Overview

The rest of the thesis is organized as follows: Chapter 2 covers the literature review that has been
conducted on stress detection using EEG. Chapter 3 briefs about the background, throwing light on
topics such as brain and brainwaves, stressors, statistical analysis, and machine learning. Chapter
4 illustrates the methodology of our work, explaining topics such as data recording, preprocessing,
feature extraction, classifiers, and performance evaluation metrics that have been used. Chapter 5
reports the results obtained, which will be further discussed in Chapter 6. Chapter 7 concludes the

thesis while directing towards future work.



Chapter 2

Literature Review

In this chapter, we will cover the literature that has been conducted in the domain of stress

detection using EEG. We will also highlight the limitations of the existing works.

2.1 Acute stress detection

This section will cover the literature on short-term stress.

Cambay et al. [30] collected a new dataset from 310 participants who were the victims of an
earthquake in Turkey by employing a 14-channel Emotiv Insight EEG headset at a sampling fre-
quency of 128 Hz. The authors proposed a new explainable feature engineering (XFE) model to
automatically detect stress. Participants were divided into stressed and control groups, containing
150 and 160 participants, respectively. Participants belonging to the stressed group were shown a 3-
minute earthquake video, whereas the participants from the control group were shown a meditation
video. This study achieved binary classification accuracies of 92.95% and 73.63%, using 10-fold
and LOSO cross-validation strategies, respectively. The authors employed KNN based on the t al-
gorithm (tkNN) as a classifier. Ince et al. [31] proposed a new explainable feature engineering by
introducing a novel feature extraction function called Cubic pattern that uses coding channels to
form three-dimensional feature vectors. The authors utilized the same dataset and achieved a binary
classification accuracy of 96.29% and 76.17% for 10-fold and LOSO cross-validation strategies,

respectively.



Ghosh et al. [32] collected a dataset from 40 participants by employing a 32-channel Emotiv
Epoch EEG headset at a sampling frequency of 128 Hz. Three stressors, namely the Stroop color-
word test, mental arithmetic task, and symmetrical mirror images, were used to induce stress among
the participants. Between the stressors, relaxation music was played for the participants to relax
before moving to the next stressor. Savitzky-Golay filters were employed by the researchers to
remove baseline drifts from the collected EEG data. Artifacts were removed from the data by using
wavelet thresholding.

Afify et al. [33] proposed a VGGish-CNN-based model to perform multistage stress classifi-
cation based on EEG. The authors used the SAM40 [32] dataset, which contains three different
stressors and a relaxation state. The study utilized a deep learning VGGish architecture to extract
features for the CNN classifier to perform multistage stress classification. The authors achieved an
accuracy of 99.25% for four-stage stress classification. This study also investigates the results of
five-fold cross-validation to generalize the results.

AlShorman et al. [34] performed a real-time stress detection based on EEG by using SVM as
a classifier. EEG data was collected from fourteen participants using 128-channel EGI’s Geodesic
system. EEG was converted into the frequency domain using Fast Fourier Transform. Participants
were divided into stressed and control groups. The participants from the stressed group have to keep
their dominant hand in ice water for a duration of 60 seconds. Participants were provided with the
depression anxiety stress scale (DASS) both before and after the experiment to self-evaluate their
stress. The proposed SVM classifier achieved an accuracy of 98.21% for subject-wise classification.

Phutela et al. [35] collected EEG data from 35 participants using a four-channel Muse EEG
headband at a sampling frequency of 256 Hz. Hindi movie clips were used to induce stress among
the participants. The authors employed the Fast Fourier Transform signals provided by the Muse
device to perform their analysis. A study compared two models, namely LSTM and Multilayer
Perceptron (MLP), to perform stress classification. LSTM outperformed MLP and achieved a clas-
sification accuracy of 93.17%.

Jun et al. [26] employed an SVM classifier to perform multistage stress classification by using
EEG. The data from 10 participants were collected employing a 14-channel Emotiv Epoch EEG

headset at a sampling frequency of 128 Hz. The Stroop color-word test and mental arithmetic task



were utilized as stressors. The experiment also had a resting stage where participants could rest
by keeping their eyes closed. The authors performed four-fold cross-validation and achieved an
accuracy of 75% for three-stage stress classification.

Hou et al. [36] proposed a real-time stress detection system based on EEG by employing SVM
as a classifier. The data was collected by using a 14-channel Emotiv Epoch EEG headset from 9
participants at a sampling frequency of 128 Hz. The Stroop color-word was utilized to induce three
levels of stress, and a resting state was also part of the experiment. The results were obtained by
employing a five-fold cross-validation strategy. SVM achieved a classification accuracy of 67.06%
for four levels of stress, for three levels of stress classification, the reported accuracy was 75.22%,

and a binary classification accuracy of 85.71% was achieved.

2.2 Stress in response to music track

This section will explore the studies that reported the effects of music on stress.

Asif et al. [27] investigated music as a stimulus to classify stress. EEG data was collected from
27 participants using a four-channel Muse EEG headband at a sampling frequency of 256 Hz. The
authors employed five sets of features to train models, namely absolute power values, relative power
values, coherence, amplitude asymmetry, and phase lag. Four different classifiers were compared,
including logistic regression (LR), multilayer perceptron (MLP), sequential minimal optimization,
and stochastic gradient descent. LR outperformed other classifiers by achieving the highest classi-
fication accuracies of 98.76% for two-level and 95.06% for three-level stress classification.

Bhatnagar et al. [37] proposed a deep learning model consisting of the EEGnet with CNN and
a Relu activation function to perform stress detection. EEG data was collected from 45 participants
from frontal, parietal, temporal, and central parts of the brain. The study employed music to detect
stress among the participants. The collected EEG data was converted into five bands, such as delta,
theta, alpha, beta, and gamma, by utilizing the wavelet transform. EEGnet with CNN achieved a

classification accuracy of 99.45% while utilizing the alpha band as a feature.



2.3 Chronic stress detection

This section throws light on papers that performed long-term stress detection.

Saeed et al. [25] collected EEG data from 33 participants in a closed eye position to perform
chronic stress classification. EEG data was collected for 3 minutes using a five-channel Emotiv
Insight EEG headset at a sampling frequency of 128 Hz. Participants were grouped into stressed and
control groups by employing the Perceived Stress Scale questionnaire and expert evaluation. Five
different classifiers, namely support vector machine, naive bayes, logistic regression, multilayer
perceptron, and k-nearest neighbors, were employed for performing long-term stress classification.
SVM and LR achieved the highest classification accuracy of 85.20%.

Arsalan et al. [28] proposed an EEG dataset for perceived stress classification. Data was col-
lected before and after activity from 28 participants by employing a 4-channel Muse EEG headband
at a sampling frequency of 256 Hz. In the activity phase, participants have to present a topic in front
of the audience. The Perceived Stress Scale (PSS) questionnaire was utilized to label the stress
levels of the participants. Three classifiers, namely support vector machine, naive bayes, and mul-
tilayer perceptron, were employed by the authors to perform perceived stress classification. MLP
outperformed other classifiers by achieving 89.28% for two-level and 60.71% for three-level per-
ceived stress classification using 10-fold cross-validation, and 92.85% for two-level and 64.28% for

three-level perceived stress classification using leave-one-out cross-validation.

2.4 Limitations of previous works

Although a lot of studies have performed stress detection using EEG and achieved very high
performance evaluation metrics but they employed subject-dependent analysis to evaluate the per-
formance of classifiers. Subject-dependent analysis contains subject-bias, and the results do not
generalize to unseen participants’ data. Very few papers exist [30], [31] that have performed stress
detection employing subject-independent evaluation by using LOSO cross-validation strategy and
reported only results for binary classification. We do not only achieved a higher accuracy using
subject-independent analysis by employing LOSO cross-validation strategy compared to the litera-

ture, but also performed a three-stage stress classification using subject-independent analysis that is



not reported in the literature, to the best of our knowledge.



Chapter 3

Background

This chapter will cover the background by outlining the brain and the brain waves, followed by
an explanation of the stressors. We will also explore the basics of statistical analysis and machine

learning.

3.1 Brain and Brainwaves

The brain is the central and most important part of the central nervous system. The brain com-
municates with other parts of the body through neurons. Neurons emit electrical potential when
communicating with each other. EEG measures this electrical potential from the scalp.

There are five types of brain waves, namely delta, theta, alpha, beta, and gamma. Delta brain
frequency lies between 0.5 Hz to 4 Hz. It is the lowest frequency brain wave that is highly active
during deep sleep and low consciousness. Theta is a brain wave whose frequency is higher than the
delta wave but lower than the alpha wave. Theta brain wave frequency lies between 4 Hz to 8 Hz.
It is highly associated with light sleep, inhibition, and emotional stress in adults. Alpha is a brain
wave that is highly associated with relaxation. It has a frequency range between 8 Hz to 12 Hz. It
has a lower frequency than a beta wave. Beta wave frequency ranges between 12 Hz to 30 Hz. It
is highly active during learning and problem-solving. Gamma is the highest frequency brain wave,
having a frequency higher than 30 Hz. It is highly active during complex problem solving and is

also associated with intelligence.
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3.2 Stressors

The following are the most widely used stressors in the literature.

3.2.1 Stroop color-word test

In the Stroop color-word test [20], the participants are supposed to identify the color of the ink
with which the words are printed. It is a very effective psychological test and is widely employed
by researchers to put participants under stress. The fact that the participants have to name the color
of the ink rather than the words puts them under psychological stress. The following Figures 3.1,

3.2,3.3, 3.4, and 3.5 depict the examples of Stroop color-word test.

Green, Orange, Pink, Blue

A Green, Orange, Pink, Blue & Green, Pink, Purple, Blue

@ Creen, Blue, Orange, Pink W Green, Orange, Pink, Black

Figure 3.1: Stroop color-word test example 1.

Black, Purple

A Red, Yellow, Blue, Purple & Red, Yellow, Black, Purple

@ Red, Black, Yellow, Blue B Red, Black, Pink, Blue

Figure 3.2: Stroop color-word test example 2.

11



Brown, Blue, Red, Green

A Blue, Brown, Green, Red 4 Brown, Red, Blue, Green

@ Brown, Black, Red, Green B Brown, Blue, Red, Green

Figure 3.3: Stroop color-word test example 3.

White, Black, Orange

A Blue, White, Black, Orange & Yellow, White, Green, Orange

@ Yellow, Black, Green, Blue m Yellow, Green, Blue, Black

Figure 3.4: Stroop color-word test example 4.

3.2.2 Mental arithmetic test

It is another very widely used stressor in literature [21], [22]. It consists of questions based
on mathematical operations such as addition, subtraction, multiplication, and division. It can also
contain puzzles based on the same operations. The following Figures 3.6, 3.7, 3.8, 3.9, 3.10, 3.11,

and 3.12 depict the examples of mental arithmetic task.
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Yellow, Red, Black, Purple

A Yellow, Red, Blue, Purple & Green, Red, Black, Purple

@ Green, Yellow, Blue, red m Yellow, Red, Black, Purple

Figure 3.5: Stroop color-word test example 5.

2122-1044=?

Figure 3.6: Mental arithmetic task containing subtraction.

Figure 3.7: Mental arithmetic task containing addition.
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153+9+2=?

Figure 3.8: Mental arithmetic task containing division and addition.

Figure 3.9: Mental arithmetic task containing multiplication and addition.

1080-140+28="?

Figure 3.10: Mental arithmetic task containing subtraction and addition.

14



What is the half of two plus two?

Figure 3.11: Mental arithmetic task containing statement.

The total value of a pencil and an eraser
is $1.10. The value of the pencil is $1
more than the eraser. What is the value
of the eraser?

Figure 3.12: Mental arithmetic task containing problem.
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3.2.3 Cold pressor test

In the cold pressor test [23], participants keep their hands inside ice-cold water. The duration
for which they have to keep their hands depends on the requirements of the experiment. It includes

discomfort for the participants, which is why we did not consider it.

3.2.4 Trier social stress test

In the trier social stress test [24], participants prepare a topic and they have to present it in front
of the people. The fact that the people will evaluate the presenters puts them under psychological

stress.

3.3 Statistical analysis

Statistical tools [38] are used for data analysis, such as mean, mode, and standard deviation. It
can also be used to visualize data by employing line graphs. It can be used to verify hypotheses by

utilizing tools such as p-values, confidence intervals, and Z-scores.

3.4 Machine learning

Machine learning [39] employs statistical models to learn the patterns present in the data to
make decisions automatically. Machine learning can be divided into supervised and unsupervised
learning based on the data provided to the model. Supervised machine learning models require
the data to be labelled, whereas in the case of unsupervised learning, the data is unlabeled that is

provided to the model.

3.5 Muse S EEG headband

We employed Muse S EEG headband to collect the participants’ EEG data [40]. Muse S has four
EEG sensors located at the positions TP_9, AF_7, AF_8, and TP_10. Each sensor is responsible for

collecting EEG data from a specific position of the scalp. Muse S collects EEG data at a sampling
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frequency of 256 Hz. Muse headband consists of the headband and sensors illustrated through the

Figures 3.13 and 3.14.
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Muse S EEG Headband.

Figure 3.13
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Figure 3.14: Muse S EEG Headband Assembled.
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Chapter 4

Methodology

This Chapter outlines the methodology of our study by illustrating the experimental procedure
to collect EEG data and removing noise from the collected data. We will also discuss the feature
extraction step, followed by the classifiers employed for the multistage stress classification. At
last, we will address the performance evaluation metrics used to evaluate the performance of the

employed classifiers.

4.1 Experimental Procedure

We recruited 50 participants for our multistage stress classification study based on EEG. All the
participants were part of Concordia University. There were 30 males, 19 females, and 1 unknown.
This study was approved by the Human Research Ethics Committee of Concordia University under
certificate number 0020206. We employed two different stressors, namely the Stroop color-word
test and the Mental arithmetic task. The experiment was divided into two parts: the first part com-
prising the Congruent Stroop color-word test and an easy mental arithmetic task, whereas the second
part contained the Incongruent Stroop color-word test and a difficult mental arithmetic task. Each
part consisted of the 15 stressor questions. The stressor questions were hosted in Kahoot [41], which
is an online free gaming platform with a countdown approach that we utilized in our experiment to
control the difficulty levels of stressor questions. Participants had to answer stressor questions in a

limited time, such as 5, 10, or 20 seconds depending on the difficulty level of the stressor question.
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Featuye
Extraction

EEG Data

C s Pre-pr n
Acquisition c-processing

Classiﬁcation)

Figure 4.1: Pipeline for stress classification using EEG.

EEG data was collected using Muse S [40] EEG headband at a sampling frequency of 256 Hz.
Muse S EEG headband is designed according to the 10-20 international standard for placing the
electrodes. Muse S has four channels, namely TP9, AF7, AFS8, and TP10. Each of these sensors
collects the required EEG data from the specific location of the scalp. All the participants were
briefed about the experiment and the Muse EEG headband. Participants were provided with the
voluntary informed consent to read and then sign it. After the participants signed the consent forms,
the EEG headband was placed on their heads. The good quality of the EEG sensors was confirmed
using the Mind Monitor app. The Mind Monitor application connects with the Muse EEG headband
with the help of Bluetooth. The Mind Monitor application was also utilized to collect EEG data
from the Muse headband and then send it to the drive for further processing. After Mind Monitor
confirmed the good quality of all four EEG sensors, we moved towards the next step, which was data
collection. Figure 4.1 outlines the pipeline followed by our multistage stress classification based on

the EEG signal.

4.2 EEG dataset collection

This section summarizes the EEG dataset collection across different phases, which is publicly

available [29].

4.2.1 Voluntary Consent Form

A voluntary consent form was provided to all the participants to read and then sign. The in-
formed consent contained information regarding the purpose of the experiment, procedures in-
volved, risks and benefits of the experiment, and that the participants can withdraw from the ex-

periment at any time.

21



4.2.2 Warm-up

Our EEG data collection starts with the warm-up phase. It was included in the experiment to
familiarize people with the experiment. It consisted of four questions: two questions were based on
the Stroop color-word test, and the remaining two stressor questions consisted of a mental arithmetic

task. We did not collect EEG data in the warm-up phase. The Figure 4.2 depicts the participant who

was ready to start the experiment.

Figure 4.2: Participant Ready to Start the Experiment.

4.2.3 First Relaxation Phase

After the warm-up section, we moved towards the first relaxation phase. Relaxing music [42]
was played for 2 minutes, and the participants were asked to listen. The main purpose of this phase
was to establish a baseline of relaxation before moving to the first part of the experiment. EEG

dataset collection was started from this phase.

22



Orange, Blue, Pink, Green

A Orange, Pink, Blue, Green & Orange, Purple, Red, Blue

@ Orange, Blue, Pink, Green B Orange, Red, Pink, Purple

Figure 4.3: Congruent Stroop color-word test.

Figure 4.4: Easy mental arithmetic task.
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4.2.4 Medium Stress Phase

This was the first part of the experiment. It consists of the congruent Stroop color-word test and
an easy mental arithmetic task. The congruent Stroop color-word test is the one in which the color
of the ink of the printed word matches the name of the word. It consisted of 15 stressor questions
with a countdown approach. The Figure 4.3 presents an example of Congruent Stroop color-word
test, whereas Figure 4.4 depicts the easy mental arithmetic task. After this phase, we moved towards

the second relaxing phase.

4.2.5 Second Relaxing Phase

After completing the first part of the experiment, we moved towards the second relaxing phase.
Relaxing music [43] was played for two minutes, and the participants were asked to listen. Relaxing
music was played to establish a baseline of relaxation before moving towards the last part of the

experiment.

Black, White, Purple, Red

A Black, Blue, Red, Purple & Black, White, Blue, Red

@ Red, Pink, Purple, Blue B Red, Blue, Pink, Black

Figure 4.5: Incongruent Stroop color-word test.

4.2.6 High Stress Phase

This was the second part of the experiment. It contained the Incongruent Stroop color-word
test and a difficult mental arithmetic task. Incongruent Stroop color-word test is the one in which

the color of the ink of the printed word is different from the name of the word. There were a few

24



7, 14, 42, 168, ?

Figure 4.6: Difficult mental arithmetic task.

puzzles in a difficult mental arithmetic task. There were 15 stressor questions with a countdown
approach. The countdown time was lower compared to the medium stress phase to induce higher
stress. The Figure 4.5 presents an example of the Incongruent Stroop color-word test, whereas
Figure 4.6 depicts the difficult mental arithmetic task. After this phase, we moved towards the last

stage of the data collection.

4.2.7 Third Relaxing Phase

Again, relaxing music [44] was played for two minutes, and participants were asked to listen.
The aim behind this phase was to establish a baseline of relaxation. This phase concludes the data
collection. The experiment was performed only once. After the completion of the data collec-
tion phase, the EEG headband was removed from the heads of the participants. Participants were
asked to fill self-evaluation questionnaire. Self-evaluation questionnaire was designed using Google
Forms. Each participant filled out the self-evaluation questionnaire, asking questions regarding the
levels of stress they observed during different parts of the experiment. We included filled question-
naires of our five participants in the Appendix A.

We designed our experiment in a way so that participants would perceive no stress during relax-
ation phases, medium stress during the first part of the experiment, and high stress during the second
part of the experiment. In the self-evaluation questionnaire, most of the participants confirmed that

they perceived stress in the same order that we designed it. Hence, our EEG dataset contains three
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stress states: relaxation, medium stress, and high stress. Relaxation-related data was collected dur-
ing three relaxation phases of the experiment, medium stress-related data was recorded during the
first part of the experiment, and high stress-related data was gathered during the second part of the

experiment. After the data collection phase, we moved towards the preprocessing stage.

4.3 Preprocessing

The collected EEG contains artifacts such as jaw clenching, eye blinking, and muscle move-
ments. These artifacts should be removed before data analysis because they decrease the signal-to-
noise ratio. Preprocessing makes our data readily available for further analysis. This study utilized
the Muse S EEG headband for data collection. Muse S records data at a sampling frequency of
256 Hz. The Mind Monitor application was used to collect EEG data from the Muse headband. It
connects with the Muse headband through Bluetooth. The data was sent through the Mind Monitor
application for further processing. The Muse headband provides both raw and preprocessed EEG
data. Muse has an in-built module for performing preprocessing and removing artifacts from the

collected EEG data.

4.3.1 Preprocessing by Muse

Preprocessing removes unwanted noise from the EEG signal and is an important step before
performing feature extraction. Muse EEG headband provides both raw and preprocessed EEG data.
Muse has an inbuilt notch filter that eliminates electrical power noise from recorded EEG data
ranging between 45 Hz to 64 Hz [27]. Muse provides EEG data after removing noise at a sampling
frequency of 256 Hz, with a 2uV root mean square value of noise [27]. It has a Driven Right Leg
(DRL) circuit between the frontal and Fpz electrode that actively cancels the noise. DRL circuit
provides feedback regarding the contact quality between electrodes and the scalp and is responsible
for providing clean EEG data. Muse computes three parameters, such as amplitude, variance, and
kurtosis, from the EEG data and provides them to the decision tree classifier, which classifies the
signals with low values for these parameters as clean. Muse converts raw EEG data from the time

domain to the frequency domain by employing Fast Fourier Transform with the help of an onboard
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digital signal processing module. It provides five bands in the frequency domain, such as delta,

theta, alpha, beta, and gamma.

4.3.2 Preprocessing Phase

This section illustrates the steps followed to preprocess raw EEG data. EEGLab [45] was em-
ployed to remove unwanted noise and preprocess raw EEG data. It is an open-source tool that is
widely utilized in neuroscience studies to perform preprocessing of the raw EEG data. The EEGLab
toolbox is also widely used to visualize EEG data. It can also perform segmentation, plot the fre-
quency spectrum, and be employed for the analysis of EEG data. It contains modules to perform
Baseline correction, filtering, interpolation, and Independent Component Analysis (ICA) of the raw
EEG data. We performed the following preprocessing steps to remove artifacts and preprocess raw

EEG data.

4.3.3 Baseline Correction

It is a very important step in preprocessing and usually the first one that removes unwanted
drifts from the raw EEG data. It is a crucial step because it improves the signal-to-noise ratio by
eliminating unwanted DC offsets present in the raw EEG data. DC offset can occur due to the
poor contact between electrodes and the scalp. It standardizes recorded EEG data by removing the
impacts of the impedance of electrodes that can introduce different DC offsets across different trials.
EEGLab has a module to perform Baseline correction and remove the unwanted DC offsets present

in the raw EEG data.

4.3.4 Filtering

Filtering is another important preprocessing step that removes unwanted frequency components
from raw EEG data. Artifacts can be present in the raw EEG data in the form of low-frequency
drifts. Electromagnetic interference causes power line noise in the recorded EEG data. Filtering
removes both low-frequency drifts and power line noise. It improves the signal-to-noise ratio of the
recorded EEG data by removing unwanted artifacts. We designed a bandpass filter to remove the

unwanted frequencies and only keep the frequency range that we are interested in. We set the high
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Figure 4.7: Filtered EEG data.

cutoff frequency at 0.5 Hz and the low cutoff frequency at 50 Hz for our bandpass filter. EEGLab
has a Finite Impulse Response filter that we utilized to design our bandpass filter. The Figure 4.7

depicts the filtered EEG data.

4.3.5 Interpolation

When recording EEG data, sometimes the contact between the electrodes of the EEG headband
and the scalp is lost, which causes the EEG data to be lost. It is indispensable to fill in the lost
EEG data before performing analysis on the data. Interpolation is the preprocessing technique that
accounts for the problem of lost EEG data during recording. Interpolation can employ various tech-
niques to fill in the empty or lost data present in the recorded EEG data. EEGLab has a module to
perform interpolation and allows for two different types, namely linear and spline interpolation. Lin-
ear interpolation assumes a straight-line relationship between neighboring electrodes and employs
the neighboring sensor values to account for the missing values of the bad sensor. Spline Inter-
polation employs a smooth curve between neighboring sensors and utilizes the neighboring sensor
values to fill in the missing values for the bad sensor. We employed spline interpolation to fill the
missing values because it keeps the smoothness of the recorded EEG data intact. Spline interpolation
can capture complex spatial relationships between neighboring sensors, which is indispensable for

EEG data analysis. Linear Interpolation is only capable of capturing a linear relationship between
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Figure 4.8: Independent Component Analysis (ICLabel).

4.3.6 Independent Component Analysis (ICA)

It is one of the most important steps in the preprocessing because it removes artifacts such as jaw
clenching, eye blinking, and muscle movements, etc. from the recorded EEG data. It decomposes
a mixed source of signal into its individual components. It improves the signal-to-noise ratio by
removing unwanted signals present in the raw EEG data. EEGLab has many functions, such as
Jader, Infomax, and SOBI, etc., that allow for the ICA decomposition. We opted for Infomax to
perform ICA on the recorded EEG data. EEGLab offers an ICLabel plugin that automatically labels
the artifactual components, such as power line noise, eye blinking, and muscle movements, etc.,
present in the recorded EEG data. It is mandatory to first employ ICA to decompose the EEG signal
into its various ICA components; only then ICLabel can be utilized to automatically label those
artifactual components. It classifies artifactual components into seven distinct categories, such as
Brain, Eye, Heart, Muscle, Channel Noise, Line Noise, and Others. It classifies the components with
a probability of more than 90% of being in the muscle or eye artifacts. The artifactual components

that were labelled by ICLabel were removed from the recorded EEG data by employing the artifact
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rejection module present in EEGLab. The Figure 4.8 depicts the brain components for some of the
participants by employing ICLabel. ICA marks the end of the preprocessing phase; next, we moved
towards the feature extraction step.

Although we collected data from 50 participants, Muse S could not record data for 4 participants
reliably. Muse S malfunctioned while recording data for those 4 participants, and because of that,
most of the data was lost, and the recorded data for those 4 participants was not reliable. Because
of that, we did not consider those 4 participants while doing the analysis. The analysis of this study

is based on the remaining 46 participants’ data.

4.4 Feature Extraction

After performing preprocessing, the next step was to extract features required to train classi-
fiers for performing multistage stress classification. The raw EEG data was in the time domain we
needed to convert it to the frequency domain. We employed the Discrete Fast Fourier Transform to
convert the time domain signal to the frequency domain signal. The Fast Fourier transform provides
us with the frequency spectrum of the signal, providing insights about the frequency components. It
provides the frequencies and the corresponding amplitudes at those frequencies. We have to com-
pute the power spectral density (PSD) from the provided frequencies and amplitudes. We obtained
the PSD using the Pwelch and Pburg [46] methods present in MATLAB. After obtaining the PSD,
the power for the specific bands of interest such as delta (0.5Hz — 4Hz), theta (4Hz — 8Hz), alpha
(8Hz — 12Hz), beta (12Hz — 30Hz), and gamma (30Hz — 50Hz) can be obtained by integrating the
PSD over specified frequency ranges. Muse S EEG headband has four sensors for collecting EEG
data located at the positions TP9, AF7, AFS8, and TP10. There were five brain wave band power
values from each sensor. So, there were 20 power band values in total. After receiving the power
band values, we performed a statistical analysis to observe the relationship between different power

band values.
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4.4.1 Feature extraction for subject-dependent analysis

Statistical features were computed from the power band values by employing statistical mea-
sures such as min, max, mean, and standard deviation. Min represents the smallest value present
in the dataset, whereas max denotes the largest value present in the dataset. Min and max together
provide insight into the range of the dataset, which highlights the spread of data points. Mean pro-
vides the average of the data points present in the dataset. It is the measure of the central tendency
of data points. Standard deviation illustrates the spread of the data points of the dataset from the
mean. Lower standard deviation means most of the data points are closer to the mean, whereas a
larger standard deviation means the data points are spread out over a wider range from the mean.
The extracted features are represented through the Table 4.1. We computed min, max, mean, and

standard deviation over a sliding window of 1 second.

Sr.  All brain waves (Delta, Theta, Alpha, Beta, Gamma)

1 Minimum

2 Maximum

3 Mean Features
4  Standard Deviation

Table 4.1: Feature Extracted for Subject-Dependent Analysis

4.4.2 Feature extraction for Autoencoder and LSTM model

When we employed statistical features for the subject-independent evaluation, we could not
achieve good values for performance evaluation metrics. Hence, we have to compute other fea-
tures to capture indispensable patterns present in the time series EEG data to train the model. The
following were the features computed for the autoencoder and LSTM-based model.

Power band Values: Mean of the power band values of all five brain waves, such as delta,
theta, alpha, beta, and gamma, from the four sensors were computed to train the autoencoder and
LSTM-based model. Entropy: Entropy measures the complexity, unpredictability, and uncertainty
present in a signal with respect to time. We employed the Shannon Entropy function to compute
Entropy features from time series EEG data. Phase difference: It is the difference in phase be-

tween signals captured from different sensors. In terms of EEG, it represents the offsets between
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brain waves captured from different sensors. We utilized the Hilbert Transform to compute the in-
stantaneous phase of the brain waves. When we subtract the instantaneous phase of one brain wave
from the other brain wave, we obtain the phase difference between the two brain waves. Phase
Locking Value: It implies the consistency of the phase difference between brain waves captured
from different sensors over time. We employed the Hilbert transform to calculate phase locking
features between brain waves. Coherence: It is a correlation between brain signals in the frequency
domain. It represents how consistently the phase and amplitude of the brain waves remain at a spe-
cific frequency. We employed the SciPy library to compute the coherence features. The extracted
features are represented through the Table 4.2. Power band values, entropy, phase difference, phase
locking value, and coherence were computed by employing a sliding window of 2 seconds with a

step size of 1 second.

Sr.  All brain waves (Delta, Theta, Alpha, Beta, Gamma)

1 Power band values

2 Entropy

3 Phase difference Features
4 Phase locking value

5  Coherence

Table 4.2: Feature Extracted for Autoencoder and LSTM model

4.4.3 Feature extraction for score prediction

Statistical features could not perform well when employed for the score prediction. We per-
formed feature engineering to obtain the feature that will generate the least error when employed
as a feature to train the random forest regressor model. We started considering different ratios
for the power band values. We tried almost all the possible combinations of ratios for brain wave
power band values. We performed feature engineering only on a small portion of the EEG dataset
to avoid data leakage. When we added alpha and gamma brain waves power band values and
divided them by the sum of delta, theta, and beta brain waves, gave us the least error when em-
ployed as a feature. There is a reason behind this feature generating the least error. Alpha is

highly associated with the focus, and gamma is related to intelligence. Whereas delta, theta are
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low-frequency brain waves that are associated with low consciousness and inhibition. The alpha
and beta ratio is associated with stress, where a higher beta indicates more stress. Hence, we uti-
lized (Alpha+Gamma)/(Delta+Theta+Beta) as a feature to train the random forest regressor model
to accurately predict the scores of the participants.

Stressor questions were hosted in Kahoot. Kahoot offers a countdown approach, meaning that
the stressor questions should be answered within the specified time. Once the countdown is finished,
Kahoot will not take the answer and will assign a zero score for that particular stressor question.
Participants will get a score from Kahoot only when they answer correctly within the specified time.
Scores also depend on the time taken: If the participants take more time to answer correctly, they
will achieve a lower score compared to the participants who take less time to answer correctly. Be-
cause of this, the score of participants also depends on the time taken. The fact that Kahoot assigns
more score to participants who take less time to answer correctly is related to intelligence. Intelli-
gent participants should take less time to answer correctly compared to less intelligent participants.
Intelligence and time have a relation that has been studied in the literature [47], and Kahoot also
utilizes the notion. Hence, we considered the time taken as a feature to train the random forest
regressor model. We employed a ratio of the power band values of the brain waves and time taken
to train the random forest regressor model to predict the scores of the participants. The extracted

features are represented through the Table 4.3.

Sr. Features

1 (Alpha+Gamma)/(Delta+Theta+Beta)
2 Response time

Table 4.3: Features Extracted for Score Prediction

4.5 Machine learning models

This section will discuss the classifiers employed in the study to perform stress detection.
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4.5.1 Naive Bayes (NB)

NB [48] belongs to the family of probabilistic models and is a supervised machine learning
model. It is employed by researchers to perform classification. It assumes that the features are
conditionally independent while performing classification. It accurately classifies when the features
have low correlation and are linearly independent. Naive Bayes can be effectively applied to perform
stress classification of high-dimensional data, such as EEG, containing data from multiple sensors.
We implemented a Naive Bayes classifier using the Scikit-learn library of Python. We employed

StandardScaler to normalize the features and standardize the data.

4.5.2 Random Forest (RF)

RF [49] is an ensemble learning model that can be employed for both classification as well as
regression problems. It is also a type of supervised machine learning model that works by training
multiple decision trees. In classification problems, the target variable is the one with the majority
of the votes received from the decision trees, whereas in the regression problem, the output is the
average of all the decision trees. It also solves the problem of overfitting associated with decision
trees. It employs several decision trees that make it robust to noise. It handles the complex fea-
tures present in high-dimensional time series EEG data by creating multiple decision trees. We
employed Python’s Scikit-learn library to implement an RF model. The features were normalized

by employing StandardScaler.

4.5.3 Support Vector Machines (SVM)

SVM [50] is also a supervised machine learning algorithm that classifies by finding an optimal
line called a hyperplane that maximizes the distance between each class. It is one of the most famous
classifiers, widely employed by researchers in classification problems. It performs multistage stress
classification by finding a hyperplane that maximizes the distance between each stress class. We
implemented an SVM model using Python’s Scikit-learn library. Features were standardized by
employing the StandardScaler class from the Scikit-learn library. We used a linear kernel while

implementing the SVM classifier.
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4.5.4 Long Short-Term Memory (LSTM)

LSTM [51] is a type of Recurrent Neural Network (RNN) that accounts for the problem of
large data handling in traditional RNNs by only keeping the data that is relevant to the problem
at hand. EEG is a high-dimensional time series data containing electrical activities from multiple
sensors located at different positions of the scalp. The current electrical activity occurring inside
the brain can be dependent on the electrical activities that have already occurred. It makes EEG
sequential data, and LSTM is designed to capture temporal patterns present in the sequential data.
We implemented a single-layer LSTM model that was responsible for processing the sequential time
series EEG data. There were two fully connected layers for performing the classification task. There
was a Relu activation function as well to add nonlinearity in the network. We employed PyTorch to

implement the LSTM model. StandardScaler was utilized for feature normalization.

4.5.5 Convolutional Neural Network (CNN)

CNN [52] is a deep learning model that is widely employed in image classification problems;
now, researchers have successfully applied it to solve classification problems in other domains [53].
It consists of a convolutional layer that applies the convolution operation on the input data. It is
very effective in capturing complex spatial relationships between features. EEG contains high-
dimensional data from various sensors located at different positions of the scalp. The relationship
between these sensors is called a spatial relationship, and CNN can efficiently capture this spatial
relationship. It can also capture the temporal patterns present in the time series EEG data. Hence,
CNN can accurately classify the high-dimensional EEG data. We implemented a 1D CNN having
2 layers by employing the Pytorch library. Features were normalized by using the StandardScaler

class.

4.5.6 Autoencoder and LSTM-based model with Attention Mechanism

When we performed subject-independent evaluation to remove subject bias by employing the

LOSO cross-validation strategy, all the classifiers, NB, RF, SVM, LSTM, and CNN, performed
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poorly. We implemented a two-stage deep learning model: the first stage consists of the fully con-
nected autoencoder [54], whereas the second stage consists of the bidirectional LSTM model with
an attention mechanism. An autoencoder is a deep learning model that can learn the compressed
representation of input data. It encodes the input data to a lower dimension and then regenerates the
data with minimal loss of information. Input was provided to the autoencoder for feature extraction
and dimensionality reduction. Autoencoder while compressing the input data also removes noise
and redundant data. It keeps the data that contains patterns that are indispensable for the classi-
fication task. It can learn non-linear relationships present in the input data, such as EEG. When
we feed the output of the autoencoder, which contains cleaner and reduced-dimensional data, it
helps and improves the classification ability of classifiers such as LSTM to capture the temporal
patterns present in EEG data. Consequently, it is employed by the researchers to perform stress
detection [55].

LSTM is also a deep learning model that we employed as the classifier to perform the stress
classification, and we evaluated the model using LOSO cross-validation strategy. We employed a
bidirectional LSTM model with two layers to perform the classification task. We also employed
an attention mechanism to highlight the indispensable time steps present in the time series EEG
data. We implemented a two-stage deep learning architecture with the help of Python’s Scikit-learn
library. Autoencoder was compressing the input to 64 dimensions, the hidden size for the LSTM
model was 128, and the learning rate was 0.001. All these optimal hyperparameters were found
using grid search. Relu activation function was used to add nonlinearity, and the Adam optimizer

was employed to update the model weights after each batch.

4.6 Classification Metrics

The following are the performance evaluation metrics [56] employed to test the model’s perfor-

mance.
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4.6.1 Precision

It tells about how many positive predictions were correct out of all the positive predictions made
by the classifier. True Positive (TP) is the ability of the model to accurately predict the positive
class, whereas False Positive (FP) depicts that the model inaccurately predict the positive class.

False Negative (FN) depicts that the model could not detect the positive class.

TP

P .. _
TeC1S10Nn TP+ FP

4.6.2 Recall

It is the measure of the ability of the model to accurately catch the actual instances.

TP

Recall = ——
T TPIFN

4.6.3 Fl-score

It is the harmonic mean between recall and precision

2 x Precision * Recall
F1-score =

Precision + Recall

4.6.4 Accuracy

It tells about the model’s ability to accurately predict the target variable.

TP +TN

100
TP+TN+FP+FN

Accuracy =

37



4.7 Ethics Approval Procedure

To obtain the ethics approval, we completed the TCPS Core Certification. It is mandatory for
all researchers who will interact with human participants. The certificates were sent to Concordia’s
electronic ConRAD system. The Summary Protocol Form was also completed and submitted to
Concordia’s electronic ConRAD system. The Summary Protocol Form contained questions regard-
ing the usage of data, storage of data, compensation that will be provided to the participants, and
risks involved. Flyer of the experiment and voluntary consent form were also submitted to Concor-
dia’s electronic ConRAD system. After submitting all these documents, the Human Research Ethics

Committee of Concordia University issued us ethics approval under certificate number 0020206.
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Chapter 5

Results

This chapter will report the results of the correlation analysis between the extracted features.
We will also provide the results of the alpha over beta ratio during relaxation and cognitive task
modes, followed by the results of the multistage stress classification using subject-dependent anal-
ysis. We will also demonstrate the results of the comparison between SAM40 and our proposed
dataset by employing a CNN model. We will then report the classifier’s performance using subject-
independent analysis by employing the LOSO cross-validation strategy, followed by the results of
the two-stage deep learning model. We will also present the results of the comparison between good
and bad performers of our study using statistical tools such as line graphs and the Mann-Whitney U

test. We will also highlight the results obtained after performing score prediction.

5.1 Correlation between extracted features

We plotted the correlation heatmaps between extracted features. It represents the linear rela-
tionship between extracted features. A correlation heatmap was computed using the Pearson cor-
relation coefficient. Correlation heatmap between delta and theta is represented through the Figure

5.1, whereas correlation between beta and gamma is demonstrated through the Figure 5.2.
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Figure 5.1: Correlation between Delta and Theta brain wave features.
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Figure 5.2: Correlation between Beta and Gamma brain wave features.
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Figure 5.3: Alpha over Beta during relaxation.
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Figure 5.4: Alpha over Beta during a cognitive task.

5.2 Alpha over beta ratio during relaxation and cognitive task mode

The alpha over beta ratio was employed to evaluate the effectiveness of stressors employed in
our study. Alpha over beta should be high during relaxation compared to cognitive task mode. The
Figure 5.3 demonstrates an alpha over beta ratio during relaxation, whereas the alpha over beta ratio
is depicted through Figure 5.4 during cognitive task mode. From the figures 5.3, 5.4, it is obvious
that the alpha over beta ratio during relaxation was high compared to the cognitive task mode.

To indicate that there was a statistically significant difference in the alpha over beta ratio during
relaxation and cognitive task modes, we employed a Paired t-test with a significance value of 0.05
(alpha = 0.05). We computed the mean values of alpha over beta during relaxation and cognitive
tasks for each participant to use in a paired t-test. We computed T-calculated, p-value, effect size,
and statistical power as demonstrated in the Table 5.1. Since p is less than 0.05 p < 0.05, that
confirms that there was a statistically significant difference between the alpha over beta ratio during
relaxation and cognitive task modes. The Appendix B contains more examples of line graphs for
alpha over beta ratio during relaxation and cognitive task modes.

The paired t-test demonstrates that the participants’ alpha over beta ratio was higher during

relaxation compared to the cognitive task mode. After proving the effectiveness of stressors in
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‘ Significance Level ‘ T-statistic ‘ P-value ‘ Effect Size ‘ Statistical Power ‘

| 0.05 | -2.8871 | 0.006 | -04257 | 0.81 |

Table 5.1: Paired T-test

inducing stress among participants, we moved to perform multistage stress classification using a

10-fold cross-validation strategy.

5.3 Multistage stress classification using subject-dependent analysis

We performed multistage stress classification using subject-dependent analysis by employing
10-fold cross-validation. We utilized five different classifiers, namely NB, RF, SVM, LSTM, and
CNN. We employed performance evaluation metrics such as precision, recall, F1-score, and accu-
racy to evaluate the performance of the classifiers as depicted in the Table 5.2. From Table 5.2, it is
clear that CNN outperformed other classifiers by achieving the highest values for performance eval-
uation metrics such as precision, recall, F1-score, and accuracy. NB underperformed compared to
other classifiers by obtaining the lowest values for classification metrics demonstrated in the Table

5.2.

‘ Model ‘ Accuracy ‘ Precision ‘ Recall ‘ F1-score ‘

| NB | 738 | 068 | 071 | 069 |
| RF | 8846 | 085 | 083 | 084 |
| SVM | 9526 | 094 | 093 | 094 |
[ LSTM | 9975 | 1 | 1 | 1 |
| CNN | 999 | 1 | 1 | 1 |

Table 5.2: Classifiers Performance Metrics using 10-fold Cross-Validation

To remove the biased results, we shuffled the dataset before performing training. In 10-fold
cross-validation, the dataset is divided into ten equal parts; during each iteration, nine folds are
employed in the training phase, and the remaining one fold is used to test the model’s performance.
The process is repeated 10 times until each fold is used to test the model performance once. The

evaluation performance metrics are averaged from all 10 iterations of the test set and are provided
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as the model’s performance. It helps to generalize the model’s performance on unseen data because

each data point is used once to test the model’s performance.

5.4 Comparison between our proposed dataset and the SAM40 dataset

We employed CNN to perform a comparison between our proposed dataset and the SAM40
dataset. The SAMA40 dataset contains EEG data from 40 participants and is publicly available.
We evaluated the model’s performance on both datasets by utilizing classification metrics such as
precision, recall, Fl1-score, and accuracy, as illustrated in the Table 5.3. From the table 5.3, it is
evident that CNN obtained higher values for performance evaluation metrics when classifying our

proposed dataset compared to the SAM40 dataset.

Classification metrics ‘ Proposed dataset ‘ SAM40

| |
| Accuracy | 99.9 | 986 |
‘ Precision ‘ 1 ‘ 0.99 ‘
| Recall | 1 | 097 |
‘ F1-score ‘ 1 ‘ 0.98 ‘

Table 5.3: Comparison between Datasets

5.5 Multistage stress classification employing subject-independent anal-
ysis

Although subject-dependent analysis obtained very high values for performance evaluation met-
rics, the values cannot be generalized to unseen participants’ data. We performed a LOSO cross-
validation strategy to generalize our results to unseen participants’ data. We employed the same
performance evaluation metrics, such as precision, recall, F1-score, and accuracy, to report model
performance as presented in the Table 5.4. CNN and LSTM achieved the highest joint classifica-
tion accuracy of 52% as depicted in the Table 5.4. The performance evaluation metrics obtained by
all classifiers are very low compared to the classification metrics achieved through 10-fold cross-

validation by employing subject-dependent evaluation.
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‘ Model ‘ Accuracy ‘ Precision ‘ Recall ‘ F1-score ‘

| NB | 019 | 02 | 018 | 013 |
| RF | 05 | 048 | 042 | 041 |
| SVM | 048 | 045 | 043 | 04 |
|LSTM | 052 | 043 | 043 | 042 |
| CNN | 052 | 045 | 044 | 043 |

Table 5.4: Classifiers Performance Metrics using LOSO Cross- Validation

5.6 Autoencoder and LSTM model with Attention Mechanism

We implemented a two-stage deep learning model to improve the performance of subject-
independent analysis using the LOSO cross-validation strategy. The first stage consisted of a fully
connected autoencoder performing feature extraction and dimensionality reduction. The second
stage of the architecture contained a bidirectional LSTM model with an attention mechanism to
perform the classification task. We employed an attention mechanism to outline the most valuable
timesteps present in the EEG data. The proposed model was utilized to perform both binary and
multistage stress classification using subject-independent evaluation. The model obtained an accu-
racy of 83% for binary classification, as displayed through the Table 5.5, whereas for three-stage
stress classification model achieved an accuracy of 66% demonstrated through the Table 5.5. We
also reported other performance metrics such as precision, recall, and F1-score, presented in the

Table 5.5.

Performance Metrics ‘ Accuracy ‘ Precision ‘ Recall ‘ F1-score ‘

|
| Binary Classification | 083 | 083 | 082 | 082 |
‘ Three Level Classification ‘ 0.66 ‘ 0.55 ‘ 0.55 ‘ 0.55 ‘

Table 5.5: Deep Learning Model Performance Metrics using LOSO Cross-Validation

The confusion matrix and the ROC curve is depicted for the binary stress classification through
the Figures 5.5 and 5.6 respectively.
The confusion matrix and the ROC curve is illustrated for the three-stage stress classification

through the Figures 5.7 and 5.8 respectively.
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Figure 5.5: Confusion Matrix for Binary Stress Classification.
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Figure 5.6: ROC Curve for Binary Stress Classification.
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Figure 5.8: ROC Curve for Three-Stage Stress Classification.
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Figure 5.9: Comparison of the brain waves power band values during cognitive task.
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5.7 Cognitive capacity analysis

We employed different brain wave ratios to perform a comparison between the brain waves of
the best and worst-performing groups of our study. The Figure 5.9a depicts the alpha over delta
ratio for one good and one bad performer in our study. The alpha over theta ratio for one good and
one bad performer was plotted in Figure 5.9b. We also computed the ratio alpha over delta plus
theta for one good and one bad performer of our group, and it is shown in Figure 5.9c. The Figure
5.9 depicts higher values of alpha over delta, alpha over theta, and alpha over delta plus theta for
a good performer compared to a bad performer. The Appendix C contains more examples of line

graphs for these ratios.

| Alpha/Delta |  Alpha/Theta | Alpha/(Delta+Theta) |

‘ U-statistic ‘ P-value ‘ U-statistic ‘ P-value ‘ U-statistic ‘ P-value ‘ Statistical difference ‘

| 100 [ 0.00017 | 99 | 0.00024 | 100 | 0.00017 |  Significant |

Table 5.6: Mann-Whitney U test

We made two groups of 10 participants, one group containing the best performers, whereas the
other group contained the worst performers of our experiment. We employed the Mann-Whitney U
test to prove that there is a statistical difference between the ranks of the brain waves of good and
bad performers of our experiment in alpha over delta, alpha over theta, and alpha over delta plus
theta. We used a significance level of 0.05 (alpha = 0.05) to perform the Mann-Whitney U test.
The Table 5.6 depicts p < 0.05, which proves the statistical difference in ranks of the previously
mentioned brain wave ratios between good and bad performing groups of our experiment. The
effect sizes are 0.89, 0.85, and 0.9 for alpha over delta, alpha over theta, and alpha over delta plus

theta, respectively.

5.8 Score prediction

We implemented a random forest regressor model to predict the score of participants based on

the brain waves and response time. We evaluated the regression model performance by utilizing

49



True vs Predicted Values

800 A

600

400 A

200 A

Predicted Values

6 2l|)0 4[|)0 6l|)0 Sll)ﬂ
True Values

Figure 5.10: Random Forest Regressor Output.

metrics such as mean absolute error, mean square error, root mean square error, and R2, as demon-

strated through Table 5.7. The Figure 5.10 displays the output of the random forest regressor model.

Mean Absolute Error ‘ 0.009 ‘

Root Mean Square Error ‘ 1.18 ‘

|
‘ Mean Square Error ‘ 1.39 ‘
|
|

RZ score ‘ 1 ‘

Table 5.7: Random Forest Regression Metrics

5.9 Post-experiment Questionnaire

After the last relaxation music, participants were asked to fill out an online questionnaire. We
employed Google Forms to devise our online questionnaire. The questionnaire contained questions
regarding the stress levels that the participants perceived during different parts of the experiment.
We designed our experiment so that the participants should feel no stress during the relaxation
phases, medium stress during the first part of the experiment, and high stress during the second
part of the experiment. Most of the participants responded that they were relaxed during relaxation

phases, and the stress that they felt during the second part of the experiment was higher compared
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to the first part of the experiment. The perceived stress scale questionnaire results for five of the

participants are depicted in the Appendix A.1, A.2, A.3, A4, and A.5.
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Chapter 6

Discussion

This chapter will discuss the correlation analysis between extracted features, followed by the
explanation of the results of the alpha over beta ratio during relaxation and cognitive task mode. We
will elaborate on the results of multistage stress classification using subject-dependent analysis, fol-
lowed by the illustration of the results obtained after comparison between our proposed dataset and
the SAM40 dataset. We will investigate the results obtained after performing subject-independent
stress classification. We will analyze the results of the proposed two-stage deep learning architecture
using subject-independent analysis by utilizing the LOSO cross-validation strategy. We will explore
the results obtained after performing a comparison between the brain waves of the best-performing
and the worst-performing groups of our study. We will conclude this section with a discussion of

the results of the random forest regression model.

6.1 Correlation between extracted features

Correlation represents the linear relationship between the brain waves. We plotted the correla-
tion heatmaps between the low-frequency brain waves delta and theta, as depicted in the Figure 5.1,
and also plotted the correlation heatmap between the high-frequency brain waves beta and gamma,
as depicted in the Figure 5.2. Delta is a low-frequency brain wave that is highly associated with
deep sleep and low consciousness. Theta is another low-frequency brain wave that is highly active

during light sleep, low consciousness, and emotional stress in adults. Since both are low-frequency
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brain waves and have similar features, we can see a strong linear relationship between them, as illus-
trated in the Figure 5.1. Beta is a high-frequency brain wave and is found mainly during learning,
thinking, and information processing. Gamma is the highest frequency brain wave that is highly
present during complex problem solving, high levels of information processing, and is also related
to intelligence. Both brain waves are high frequency and have characteristics in common. Thus, we

can see a strong linear relationship between them as depicted through the Figure 5.2.

6.2 Alpha over beta ratio during relaxation and cognitive task mode

Alpha brain wave frequency lies between 8 Hz to 12 Hz and is highly related to relaxation.
Beta brain wave frequency ranges between 12 Hz to 30 Hz and is highly active during learning,
thinking, and information processing. The fact that alpha is associated with relaxation and beta
is present during problem solving, their ratio determines the stress level. The high alpha over beta
ratio means that the person is relaxed, and if the alpha over beta ratio is low, that means the person is
stressed. We plotted the alpha over beta ratio for one participant during relaxation and cognitive task
modes, as demonstrated in the Figures 5.3 5.4 respectively. The alpha over beta ratio is high during
relaxation compared to the cognitive task mode, which confirms the effectiveness of stressors in
inducing stress during the cognitive task mode. The alpha over beta ratio is employed by physicians
in the treatment of anxiety and depression in the neurofeedback training [57].

We employed a Paired t-test [58] to prove that there is a statistically significant difference be-
tween the ratio of alpha over beta during relaxation and cognitive task modes, as illustrated through
the Table 5.1. The alpha over beta ratio mean values were computed over the interval and used by
the paired t-test. Paired t-test compares the mean values from two related groups to see if there is
a statistically significant difference between them [58]. The paired t-test compares the data points
from related groups that are paired, meaning that it compares the same objects under two different
conditions [58]. There are two important parameters in the t-test such as T-statistic and p-value. If
the T-statistic is greater than the T-critical, that means there is a statistically significant difference
between the mean values of two related groups. The other important parameter, that is, p-value,

depicts that the measured difference might happen by chance. If the value of p is less than or equal
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to 0.05, that is p < 0.05, then it means that the observed difference is not by chance and there is a
statistically significant difference between the means of two related groups. From the Table 5.1, we
can see that p is less than 0.05, which means there is a statistically significant difference in the alpha
over beta ratio during relaxation and cognitive task modes. The effect size is -0.4257, which high-
lights that the alpha over beta ratio decreased as we moved from relaxation to cognitive task mode.
As the stress increased during the cognitive task mode, this justifies the effectiveness of stressors

employed to induce stress.

6.3 Multistage stress classification using subject-dependent analysis

In this section, we will discuss the results of classifiers after performing multistage stress clas-

sification.

6.3.1 Naive Bayes (NB)

Naive Bayes underperformed compared to other classifiers, as depicted in the Table 5.2. NB
achieved performance evaluation metrics such as accuracy of 73.86%, precision of 0.68, recall of
0.71, and F1-score of 0.69. NB underperformed because it assumes conditional independence be-
tween features while classifying, but there is a strong correlation between extracted features, as

depicted through Figures 5.1, 5.2.

6.3.2 Random Forest (RF)

It outperformed NB and achieved performance evaluation metrics such as accuracy of 88.46%,
precision of 0.85, recall of 0.83, and Fl-score of 0.84 as illustrated through the Table 5.2. RF
trains multiple decision trees, and the target class is predicted based on the highest number of votes
achieved. The classification metrics depict that RF can be utilized in performing multistage stress
classification using 10-fold cross-validation. RF is robust to noise and accounts for the problem of

overfitting normally associated with decision trees.

54



6.3.3 Support Vector Machines (SVM)

It performs classification by finding an optimal line called a hyperplane that maximizes the
distance between each class. It outperformed both NB and RF by achieving higher classification
metrics, for instance, accuracy of 95.26% and other classification metrics such as precision of 0.94,
recall of 0.93, and Fl1-score of 0.94 as presented in the Table 5.2. The high values for the perfor-
mance evaluation metrics depict that SVM can be effectively employed to perform multistage stress

classification of high-dimensional EEG data.

6.3.4 Long Short Term Memory (LSTM)

It resolves the large memory handling issues associated with the traditional RNNs by keeping
only the data that is relevant to the problem at hand. It outperformed NB, RF, and SVM by achiev-
ing a higher multistage classification accuracy of 99.75% and higher performance evaluation metrics
such as precision, recall, and F1-score of 1, as exhibited through the Table 5.2. It is actively em-
ployed by researchers in the EEG classification problems [59] because of its effectiveness in finding
the complex temporal relationships present in high-dimensional time series EEG data. The present
electrical activity occurring inside the brain can be dependent on the previous electrical activities.

LSTM is very effective in identifying such complex temporal patterns in time series EEG data.

6.3.5 Convolutional Neural Network (CNN)

It is widely used in image classification problems, but researchers have successfully applied it
to solve classification problems in other fields as well [53]. It consists of a convolutional layer that
applies the operation of convolution to the input data. EEG contains data from multiple sensors
located at different positions of the scalp. There is a spatial relationship between these sensors, and
CNN can effectively find this complex spatial pattern present in the time series EEG data. It can
also identify the temporal patterns in time series EEG data. That is the reason it outperformed all the
other classifiers, such as NB, RF, SVM, and LSTM, and achieved the highest classification accuracy
of 99.9% as displayed in the Table 5.2. The values for other performance evaluation metrics, such

as precision, recall, and F1-score, are also one.
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6.4 Comparison between our dataset and the SAM40 dataset

The SAMA40 dataset contains data from 40 participants and is publicly available. SAM40 dataset
contains three stressors, namely the Stroop color-word test, the arithmetic task, and symmetrical
mirror images. The participants were also provided with relaxation time between the cognitive tasks.
The SAMA40 dataset was collected by employing a 32-channel Emotiv Epoch EEG headset. When
CNN outperformed the rest of the classifiers by achieving the highest multistage stress classification
accuracy of 99.9%, we provided the SAM40 dataset as input to the CNN model. We wanted to
perform a comparison between our proposed dataset and the SAMA40 dataset. The Table 5.3 displays
the results of the comparison between our proposed dataset and the SAM40 dataset. It is evident
from the Table 5.3 that the CNN model achieved a higher classification accuracy of 99.9% on our
dataset compared to the SAM40 dataset, on which the CNN model achieved a three-stage stress
classification accuracy of 98.6%. Although the difference is not huge, the fact that our dataset
contains data only from four channels, whereas the SAM40 dataset contains data from 32 channels,
makes this difference huge. The reason behind better performance on our dataset is due to the better
design of our stressors, as we employed a countdown approach. The fact that the participants saw

their current standing after answering each stressor question also put them under performance stress.

6.5 Multistage stress classification employing subject-independent anal-
ysis

Classifiers achieved high accuracy and other performance evaluation metrics such as precision,
recall, and F1-score when performing multistage stress classification using subject-dependent anal-
ysis by utilizing a 10-fold cross-validation strategy. The achieved results through subject-dependent
analysis do not generalize to new participants’ data. The reason behind this is the subject bias
that is present in the subject-dependent analysis, and because of this, it is not a practical approach.
The subject-independent analysis removes subject bias and is a practical approach. We performed
subject-independent analysis by employing the LOSO cross-validation strategy. In the LOSO cross-

validation strategy, the model is trained by leaving one subject out; the left-out subject is utilized to
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test the model’s performance. The procedure is reiterated until each subject is used once to test the
model’s performance in the testing phase. The classification metrics of all the individual participants
are averaged to compute the overall classification metrics. None of the classifiers performed well in
the subject-independent analysis, as exhibited in the Table 5.4. The highest multistage classification
accuracy of 52% was achieved by LSTM and CNN. We also computed other performance metrics

such as precision, recall, and F1-score for all the classifiers, as depicted through the Table 5.4.

6.6 Autoencoder and LSTM model with Attention Mechanism

All the classifiers achieved very low values for the performance evaluation metrics, as displayed
through Table 5.4 in subject-independent analysis using the LOSO cross-validation strategy. We de-
signed a two-stage deep learning model to improve the classification metrics in subject-independent
analysis. The first stage consisted of a fully connected autoencoder to perform dimensionality re-
duction of the input features. The output of the autoencoder was passed to the second part of the
deep learning model, which consisted of a bidirectional LSTM model with an attention mechanism
performing the classification task. An attention mechanism highlights the most important timesteps
present in the EEG data.

The deep learning model with only statistical features could not obtain high values for classi-
fication metrics. Additional features such as power band values, entropy, phase difference, phase
locking value, and coherence were computed to extract more patterns for the model to learn and
improve the performance. We came across the problem of class imbalance when performing LOSO
cross-validation. We performed oversampling of the minority classes in the training phase only to
avoid data leakage. Gaussian Noise was added to oversample minority classes during training with
a standard deviation of 0.01. We used the proposed deep learning model for performing the bi-
nary as well as three-stage stress classification. The model achieved an accuracy of 83% for binary
stress classification, and performance evaluation metrics were precision 0.83, recall 0.82, and F1-
score 0.82 as presented through the Table 5.5. When performing the three-stage stress classification
model achieved an accuracy of 66% and other classification metrics were precision 0.55, recall 0.55,

and F1-score 0.55, as demonstrated through Table 5.5.

57



Macro average was used to compute classification metrics to depict the model’s performance
equally across all the classes. To improve the performance evaluation metrics for three-stage stress
classification, discrete wavelet transform features were computed. The discrete wavelet transform
features were only computed for multistage stress classification to extract additional patterns to
improve performance. The random chance or guessing provides us 33% for three-stage stress clas-
sification. Our deep learning model achieved twice that accuracy, depicting that our model can
capture temporal patterns present in time series EEG data. The accuracy of the multistage stress
classification can further be increased by increasing the number of participants. To prove that we
plotted a line graph between accuracy and the number of participants, as depicted in Figure 6.1. It

is clear from Figure 6.1, that the accuracy increases with the increase in the number of participants.
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Figure 6.1: Relation between accuracy and number of participants
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6.7 Cognitive capacity analysis

We made two groups of ten participants each, one group containing the best performers of our
experiment, whereas the other group contained the worst performers of our experiment. We em-
ployed the Mann-Whitney U test [60] to prove that there is a statistical difference between the ranks
of two different groups. We compared the alpha over delta, alpha over theta, and alpha over delta
plus theta brain wave ratios of the best and worst-performing groups. We also plotted the mentioned
brain wave ratios through line graphs as depicted through the Figures 5.9a, 5.9b, 5.9¢ respectively.
From Table 5.6, since p is less than 0.05, that means there is a statistically significant difference
between the ranks of the mentioned brain wave ratios between the best and the worst groups of our
experiment. The alpha brain wave ratio is highly present during relaxation and a state of focus. Delta
is a low-frequency brain wave that is associated with deep sleep, low consciousness, and inhibition.
Theta is another low-frequency brain wave that is associated with light sleep, low consciousness,
and emotional stress in adults. The presence of theta brain waves is also found during disappoint-
ment and frustration. We already saw a strong linear relationship between delta and theta brain
waves through the correlation heatmap displayed in the Figure 5.1. In the best performers, alpha
brain wave was found to be high as expected because alpha brain wave is associated with relaxation
and a state of focus, depicting that the best performers were relaxed and focused during the cogni-
tive task, which is the reason behind their good performance. The high delta and theta brain waves
found among the worst performers of the experiment indicate that they were also focused during
the early stages of the experiment. The presence of high delta waves avoided external distractions
by repressing nonessential brain activities. The low-performing participants became frustrated and
disappointed by low scores, which further increased the delta and theta brain waves and decreased
the alpha brain wave and relaxation. Thus higher the alpha over delta, alpha over theta, and alpha

over delta plus theta, means more focus and relaxed, and hence higher performance.

6.8 Score prediction

We implemented a random forest-based regression model to predict the scores obtained by par-

ticipants for each stressor question based on the brain waves and the time taken to answer the stressor
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question. Random forest trains multiple decision trees, and the target variable is predicted based on
the average of all the decision trees. It also resolves the problem of overfitting normally associated
with the decision tree. The Table 5.7 depicts the results of the random forest regression model after
predicting the scores assigned to participants from Kahoot. The proposed model obtained a root
mean square error of 1.18, illustrated in the Table 5.7, indicating that, on average, the predicted

values can deviate 1.18 units from true values.

6.9 Data storage and source code

The participants’ EEG data are saved in the CSV files separately for each participant. In the
CSV file, there is a label column that contains labels 0, 1, and 2. Label O represents the instances
related to relaxed state. Label 1 represents the instances of medium stress and Label 2 represents
the instances of high stress.

The source code for all the classifiers is written in Python by employing libraries such as Scikit-
learn for classical and PyTorch for deep learning models. All the codes and the dataset are publicly

available [29].
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Chapter 7

Conclusion and Future Work

This research investigated multistage stress classification by employing both subject-dependent
and subject-independent analysis. To perform subject-dependent analysis, we employed 10-fold
cross-validation, whereas to perform subject-independent analysis, we used the LOSO cross-validation
strategy. We also analyzed the difference between subject-dependent and subject-independent anal-
ysis. We designed a two-stage deep learning model to perform stress classification and evaluated
its performance by employing the LOSO cross-validation strategy. The proposed model achieved a
binary classification accuracy of 83% and an accuracy of 66% for three-stage stress classification.
We compared the cognitive capacity of the best and the worst performers of our experiment and ob-
served that for better performance, alpha brain wave should be high, whereas delta and theta brain
waves should be low. We also predicted the scores achieved by participants with an RMSE of 1.18.

The future work may focus on including more puzzles, problem-solving, and reasoning-type
questions to broadly investigate the cognitive ability and intelligence of participants based on brain

waves. We will recruit a higher number of participants in the experiment to generalize our findings.
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Appendix A

Questionnaire

Perceived stress scale Questionnaire follows
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Define your stress level during each activity

1. 1st Relaxing Music * @ Dropdown

2. Slightly stressed -

2. Congruent Stroop Color-Word Test : Word font color matches the word

*
) () Dropdown
meaning

2. Slightly stressed -

3. Easy Arithmetic Test: Simple mathematical calculation * @ Dropdown
2. Slightly stressed -

4. 2nd Relaxing Music * @ Dropdown
2. Slightly stressed -

5. Incongruent Stroop Color-Word Test: The word font color and word meaning  *

Dropdown
are different @ P

4. Highly stressed -

6. Difficult Arithmetic Test: A timed activity involving complex mathematical

*
. (=) Dropdown
calculation

4. Highly stressed -

7. Last Relaxing Music * G) Dropdown

3. Moderately stressed

Figure A.1: Questionnaire 1
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Define your stress level during each activity

1. 1st Relaxing Music * @ Dropdown

1. Not stressed at all -

2. Congruent Stroop Color-Word Test : Word font color matches the word

*
) (> Dropdown
meaning

3. Moderately stressed

3. Easy Arithmetic Test: Simple mathematical calculation * @ Dropdown
2. Slightly stressed -

4. 2nd Relaxing Music * @ Dropdown
2. Slightly stressed -

5. Incongruent Stroop Color-Word Test: The word font color and word meaning  *

Dropdown
are different @ P

4. Highly stressed -

6. Difficult Arithmetic Test: A timed activity involving complex mathematical

*
. (®) Dropdown
calculation

4. Highly stressed -

7. Last Relaxing Music * G) Dropdown

3. Moderately stressed

Figure A.2: Questionnaire 2
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Define your stress level during each activity

1. 1st Relaxing Music * () Dropdown

1. Not stressed at all -

2. Congruent Stroop Color-Word Test : Word font color matches the word

*
) (=) Dropdown
meaning

3. Moderately stressed =

3. Easy Arithmetic Test: Simple mathematical calculation * @ Dropdown
2. Slightly stressed -

4. 2nd Relaxing Music * @ Dropdown
1. Not stressed at all -

5. Incongruent Stroop Color-Word Test: The word font color and word meaning  *

Dropdown
are different @ P

4. Highly stressed -

6. Difficult Arithmetic Test: A timed activity involving complex mathematical

*
. (=) Dropdown
calculation

4. Highly stressed -
7. Last Relaxing Music * (=) Dropdown
1. Not stressed at all v

Figure A.3: Questionnaire 3
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Define your stress level during each activity

1. 1st Relaxing Music * @ Dropdown

2. Slightly stressed -

2. Congruent Stroop Color-Word Test : Word font color matches the word

*
. (® Dropdown
meaning

2. Slightly stressed -

3. Easy Arithmetic Test: Simple mathematical calculation * @ Dropdown
1. Not stressed at all v

4. 2nd Relaxing Music * @ Dropdown

3. Moderately stressed

5. Incongruent Stroop Color-Word Test: The word font color and word meaning  *

Dropdown
are different 9 P

2. Slightly stressed -

6. Difficult Arithmetic Test: A timed activity involving complex mathematical

*
) () Dropdown
calculation

4. Highly stressed -
7. Last Relaxing Music * G) Dropdown
2. Slightly stressed -

Figure A.4: Questionnaire 4
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Define your stress level during each activity

1. 1st Relaxing Music * () Dpropdown
2. Slightly stressed -

2. Congruent Stroop Color-Word Test : Word font color matches the word

*
. G) Dropdown
meaning

2. Slightly stressed -

3. Easy Arithmetic Test: Simple mathematical calculation * @ Dropdown
2. Slightly stressed -

4. 2nd Relaxing Music * @ Dropdown

3. Moderately stressed

5. Incongruent Stroop Color-Word Test: The word font color and word meaning  *

Dropd
are different @ ropdown

3. Moderately stressed

6. Difficult Arithmetic Test: A timed activity involving complex mathematical

*
i G) Dropdown
calculation

5. Extremely stressed i

7. Last Relaxing Music * G) Dropdown

5. Extremely stressed -

Figure A.5: Questionnaire 5
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Appendix B

Alpha over Beta line graphs

Following are the line graphs for alpha over beta ratios during relaxation and cognitive task

modes.

Alpha/Beta Ratio During Relaxation
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Figure B.1: Alpha over Beta ratio during relaxation first participant.
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Figure B.2: Alpha over Beta ratio during relaxation second participant.
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Figure B.3: Alpha over Beta ratio during relaxation third participant.
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Figure B.4: Alpha over Beta ratio during relaxation fourth participant.
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Figure B.5: Alpha over Beta ratio during relaxation fifth participant.
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(c) Participant 3 (d) Participant 4

Alpha over Beta ratio during cognitive task

imestamp

(e) Participant 5

Figure B.6: Alpha over Beta ratio during a cognitive task for five participants.
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Appendix C

Alpha over Delta, Alpha over Theta, and
Alpha over Delta plus Theta line graphs

Following are the line graphs for alpha over delta, alpha over theta, and alpha over delta plus

theta ratios.
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Figure C.1: Alpha over Delta ratio for good and bad performing participants across five examples.

73



Alpha over Theta Alpha over Theta

— Good rerformer — Good rerformer
8ad performer 8ad performer
© ©
o o
1 o
< <
[~ [~
321 321
> >
° °
© ©
< <
2 4 \ N 2
< N |/ N < y
1.1 1.1 -
0.1 0.1
NABEO 0N B0 90N OPOENROPDDP PO PP NABEO 0N B0 90N DPOENROPDP DD PP
Question Question
(a) Example 1 (b) Example 2
Alpha over Theta Alpha over Theta
—— Good pertormer —— Good pertormer
Bad performer Bad performer
f21 2
[ [
£ £
[~ [~
= =
[ 02
> >
° °
© ©
< \/ <
811 \L s
< <
0 T e S S S S SN - — ol .
NP EO 0N B0 00N OPOENRORDP PO PP NP EO 0N B0 90N OPOENRORDP PO PP
Question Question
(c) Example 3 (d) Example 4

Alpha over Theta

—— Good Performer
—— Bad Performer

Alpha over Theta
N
B

=
-

0.1
N I B R R R I I R L T T )

Question

(e) Example 5

Figure C.2: Alpha over Theta ratio for good and bad performing participants across five examples.
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Alpha over Delta plus Theta
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Figure C.3: Alpha over Delta plus Theta ratio for good and bad performing participants across five

examples.
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Appendix D

Publication

* Abdul Waleed, Nusrat J. Nitu, and Carol Fung. “Multistage Stress Classification and Cogni-
tive Capacity Analysis Using EEG.” 2025 The 21st International Conference on Data Science
(ICDATA2025).
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