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ABSTRACT

Brain-Computer Interface (BCI) devices are an emerging technology that aims to
revolutionise the way humans interact with various contemporary technologies.
A significant challenge to the practical use of BCI devices is the signal sensitivity

to changes in a user’s physical and emotional state. Factors such as muscle movement,
electrical noise, workload, fatigue, and emotional state, can negatively contribute to the
performance of a BCI device when being used in a real-world environment.

This work investigates how a user’s physiological stress level may impact the per-
formance of a BCI device on an Electroencephalograph(EEG) signal level. The human
stress response is a universal survival mechanism that impacts both the emotional and
physiological state of the body. While it is known that acute stress directly affects mental
performance, its specific effects on the EEG signal behaviour and P300 response is mixed
and sometimes contradictory.

We performed two novel experiments to mimic real-world scenarios that elicit a stress
response. Our experiments incorporated complex visual input, auditory stimuli, and
proprioceptive feedback into our experimental design to improve the future robustness
of BCI system designs. The two experiments explored different types of stressors, with
one being a prolonged stimuli stressor (height exposure) and the other being a dynamic
stressor (unexpected drone collisions). The first experiment explores a novel elevated
walking experiment that utilises a combination of physical and virtual height to induce
a stress response. The second experiment investigated the potential use of unexpected
drone collisions to elicit a stress response. Both experiments successfully induced a
physiological stress response and produced an observable neurological change in the
EEG signal.

Our results indicate that prolonged exposure (Height Exposure Experiment) to
stressful stimuli creates a significant increase in frontal to parietal beta power and
a lower P300 peak amplitude in some participants during a BCI task. On the other
hand, a dynamic stressor (Drone Collision Exposure Experiment) tends to produce a
short-term increase in frontal and central theta power, along with a negativity response
during the stimuli. Collectively these findings provide insights into how different forms
of physiological stress affects BCI devices on an EEG signal level and furthers the
development towards a practical, real-world BCI device.

iii





DEDICATION

To the Almighty God that create such amazing indecipherable mysteries for us to explore and

grasp in our days. To my wife Louise and family who supported, guided, and shaped who I
am today.. . .

v





ACKNOWLEDGMENTS

F irst and foremost I want to thank my supervisors Prof. Chin-Teng Lin and Dr
Hsiang-Ting (Tim) Chen. This research would not have been possible without their
patience, guidance, and willingness to explore innovative experiments that other

researchers may have considered too perilous or difficult. Thank you for the continuous
support and for providing opportunities to collaborate with others to investigate various
interesting research projects.

I would like to thank all my lab colleagues in Computational Intelligence and Brain-
Computer Interface (CIBCI) group for the help, discussion and general camaraderie in
keeping each other sane. Special thanks to Carlos, Thong, Avinash, Dr YK Wang, Xiaofei,
Yanqiu, Alex, Jia, Sai, and Daniel.

I am grateful to our talented undergraduate team that I’ve had the pleasure to have
individually worked with over the past years. Thank you to Ehsan, James, Samuel,
Mena, Vinayak, Sanjid, Eirene, Omar, Mohammad, Vanessa, and Tim (Trung Le), for
their dedication and passion in pursuing their capstones projects.

Thank you to the examiner panel members during my candidature assessments for
providing valuable feedback and external perspectives on my research. Thank you to
A/Prof. Wei Liu, Dr Benjamin Johnston, A/Prof. Ling Chen, Dr Jaime Garcia Marin, Dr
William Raffe, and future assessors of this thesis.

I want to acknowledge the University of Technology of Sydney (UTS) School of
Computer Science and UTS Techlab for the facilities and on-site staff support. Our
experiments would not have been possible without the excellent lab space and the
custom equipment that they installed on site. I am extremely grateful for the financial
support provided by the Australian Government Research Training Program funded
by the Australian Commonwealth Government, and the UTS FEIT top-up scholarship
funded by the Defence Science and Technology Group of the Department of Defence.
A special thanks to the SCADS team (Thomas, Mathew, and Jordan) for the research
opportunity and for sharing their extensive knowledge and experience of drone systems.

Lastly, I appreciate my parents and brother (Jian Guo Zhu, Hong-Yuan Liu, and
Jiang Zhu) for raising, guiding, support, and overall ever patient with me throughout my
life. I would like to thank my loving wife, Louise, for her continuous support and love. I
would also like to express my gratitude to my friends. This PhD journey would not have
been possible without any of the people mentioned above.

vii





LIST OF PUBLICATIONS

Journal:

1. H.Y. ZHU, H.-T. CHEN, AND C.-T. LIN, The effects of virtual and physical eleva-
tion on physiological stress during virtual reality height exposure, (under review,
2nd stage).

2. H.Y. ZHU, H.-T. CHEN, AND C.-T. LIN, The Effects of Height-Induced Stress on
Human Brain Dynamics during a P300 Task, (Drafted).

3. H.Y. ZHU, H.-T. CHEN, E. M. MAGSINO, S. M. HAMIM, AND C.-T. LIN, EEG
evaluation of the Effects and Detection of Drone Collisions, (Drafted).

Conference:

1. H.Y. ZHU, E. M. MAGSINO, S. M. HAMIM, C.-T. LIN, AND H.-T. CHEN, A drone
nearly hit me! a reflection on the human factors of drone collisions, Extended

Abstracts of the 2021 ACM CHI Conference on Human Factors in Computing

Systems (SIGCHI), Yokohama, Japan, 8-13 May, 2021.

2. H.Y. ZHU, H.-T. CHEN, AND C.-T. LIN, The effects of a stressful physical envi-
ronment during virtual reality height exposure,2021 IEEE Conference on Virtual

Reality and 3D User Interfaces Abstracts and Workshops (VRW), pp. 468-469,

Lisbon, Portugal, 27 March-4 April, 2021.

Others :

1. Y. TIAN AND A. MINTON, H.Y. ZHU, G. NOTARO, R. GALVAN, Y. -K. WANG, H.

-T CHEN , A Comparison of Common Video Game versus Real-World Heads-Up-
Display Designs for the Purpose of Target Localization and Identification., 2021

IEEE International Symposium on Mixed and Augmented Reality Poster (ISMAR),

Bari, Italy, 4 - 8 Oct., 2021.

ix



2. T. T. L. NGUYEN, H.Y. ZHU, H. -T CHEN, Remote Visual Line-of-Sight: A Remote
Platform for theVisualisation and Control of an Indoor Drone using Virtual Reality.,
27th ACM Symposium on Virtual Reality Software and Technology Poster (VRST),

Osaka, Japan, 8 - 10 Dec., 2021. (Accepted)

x



TABLE OF CONTENTS

List of Publications ix

List of Figures xvii

List of Tables xxi

1 Introduction 1
1.1 Brain-Computer Interface Technology . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 BCI Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Importance of Physiological Stress . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 The Impact of Physiological Stress on Daily Life . . . . . . . . . . . 3

1.2.2 Stress, Cognitive and Mental Performance . . . . . . . . . . . . . . . 4

1.3 The effects of Stress on BCI performance . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Divergent Results in Prior Works . . . . . . . . . . . . . . . . . . . . 5

1.3.2 Stress Paradigms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Research Questions, methodology, and Contributions . . . . . . . . . . . . . 7

1.4.1 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.2 Qualitative and Quantitative Measurements . . . . . . . . . . . . . 11

1.4.3 Findings and Contributions . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Chapter Organisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Literature Review 17
2.1 Physiological Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.2 Demographical Factors . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.3 Modelling Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.4 Physiological and Behaviour Effects and Detection . . . . . . . . . . 20

xi



TABLE OF CONTENTS

2.1.5 Stress Inducing Paradigms . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.6 Prolonged and Dynamic Stress Exposure Paradigms . . . . . . . . . 23

2.2 Brain Computer Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.1 Definition and Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.2 P300 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Stress and BCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.1 Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.2 Cognitive (P300) Performance . . . . . . . . . . . . . . . . . . . . . . 28

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Height Exposure Experiment 31
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2 Height Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1 Virtual Environment Design . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.2 Virtual Reality Height Exposure . . . . . . . . . . . . . . . . . . . . . 34

3.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.1 Preliminary Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.2 Experiment Physical and Virtual Environment . . . . . . . . . . . . 35

3.3.3 Experiment Design and Protocol . . . . . . . . . . . . . . . . . . . . . 38

3.3.4 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 Measurements and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4.1 Questionnaires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4.2 Physiological Measurements . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.3 Behavioural Measurements . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4.4 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5.1 Questionnaire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5.2 Heart Rate and Heart Rate Variability . . . . . . . . . . . . . . . . . 45

3.5.3 Electrodermal Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5.4 Gait . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.6.1 Overview of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.6.2 Effects of Virtual Elevation . . . . . . . . . . . . . . . . . . . . . . . . 49

3.6.3 Effects of Physical Elevation . . . . . . . . . . . . . . . . . . . . . . . 50

3.6.4 Incongruence between Physical and Virtual Environments . . . . . 51

xii



TABLE OF CONTENTS

3.7 Limitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.7.1 Condition Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.7.2 Habituation and Condition Sequence Effect . . . . . . . . . . . . . . 52

3.8 Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Effects of Stress on Cognitive Performance during Height Exposure 53
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.1 Oddball Reaction Time (RT) . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.2 Dividing Participants into Groups . . . . . . . . . . . . . . . . . . . . 54

4.2.3 Electroencephalograph (EEG) . . . . . . . . . . . . . . . . . . . . . . 55

4.2.4 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3.1 Reactionary Performance . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3.2 Self Assessment Manikin . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3.3 Correlation SAM-RT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3.4 Topography and Event-Related Potential . . . . . . . . . . . . . . . . 60

4.3.5 Event-Related Spectral Perturbation . . . . . . . . . . . . . . . . . . 63

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.4.1 Validity of Stress and P300 Response . . . . . . . . . . . . . . . . . . 64

4.4.2 Relation between Stress and P300 . . . . . . . . . . . . . . . . . . . . 65

4.4.3 Validity and Demographic Driven Explanations . . . . . . . . . . . 68

4.4.4 Yerkes-Dodson Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.5 Limitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.5.1 Group Sample Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.5.2 Unbalanced Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.6 Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Drone Collision Exposure Experiment 73
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.3 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.3.1 Drone Incidents and Perception . . . . . . . . . . . . . . . . . . . . . 74

5.3.2 Related Drone Human Interaction . . . . . . . . . . . . . . . . . . . . 75

5.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4.1 Experiment Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

xiii



TABLE OF CONTENTS

5.4.2 Drone Collision Exposure Protocol . . . . . . . . . . . . . . . . . . . . 76

5.4.3 Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.4.4 Measurements and Analysis . . . . . . . . . . . . . . . . . . . . . . . 78

5.4.5 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5.1 SAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5.2 Threat Scores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.5.3 HR/HRV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.5.4 EDA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.6.1 Elicitation of the Stress Response . . . . . . . . . . . . . . . . . . . . 83

5.6.2 Dynamic vs Prolonged Stimuli Stressors . . . . . . . . . . . . . . . . 84

5.6.3 Threats of a Drone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.7 Limitations and Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.7.1 Variance of Drone Behaviour . . . . . . . . . . . . . . . . . . . . . . . 86

5.7.2 Demographics and Cultural Perception on Drones . . . . . . . . . . 87

5.8 Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6 Effects of Drone Related Stress on Brain Dynamics 89
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2.1 Exploratory EEG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2.2 Preprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2.3 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2.4 Dividing Participants into Groups . . . . . . . . . . . . . . . . . . . . 94

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.3.1 Dipole Clustering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.3.2 Event-Related Potential . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.3.3 Event-Related Spectral Perturbation . . . . . . . . . . . . . . . . . . 98

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.4.1 Brain Dynamics during Drone Collision . . . . . . . . . . . . . . . . 100

6.4.2 Dynamic and Prolonged Stimuli Stressors on Cognitive Behaviour 101

6.4.3 The Effect of Group Splitting . . . . . . . . . . . . . . . . . . . . . . . 104

6.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.5.1 Head and Body Reactionary Movement . . . . . . . . . . . . . . . . . 104

xiv



TABLE OF CONTENTS

6.5.2 Impact of the Drone and Netting . . . . . . . . . . . . . . . . . . . . . 105

6.6 Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 Exploratory and Future Works 109
7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7.2 Real-world BCI Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7.2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7.2.2 Motor Imagery (MI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.2.3 Project 1: Swarm Drones and Ground-based Robots . . . . . . . . . 111

7.2.4 Project 2: Biofeedback . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.2.5 Realistic BCI Training Environments . . . . . . . . . . . . . . . . . . 116

7.2.6 Drone Collision recognition . . . . . . . . . . . . . . . . . . . . . . . . 116

7.3 Adaptive and Closed-Loop BCI . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.3.1 Adaptive BCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.3.2 Stressed-related Adaptive BCI . . . . . . . . . . . . . . . . . . . . . . 118

7.3.3 Closed-Loop BCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.3.4 Closed-Loop Stress Regulation . . . . . . . . . . . . . . . . . . . . . . 119

7.4 Key Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

8 Conclusions 121
8.1 Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

8.2 Key Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

8.3 Summary and Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

A Appendix 126
A.1 Questionnaires used in the Experiments . . . . . . . . . . . . . . . . . . . . 126

A.1.1 SAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

A.1.2 Modified DASS Questionnaire . . . . . . . . . . . . . . . . . . . . . . 127

Bibliography 129

xv





LIST OF FIGURES

FIGURE Page

1.1 A diagram summarising traditional understanding of the YD Law [194] . . . 4

1.2 An early design of our stress exposure platform. . . . . . . . . . . . . . . . . . 6

1.3 A diagram summarising the chapter organisation of this thesis. . . . . . . . . 15

2.1 An early design of our stress exposure platform. . . . . . . . . . . . . . . . . . 19

2.2 The circumplex model proposed by James A. Russell [166] . . . . . . . . . . . . 21

2.3 An example of an auditory P300 task with the ERP response from the parietal

area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 An first person view of our prototype virtual height scenario. . . . . . . . . . . 32

3.2 An early iteration of VR heights experiment . . . . . . . . . . . . . . . . . . . . 35

3.3 a) The physical elevated platform, VR headset, body tracking, and safety

equipment. b) The virtual environment used in this experiment with a virtual

avatar that is driven by body tracking. . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4 A comparison of the participants during walking in the experiment. . . . . . . 37

3.5 The experimental conditions with condition labels, GG, PG, PP, and PH
(G=ground, P=platform, H=Extreme height). First condition letter: the physi-

cal experiment setup; second condition letter: the virtual experiment setup. . 38

3.6 The timeline for each condition and the trials per condition. . . . . . . . . . . . 39

3.7 (A) An outline of a single walking trial (the real world pictures were taken

before pandemic restrictions). (B) An outline of a single Oddball trial with the

respective stimuli time periods at the bottom. . . . . . . . . . . . . . . . . . . . 40

3.8 The equipment used in this experiment for VR visualisation, tracking, and

physiological measuremets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.9 DASS anxiety and stress scores with significance. . . . . . . . . . . . . . . . . . 44

xvii



LIST OF FIGURES

3.10 Bar plot of the average (a) SAM rating with the standard error bars and

(b) Retrospective user ranking (1st-4th) of the conditions based on perceived

stress levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.11 A bar plot of the normalised HR and HRV values averaged across all the

participants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.12 A bar plot of the normalised (a) EDA value averaged across all the participants

and average (b) trial completion time. . . . . . . . . . . . . . . . . . . . . . . . . 47

3.13 Bar plot of the average (a) step count per trial and the average (b) step distance. 48

4.1 An Example of the P300 ERSP response taken from the Pz Channel ERSP

response of all conditions and all participants. Significance mask was applied

at α<0.01. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2 Participant’s target image RT (0ms=start of visual stimuli) for each condition. 58

4.3 Participant’s SAM responses for each condition. . . . . . . . . . . . . . . . . . . 59

4.4 Participant’s RT and SAM correlation plot. R Value is on the top left of each

figure (Spearman test). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.5 The EEG Scalp Map topography for each condition around 300 ms-500 ms (0

ms at the start of target stimuli) . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.6 A side by side comparison of ERP response from the Fz channel. Solid line is

the average ERP and the shaded area is the standard deviation. . . . . . . . . 61

4.7 A side by side comparison of ERP response from the Cz channel. Solid line is

the average ERP and the shaded area is the standard deviation. . . . . . . . . 62

4.8 A side by side comparison of ERP response from the Pz channel. Solid line is

the average ERP and the shaded area is the standard deviation. . . . . . . . . 62

4.9 A comparison of the detected P300 peak from the Pz ERP response. . . . . . . 63

4.10 The ERSP response for the Fz channel for each group and condition. The plots

for the second and fourth row are the significant area on the ERSP above with

the criteria of α< 0.01 with FDR correction. . . . . . . . . . . . . . . . . . . . . 64

4.11 The ERSP response for the Cz channel for each group and condition. The plots

for the second and fourth row are the significant area on the ERSP above with

the criteria of α< 0.01 with FDR correction. . . . . . . . . . . . . . . . . . . . . 65

4.12 The ERSP response for the Pz channel for each group and condition. The plots

for the second and fourth row are the significant area on the ERSP above with

the criteria of α< 0.01 with FDR correction. . . . . . . . . . . . . . . . . . . . . 66

4.13 A generalisation of the tradition YD law curve from literature [21, 194] and

two hypothetical YD law based explanations . . . . . . . . . . . . . . . . . . . . 70

xviii



LIST OF FIGURES

5.1 The timeline of the drone experiment with the timing and experiment tasks. 76

5.2 A) An outline of the two conditions (Collision vs Non-Collision) and how the

experiment was performed and Conditions B) A comparison between regular

DJI Spark (used in interview) and the modified version (used during exposure

and interview) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.3 The laboratory setting for the drone experiment. (Photo was taken a photo-

shoot, the researchers and participants wore protective equipment during the

pandemic period) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.4 The arousal, valence, and dominance SAM rating from the participants. . . . 80

5.5 The threat scores for collision vs non-collision and Sound vs Visual. . . . . . . 81

5.6 The average participant HR and HRV results for collision vs non-collision. . . 82

5.7 The average participant EDA results for collision vs non-collision. . . . . . . . 83

6.1 The ERSP response of a ClS cluster that is epoched and the 3 meter event.

We overlaid it with the experimental setup with the estimated distance and

time marked on the image and ERSP. At seen in the ERSP response, the main

difference occurs at the 1m range. . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.2 The two chosen K-means independent clusters found after 2000 iterations of

repetition. The subjects and ICs are included in the subheading for each ClS. 95

6.3 The dipole density of the ClS3 and ClS8 clusters. . . . . . . . . . . . . . . . . . 95

6.4 A comparison of Group 1 and Group 2 IC dipole clusters for the drone collision

experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.5 A comparison of Group 1 and Group 2 dipole density for the drone collision

experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.6 The ERP responses of the ClS3 and ClS8 clusters epoched around the 1m

event for collision (blue) vs non-collision (green). The significance is indicated

in the red box with p<0.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.7 A comparison of Group 1 and Group 2 ERP response for the drone collision

experiment. The significance is indicated in the red box with p<0.05. . . . . . 97

6.8 The ERSP response of the ClS3 cluster epoched around the 1m event. The

significance is set at p<0.05, calculated through Permutation testing FDR

correct . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.9 The ERSP response of the ClS6 cluster epoched around the 1m event. The

significance is set at p<0.05, calculated through Permutation testing FDR

correct . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

xix



LIST OF FIGURES

6.10 The Group 1 cluster ERSP response for the drone collision experiment. The

significance is set at p<0.05, calculated through Permutation testing FDR

correct. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.11 The Group 2 cluster ERSP response for the drone collision experiment. The

significance is set at p<0.05, calculated through Permutation testing FDR

correct. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7.1 The MI classifer from the OpenVibe open-source package [22] . . . . . . . . . 111

7.2 The Cognionics quick-30 dry EEG cap, a turtlebot3 robot [185], and three DJI

sparks used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.3 The Experimental set up for Mena Balasy’s Turtlebot MI design. . . . . . . . . 113

7.4 The Experimental set up for James Michell’s swarm drones MI design. . . . . 113

7.5 The Experimental set up for Vinayak Sharma’s biofeedback experiment. . . . 115

7.6 A conceptual image of integrating the height exposure experiment with drone

BCI control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.7 A conceptual image of drone EEG based collision detection. . . . . . . . . . . . 118

7.8 A conceptual image of a stress based adaptive BCI mechanism. . . . . . . . . 119

A.1 The SAM questionnaire used in the Heights (Arousal Only) and Drone Exper-

iment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

xx



LIST OF TABLES

TABLE Page

2.1 A table outlining the different types of stress [127] . . . . . . . . . . . . . . . . 18

2.2 A table outlining previous PSS and DSS paradigms . . . . . . . . . . . . . . . . 24

2.3 A table outlining the key findings of various studies on BCI Stress detection . 28

2.4 A table outlining the varying results of different studies, TSST- Trier Social

Stress Test, PASAT- Paced Auditory Serial Addition Test, SECPT- Socially

Evaluated Cold Pressor Task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1 Scaled DASS normative scores based on previous studies. [216] . . . . . . . . 42

3.2 DASS mean, standard deviation, Normative Rating (NR, from Table 3.1), and

Normative Range (from Table 3.1) . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 The mean and standard deviation of participant’s SAM responses (rating 1-9)

based on the sequence of conditions . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1 The demographic information for Group 1 (worse performance under stress)

and Group 2 (no change in performance under stress). . . . . . . . . . . . . . . 54

4.2 The ERSP Frequency Power band data extracted around the P300 period for

Group 1 and Group 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

xxi




	Title Page
	Certificate of Original Authorship
	Abstract
	Dedication
	Acknowledgments
	List of Publications
	Table of Contents
	List of Figures
	List of Tables



