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Resumo 

Considerando os efeitos do AVC no tecido cerebral e o comprometimento motor correlato, o 

emprego da reabilitação com realidade virtual (RV) pode ser um aliado na ativação 

neuroplástica. Uma nova abordagem RV para a detecção de atenção e imersão, através de 

biopotenciais é apresentada com base nas características dos sinais elétricos cerebrais e sinais 

eye-tracking neste estudo. Com vista à demanda competitiva de atenção em nosso cotidiano e 

a identificação de processos neurais nos sinais de EEG associados a ela, além da disponibilidade 

de dispositivos portáteis baseados em biopotenciais, torna-se possível interpretações por 

métricas na caracterização da atenção, imersão e concentração do usuário baseadas em 

parâmetros extraídos do sinal de EEG e monitoramento eye-tracking (ET). Dados de ET foram 

monitorados como potenciais relacionados à fixação do olhar. Em relação às bandas de 

frequência do EEG relacionadas com a atenção nas formas de imersão e concentração, como 

métricas da rede cerebral por meio de densidade espectral de potência, as áreas frontal e parieto-

�R�F�F�L�S�L�W�D�O���I�R�U�D�P���D�W�L�Y�D�G�D�V���Q�D�V���E�D�Q�G�D�V���������.���H��������A assimetria frontal alfa foi investigada, resultando 

em mudanças significativas nos estados de imersão, em comparação com o estado de 

relaxamento. Áreas específicas do cérebro e bandas de frequência foram analisadas: análise 

frontal de EEG, bem como índices relacionando razão entre bandas de frequência de muitos 

canais de EEG foram usados para investigação de concentração em duas tarefas de atenção 

diferentes. Um maior nível de �D�W�H�Q�o�m�R���U�H�I�O�H�W�H���X�P���D�X�P�H�Q�W�R���Q�R���S�R�W�H�Q�F�L�D�O���W�H�W�D�����������Q�R�V���H�O�H�W�U�R�G�R�V��

�I�U�R�Q�W�D�L�V���H�����Q�R�V���H�O�H�W�U�R�G�R�V���S�D�U�L�H�W�D�L�V�����X�P���D�X�P�H�Q�W�R���Q�R���S�R�W�H�Q�F�L�D�O���H�P���U�H�O�D�o�m�R���D�R���U�L�W�P�R���D�O�I�D�����.��.  Como 

direções futuras, indicamos um maior número de pacientes na investigação, uso de novas 

características de resposta do sinal cerebral, como tempo de reação e investigações em tempo 

real através das métricas estabelecidas neste trabalho.  

 

  



     

Abstract 

Considering the effects of stroke on brain tissue and related motor impairment, the use of 

rehabilitation with virtual reality (VR) can be an ally in neuroplastic activation. A new VR 

approach for detecting attention and emotion through biopotentials is presented based on the 

characteristics of brain electrical signals and eye-tracking signals in this study. With a view to 

the competitive demand for attention in our daily lives and the identification of neural processes 

in the EEG signals associated with it, in addition to the availability of portable devices based 

on biopotentials, it becomes possible to capture by attraction in the characterization of attention, 

immersion, and concentration of the User tracked on parameters extracted from the EEG signal 

and eye-tracking (ET) monitoring. ET data were monitored as potentially related to gaze 

fixation. Regarding the EEG frequency bands related to attention in the forms of effort and 

concentration, as metrics of the brain network through power spectral density, the frontal and 

parieto-�R�F�F�L�S�L�W�D�O���D�U�H�D�V���Z�H�U�H���D�F�W�L�Y�D�W�H�G���L�Q���W�K�H���������., �D�Q�G�������E�D�Q�G�V�����7�K�H���D�O�S�K�D���I�U�R�Q�W�D�O���D�V�\�P�P�H�W�U�\���Z�D�V��

investigated, it had significant changes in the immersion states, compared to the relaxed state. 

Specific brain areas and frequency bands were surveyed: frontal analysis of EEG as well as 

indices relating ratios between frequency bands of many EEG channels were used to investigate 

concentration in two different attentional tasks. A higher level of attention reflects an increase 

�L�Q�� �W�K�H�W�D�� �S�R�W�H�Q�W�L�D�O�� �������� �L�Q the frontal electrodes and, in the parietal electrodes, an increase in 

�S�R�W�H�Q�W�L�D�O���U�H�O�D�W�L�Y�H���W�R���W�K�H���D�O�S�K�D���U�K�\�W�K�P�����.�������$�V���I�X�W�X�U�H considerations, we indicate a greater number 

of patients in the investigation, and use of new brain signal response characteristics, such as 

reaction time and real-time thinking through resistances in this work.  
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VR systems are helpful in exposing the user, or patient, in case of an exergame/serious 

game, to punctual and constant stimuli, varying its intensity. Thus, the increase in attention can 

change and when monitored, can supply individual 's information modulated per those stimuli. 

The combination of EEG signals monitoring and eye-tracking signals have been alternative as 

non-invasive, portable solution in monitoring processes in neuroscience. Growing equipment 

popularization and low-cost ones (compared to lab solutions) is a strategy applied in situations 

that mimic daily conditions in use of therapy (KHOKALE et al., 2023). 

The VR system that is developed for therapy/physiotherapy purposes, with ludic features, 

manipulated by a patient with specific protocol, can be agreed as a serious game. A patient 

stricken per cerebrovascular accident (CVA), can enjoy serious game features in search for a 

quality-of-life improvement, associating a more pleasurable one activity practice of regular 

physiotherapy (KHOKALE et al., 2023). Serious game use in the context of therapy and 

rehabilitation was recently quite explored at lab practice, each turn more into clinical practice. 

Cerebrovascular Accident (CVA), or Stroke, is the second biggest cause of death today 

in the world (11.8%), ahead only is ischemic heart disease (FEIGIN; NORRVING; MENSAH, 

2017). Together with the advances in the quick and careful interventions, deaths relative to 

stroke have decreased. However, the post-stroke outcomes are diverse, for example elevated 

�L�Q�G�L�Y�L�G�X�D�O�V�¶�� �G�L�V�D�E�L�O�L�W�\���� �G�H�S�U�H�V�V�L�R�Q���� �D�Q�[�L�H�W�\���� �Y�D�V�F�X�O�D�U�� �F�R�J�Q�L�W�L�Y�H�� �L�P�S�D�L�U�P�H�Q�W�� ���9�&�,���� �D�Q�G�� �V�H�Y�H�U�H��

fatigue, generating challenges that prevent the full recovery of the individual, generating low 

functional rehabilitation and compromising quality of life. Associated with this, only 19% of 

those affected have access to a rehabilitation program (KATAN; LUFT, 2018). 

Therefore, this study goal is to characterize EEG and eye-tracking signals patients 

affected per cerebrovascular accident (CVA), inducing upper limb commitment, that also 

complain of difficulty in paying attention in daily activities. The present study relates current 

research and band ratios assessment methodologies through the EEG signal in the context of a 

VR system  - serious game/exergame aimed to treat at the therapy level of stroke survivors - 

and eye-tracking signals.  

 

1.1 THESIS RELEVANCE  

 

Identifying adequate process measures to study and better understand cognitive processes 

is a central point of research in neuroscience. Especially non-invasive solutions, and low-cost 
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ones, have increased the capability of doing research outside laboratory conditions, mimicking 

�G�D�L�O�\���D�F�W�L�Y�L�W�L�H�V�����D�Q�G���I�L�Q�G�L�Q�J���Q�H�Z���S�H�U�V�S�H�F�W�L�Y�H�V���I�R�U���L�P�S�U�R�Y�L�Q�J���S�H�R�S�O�H�¶�V���T�X�D�O�L�W�\���R�I���O�L�I�H���� 

Using EEG wearable with 8 channels, for analyzing EEG frequency band power, and eye-

tracking device, this thesis uses recent lean technologies (customer-value focused approach) 

and strategies, working with physiological measures, in a state of art proposal, regarding the 

recent literature, in a VR context. 

Analyzing eye-tracking data and EEG data simultaneously in one study is due to provide 

further insights into the sensitivity of these measures to assess mental processing demands in 

the context of a free-viewing task, in different demands of attention. Finally, the combined 

recording of eye-tracking and EEG data allows to additionally analyze the EEG data fixation-

related in certain areas of interest (AOIs), which might be in general a promising methodology 

for studying the EEG in complex, multimedia task materials (SCHARINGER, 2018). 

In this thesis we wanted to describe the outcomes of metrics in fixation-related EEG 

frequency power analysis in different attention states, and present reproducibility of the 

methodology in the context of VR systems, showing statistical relevance and comparison. Our 

focus is on collaborating with the immersive virtual reality approach to post-stroke 

rehabilitation therapies. As (SCHARINGER; SCHÜLER; GERJETS, 2020) describes, 

fixation-related EEG data analysis has been proposed as a promising methodology to study the 

EEG in free-viewing situations, yet most studies so far focused on the time-domain, that is on 

fixation-related potentials and not on the frequency domain. As this, fixation-related frequency 

band power analysis may be more explored.  

This thesis is divided in 6 sections/chapters. Chapter 1 presents the general idea of this 

thesis work, introducing terminologies that will be defined in Chapters 2 and 3. Chapter 2 gives 

the idea of how EEG signals are formed and recorded in a non-invasive approach. Chapter 3 is 

based on a published work by the author of this Thesis, 

https://doi.org/10.3389/fphys.2021.727840. Chapter 4 shows each step used to investigate 

attention, through EEG and eye-tracking, in the context of a specific VR system. Chapter 5 

presents the results found. Chapter 6 discusses and make final considerations. References are 

added at the end of each Chapter. 
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The brain is a paired structure, which corresponds to the right and left hemispheres, each 

relating to the opposite side of the body. The surface of the hemisphere (most superficial layer) 

is called cortex, which receives information from the skin, eyes, ears, and other receptors 

located generally on the opposite side of the body and is divided into six layers, which add up 

to 1 cm thick, called neocortex (Figure 2). Each hemisphere consists of several layers, where 

the outermost layer is a dense collection of nerve cells called gray matter, 1.5 to 4 mm thick, 

formed by neuron cups, neuroglial cells, and unmyelinated nerve fibers (WEBSTER; 

NIMUNKAR; CLARK, 2010). 

The brain and its main functions can be divided by regions, which are called cerebral 

lobes, see Fig. 2.2. There are four lobes located in the cerebral cortex: frontal, parietal, occipital 

and temporal lobes, named after the corresponding skull bones. There is also the insula lobe, 

internal to the parietal, frontal and temporal lobes. The insula/insular lobe is a hidden portion 

of the cerebral cortex that can be visualized by delicately pulling apart the margins of the lateral 

fissure (BEAR, 2013). 

 
Fig. 2.1.2. Lobes of the brain. [Source]: translated from (BEAR, 2013) 

 

Another way of dividing the cerebral cortex is into three types of functional areas, the 

primary, secondary, and association areas. The cortical areas responsible for basic functions are 

called primary motor or sensory areas. Secondary areas are located next to each primary area 

and receive afferent projections from the corresponding primary areas and the thalamus. They 

are responsible for integrating the original signal from the primary areas with the information 

received from the thalamus, to refine the input from the primary area. 
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The association areas, on the other hand, are cortical areas that integrate, process, and 

analyze different types of stimuli that reach the brain, and are involved in mediating higher 

cognitive functions, one of the most important being the prefrontal cortex area. 

The various areas, called Brodmann areas, differ in microscopic structure and function. 

Visual areas are found in the occipital lobe, somatosensory areas in the parietal lobe, 

auditory areas in the temporal lobe. The sensory information analysis areas, motor control areas, 

are in the frontal lobe. Associative areas of the cortex being those that are not directly involved 

with motor or sensory functions, see Fig. 2.1.3. 

 

 

 
Fig. 2.1.1 Major sensory, motor, and associative cortical areas. [Source]: translated from (BEAR, 

2013). 
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2.2 Basic Functional Unit 

 

Two major categories of cells in the nervous system are: neurons and glia, among which 

there are many types of cells that differ in structure, chemistry, and functionality. Although 

there are approximately equal numbers of neurons and glial cells in the adult human brain 

(about 85 billion each), neurons are responsible for most functions unique to the nervous 

system. It is the neurons that sense changes in the environment, communicate these changes to 

other neurons, and direct the body's responses to these sensations. Glia, or glial cells, contribute 

to neural functions primarily through their insulating, supportive, and nurturing effect on 

neighboring neurons (BEAR, 2013). 

Most cells are 0.01 to 0.05 mm in size. The neuron has distinct regions, a central region 

contains the nucleus of the cell and is called the soma. The thin tubes radiating from the soma 

(cell body) are the neurites, subdivided into dendrites and axons. Dendrites can reach up to 2 

mm in length, while axons can travel great distances in the body, reaching more than one meter 

in length (BEAR, 2013). 

Neurons can be classified according to the number of neurites or the aspect of the 

dendrites, among other classifications (types of connections and length of the axon). Two large 

classes are differentiated in the cerebral cortex, stellate cells �± star-shaped �± and pyramidal cells 

�± pyramidal in shape (Fig. 2.2.1) and uniformly positioned perpendicular to the cortical surface. 

This characteristic is differential so that the postsynaptic potential, to be seen in the next topic, 

can be added, and recorded by EEG electrodes on the scalp.  

 
Fig. 2.2.1 Classification of neurons based on the structure of the dendritic tree. [Source]: translated 

from (BEAR, 2013)  
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Fig. 2.2.2 presents a schematic drawing of a typical pyramidal cortical neuron. Bodies of 

this cell type are commonly triangular, with the base downward and the apex toward the cortical 

surface. The pyramidal neuron usually has a unitary axon, which emerges from the inner surface 

of the cortex with the projection of its fibers to other areas of the cortex, or other structures of 

the brain. Often their axons send branches back, as feedback, to the cellular region where they 

first originated (WEBSTER, NIMUNKAR AND CLARK, 2010). 

 
Fig. 2.2.2 Electrogenesis from the field of cortical potentials to a network of excitatory inputs in the 

apical dendritic tree of a typical pyramidal cell. The resulting current flow moves like waves between 
synaptic buttons. [Source]: (WEBSTER; NIMUNKAR; CLARK, 2010) 

 

2.3 ACTION POTENTIAL  

 

The signal that carries information along the nervous system is called an action potential. 

From the cellular and resting point of view (resting potential condition), the interior of the 

neuronal membrane is negative in relation to the external environment. In the action potential, 

there is a rapid inversion of this state, with the internal environment becoming more positive in 

relation to the external environment. The action potential is also called a spike potential, nerve 

impulse or discharge (BEAR, 2013). 

The action potential generated in a portion of the membrane is constant in size and 

duration and does not decrease as it propagates down the axon. It is the frequency and pattern 

of action potentials that constitute information to be transferred from one location to another. 
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Its properties and characteristics are universal to the animal kingdom, as can be seen in Fig. 

2.3.1. 

 
Fig. 2.3.1 Action potential phases and characteristics. [Source]: 

[https://www.moleculardevices.com/applications/patch-clamp-electrophysiology/what-action-potential], access on June 28, 2023. 

Fig. 2.3.1 represents a graph of the membrane potential against time. There are 

identifiable parts, shown in Figure 6: 1. The onset phase, 2. the ascending phase �± rapid 

membrane depolarization �± which allows the internal membrane potential to reach the 

maximum peak value of 40 mV, with influx of Na+. Failed depolarizations happen due to not 

reaching the threshold level. When there is the overdrive spike, the interior of the neuron is 

positively charged relative to the outside. 3. In the descending phase �± rapid repolarization of 

the inner medium of the membrane �± the inner medium becomes more negative than the resting 

potential, when K+ ions come outside. 4. In the next phase �± post potential hyperpolarization or 

undershoot �± there is a gradual restoration of the 5. resting potential. From start to finish, this 

event lasts about 2 milliseconds (ms), and the stimulus generating the action potential must 

overcome a threshold for the onset of depolarization (BEAR, 2013).  

Under normal conditions, the action potentials conducted by axons in the cortex 

contribute very little to the integrated surface potential because there are many axons in the 

cortex that are going in different directions and that depolarize asynchronously. Consequently, 

the temporal and spatial influence on the field potential at the cortical surface is neglected. 

When there is a synchronous response to cortical inputs/stimuli, it is called an evoked potential, 

and it has a relatively large amplitude. Synchronicity of adjacent fiber and cortical neuronal 

activity is the biggest factor influencing the magnitude of the surface potential that can be 

recorded with scalp electrodes (WEBSTER, NIMUNKAR AND CLARK, 2010). 
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Unipolar field potentials recorded in cortical layers reveal that surface cortical potential 

is increased by the 'network' effect of postsynaptic potentials from cortical cells, as shown in 

the pyramidal cell polarization in Fig. 2.2.2. This network of potentials can be excitatory or 

inhibitory - changing only the polarity of the dipole shown in Fig. 2.2.2 - and recorded directly 

below the electrode or at some distance from it. The potential change recorded at the surface is 

measured by this network of falling potentials between the surface location and the distance 

from the reference electrode. This network could have a resultant of zero, nullified by a closed 

field effect (WEBSTER; NIMUNKAR; CLARK, 2010). 

Since this is an ordered and symmetrically fitted cortical surface with specific types of 

cortical cells, the recorded cortical electrical change may create a situation of open field 

potentials, which is favorable for detecting postsynaptic depolarizations. Pyramidal cells make 

this situation possible, as they are oriented vertically, with their long apical dendrites arranged 

parallel to each other. Thus, potential changes in one part of the cell relative to another part 

create a measurable current movement on the cortical surface, which is illustrated in Fig. 2.2.2 

(WEBSTER, NIMUNKAR AND CLARK, 2010). 

On the other hand, the non-pyramidal cells of the neocortex do not contribute 

substantially to surface recordings. This dipole relationship in the pyramidal cell, between 

dendrite and soma, dependent on excitatory or inhibitory stimulus, is what constantly alters the 

current dipole, where variations in dipole orientation and density produce fluctuations that 

resemble waves in the surface field potential. The recording of these fluctuating signals is given 

by electrodes on the scalp and originate the electrocardiogram, a signal that will be discussed 

in the next topic. The sum of negative dendritic activity, relative to the cell, it becomes excitable 

and depolarized. When positive, the cell is hyperpolarized and less excitable (WEBSTER, 

NIMUNKAR AND CLARK, 2010). 
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2.4 ELECTROENCEPHALOGRAM  

 

The electroencephalogram is used to non-invasively diagnose brain injuries and tumors, 

just as it is used in neuropsychological research. Electroencephalograms are usually recorded 

from the scalp, which means that underlying brain cortical electrical activity must pass through 

the meninges, pia and dura mater, cerebrospinal fluid, skull, and scalp. When the ion waves hit 

the electrodes, the voltage difference between the electrodes can be measured by a voltmeter. 

Accounting for these voltages over time results in the EEG tracing, which is a 2D representation 

of the conduction volume, which is 3D. It is estimated that each of the EEG electrodes sees a 

solid angle adding up the activity of about 6 cm² of underlying cortex, with a significant number 

of thousands of cells in synchrony, indicating the behavior of cortical neurons (OLEJNICZAK, 

2006). 

Considerable attenuation and spatial averaging of the brain signal occurs due to various 

structures that electrical activity must travel through. The highest brain potential recorded on 

the scalp is approximately 150 µV peak. The standard for EEG recording via scalp electrodes 

is 10-20 �± recommended by the International Federation of Societies for 

Electroencephalography and Clinical Neurophysiology, with positioning relative to anatomical 

landmarks of the skull and 10% or 20% intervals, see (NORTHROP, 2003) and Fig. 2.4.2. 

Different devices for EEG recording can vary from 1 to 32 electrodes across the scalp, and a 

total of 128 towards the face. The electrodes are the initial element for recording these 

biopotentials, as this is where the transduction of the ionic signal into an electrical one takes 

place. The electrodes must have metallic components and can have two main formats �± disk or 

pins �± and provide signal transduction with or without the help of conductive gel. The disc-
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shaped electrodes, Fig. 2.4.1 are generally made of AgCl (silver chloride) and positioned with 

the help of a conductive gel at the electrode-skin interface. 

 
Fig. 2.4.1 Recording of brain electrical activity with an EEG electrode. The small electric fields are 

produced by electric dipoles in the pyramidal cells, in a postsynaptic depolarization. [Source]: 
translated from (BEAR, 2013) 

 

Fig. 2.4.2 International electrode positioning system, 10-20, with its traditional 19 electrodes. For 
referential (unipolar) recording, atria A1 and A2 are used as reference [Source]: (MARCUSE; 

FIELDS; YOO, 2015) 
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Typical EEG signals have frequencies in their spectrum corresponding to specific 

activities. Its characteristics can be seen in the Fig. 2.4.3 and Fig. 2.4.4, and it is possible to see 

that they are stochastic signals �± they do not repeat themselves as a function of time. A complete 

EEG signal recording system comprises electrodes positioned on the scalp, connected to the 

amplification and filtering unit, subsequent analogue-digital conversion, signal processing, and 

recording or demonstration of the signal in real time. The signal/noise ratio of the EEG signal 

is relatively low, it is also subject to a strong attenuation at the skin-electrode interface, due to 

the impedance that characterizes it, in addition to the half-cell potential of the electrodes, which 

demands that computational algorithms assist in the process extraction of EEG signals and their 

possible characteristics of interest (WEBB, 2018). The removal of noise from the EEG signal 

in each channel (electrode) and its correlation with other channels, can generate information on 

the interactions of different areas of the brain, which can be observed by investigating the EEG 

rhythms. 

 

 

Fig. 2.4.3 (a,b) Characteristic EEG signals from two electrodes positioned at different physical 
locations on the scalp (c) Summed EEG frequency spectrum of all scalp areas for a typical EEG 

[Source]: (WEBB, 2018) 
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Fig. 2.4.4 Schematic example of EEG waveforms in different frequency bands [Source]: (WEBB, 
2018) 

EEG signal rhythms are correlated with certain behavioral states and pathologies. Brain 

rhythms are categorized into five most analyzed bands, depending on their frequencies, they 

�D�U�H�����W�K�H���G�H�O�W�D�����/�������W�K�H�W�D�������������D�O�S�K�D�����.�������E�H�W�D���D�Q�G���J�D�P�P�D�����������E�D�Q�G�V�����7�K�H���J�D�P�P�D���E�D�Q�G�����������Z�L�O�O���Q�R�W��

be addressed in this work, as it is a very high frequency range, normally associated with 

neuroscientific investigations, but which requires high precision from recording devices. 

Traditionally, the rhythms are described as follows, presenting the main associated behaviors. 

�'�H�O�W�D�����/�����U�K�\�W�K�P�V���D�U�H���V�O�R�Z�����Z�L�W�K���K�L�J�K���D�P�S�O�L�W�X�G�H���D�Q�G���I�U�H�T�X�H�Q�F�L�H�V���E�H�O�R�Z������Hz, normally 

only observed in children and adults who are in a state of deep sleep. A large detection of delta 

activity in awake adults is abnormal and is often associated with neurological disease. Delta 

waves originate in the thalamus or the cortex (WEBB, 2018). 

�7�K�H�W�D�� �U�K�\�W�K�P�V�� �������� �K�D�Y�H�� �K�L�J�K�� �D�P�S�O�L�W�X�G�H���� �O�R�Z�� �I�U�H�T�X�H�Q�F�\���� �Z�L�W�K�� �D�� �G�H�I�L�Q�H�G�� �E�D�Q�G�� �R�I�� ��.1 to 

7.9Hz. It occurs in small amounts in a normal waking adult, in a state of meditation and problem 

solving, as well as in large amounts it is associated with neurological diseases. A greater amount 

of these waves is seen in young and older children, and adults in a light sleep state. The theta 

band is associated with a wide range of cognitive processes (WEBB, 2018). 

�$�O�S�K�D�����.�����U�K�\�W�K�P�V���R�F�F�X�U���D�W���D���I�U�H�T�X�H�Q�F�\���R�I�������W�R���������+�]�����7�K�H�\���D�U�H���I�R�X�Q�G���L�Q���D�O�P�R�V�W���D�O�O���Q�R�U�P�D�O��

people when they are in a state of wakefulness, creativity, concentration and in a state of 

relaxation. It is measured over the occipital region of the brain, primarily reflecting visual 

processing and memory retrieval. Its amplitude is high when the eyes are closed and body 
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relaxation, and it is attenuated when the eyes are open and when performing mental tasks 

(WEBB, 2018). 

�%�H�W�D�����������U�K�\�W�K�P�V���D�U�H���I�R�X�Q�G���E�H�W�Z�H�H�Q����3.1 and 30Hz and are registered by the frontal and 

contralateral regions of the brain. Beta waves are characterized by a symmetrical distribution 

at the peaks of their waveform when there is no motor activity, and it becomes asymmetrical �± 

desynchronized �± with low amplitude during movement (WEBB, 2018). 

 

Table 2.4 Brain Waves features 

Brain 

Wave 
f (Hz) A (µV) Description 

Delta 1 �± 4 20-200 
Predominant in the deep sleep state, loss of bodily awareness, 
dreamless sleep, unconscious 

Theta 4.1 �± 8 10 
Found in the sleep state and in tasks that do not require 
concentration, such as automatic tasks. Reduced consciousness, 
dreams, light sleep 

Alpha 8.1 �± 13 20-200 
Physically and mentally relaxed, state of attention, conscious, super 
learning. The occipital, parietal and frontal areas have the greatest 
amplitudes. 

Beta 13.1 �± 30 5-10 

State of alert with attention to an external stimulus or concentrated 
on a task that requires reasoning, focus. It presents a lower 
amplitude than alpha oscillations and it is commonly found in the 
parietal and frontal lobes. 

Gama 32 �± 100 5-10 
Observed in synchrony with visual information, whether 
consciously or not. Waves are prominent at 40Hz and associated 
with sensory processes in the visual cortex. 

A: amplitude; f: frequency. 

 

2.5  CEREBROVASCULAR ACCIDENT / STROKE  

Stroke is one of the major causes of death and disabilities in the world and the reason for 

116.4 million disability-adjusted life-years (DALYs) (MAROTTA et al., 2020). The Global 

Burden of Diseases, Injuries, and Risk Factors Study reports that, in 2016, stroke was 

responsible for 5.5 million deaths globally. The great challenge of the survivors of stroke is to 

address the long-term consequences as sensory, motor, cognitive, and visual impairments. 

These neurological deficits are the main rehabilitation targets since these reduce the ability of 

individuals to perform activities of daily living (ADL) (KATAN; LUFT, 2018). 

The most common involvement caused by stroke and the most widely reported is motor 

damage. This may be noted as loss of muscle control function, or limitation in mobility. 

Therefore, several new models of rehabilitation for motor recovery, such as robotic therapy and 

non-invasive brain stimulation, have been developed based on clinical studies and science, with 
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the aim of characterizing brain remodeling, due to the process of neuroplasticity - the brain's 

ability to adapt to environmental pressure, experiences and challenges, including brain damage 

(YUAN et al., 2021). 

Stroke �V�X�U�Y�L�Y�R�U�V�¶ manifest deficits in physical functions, e.g., motor impairment in up to 

80% of cases, associated with disability in language, sensory, behavioral, and visual functions, 

dysphagia and cognitive domain (difficulty in intellectual capacity, memory, attention, 

orientations, awareness). The location of the brain damage, its extent and the amount of the 

recovery are key-�S�R�L�Q�W�V�� �L�Q�� �W�K�H�� �V�W�U�R�N�H�¶�V�� �I�L�Q�D�O�� �R�X�W�F�R�P�H (LANGHORNE; BERNHARDT; 

KWAKKEL, 2011). 

The use of brain-computer interfaces (BCI) has been applied for post-stroke 

rehabilitation. Most studies report patients who actively operated devices, performing robotic 

movements, for example, with the help of this interface to promote their rehabilitation. The use 

of BCI implies modifying the patient's neuronal activity, under the effect of progressive 

practice, with certain feedback or reward. It is estimated that changes in cortical activation 

patterns remain in the patient, when they perform similar activities, even after cessation of 

therapy activities (Yuan et al., 2021). In a current review, it was found that the use of short-

term therapies with devices, immediately after the end of the intervention, is significantly more 

effective than the control interventions in post-stroke upper limb rehabilitation (MANSOUR et 

al., 2022). 

Recording the EEG signal in this context has proven to be a prominent tool that offers a 

more direct measurement of the electroencephalographic signal with greater temporal 

resolution to explore the dynamics of brain processes. Effective connectivity developed from 

Granger causality theory can be derived from the EEG signal (YUAN et al., 2021). This type 

of connectivity theory reveals directed information flowing from one region to another and 

asserts directed information and correlation between brain areas. EEG can be applied to 

estimate functional and effective connectivity. Functional connectivity is defined as a statistical 

interdependence between spatially distant neurophysiological regions, usually measured by 

correlation, coherence and information theory (CAO et al., 2022). 

Generally, EEG data can be used either for evaluating the presence of neural plasticity in 

stroke patients before and after neurobehavioral treatment or as neurofeedback for brain-

computer interface (BCI) systems. Indeed, the most common brain signal activity (EEG 

rhythms) used with BCI paradigms in stroke patients is related to motor planning and execution. 

During a motor attempt, the temporal pattern of the Alpha rhythm (8�±12 Hz) over the 
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sensorimotor cortices desynchronizes. This rhythm is considered an indirect indication of the 

action observation network and reflects the general sensorimotor activity. When these EEG 

signatures change in the Beta rhythm (12�±30 Hz) in the form of event-related 

desynchronization, they indicate that motor action is executed (ARCURI et al., 2021). 

 





�í�õ 
 

�V�W�D�W�H�V�� �R�I�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �D�Q�G�� �L�P�P�H�U�V�L�R�Q�� �W�K�U�R�X�J�K�� �W�K�H�� �(�(�*�� �V�L�J�Q�D�O���� �,�Q�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �V�X�E�M�H�F�W�V��

�V�K�R�X�O�G���I�R�F�X�V���R�Q���D���U�H�G���G�R�W���L�Q���W�K�H���F�H�Q�W�H�U���R�I���W�K�H���V�F�U�H�H�Q�����Z�K�L�O�H���L�Q���L�P�P�H�U�V�L�R�Q���W�K�H�\���V�K�R�X�O�G���I�R�F�X�V���R�Q��

�S�O�D�\�L�Q�J���D���9�5���J�D�P�H�����7�K�H���E�H�W�D���Z�D�Y�H�V���U�R�V�H���L�Q���E�R�W�K���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�Q�G���L�P�P�H�U�V�L�R�Q���V�W�D�W�H�V���L�Q���W�K�H��

�I�U�R�Q�W�D�O�� �D�Q�G�� �R�F�F�L�S�L�W�D�O�� �O�R�E�H�V���� �L�Q�F�U�H�D�V�L�Q�J�� �I�X�U�W�K�H�U�� �L�Q�� �L�P�P�H�U�V�L�R�Q���� �7�K�H�� �D�O�S�K�D�� �Z�D�Y�H�V�� �V�K�R�Z�H�G�� �R�Q�O�\��

�G�H�F�D�\���D�W���U�H�V�W���W�L�P�H�V�����L�Q���E�R�W�K���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�Q�G���L�P�P�H�U�V�L�R�Q���V�W�D�W�H�V�����E�H�W�Z�H�H�Q���W�D�V�N�V�����)�D�F�W�R�U�V���W�K�D�W���F�D�O�O��

�W�K�H�� �L�Q�G�L�Y�L�G�X�D�O�¶�V�� �Y�L�V�X�D�O�� �D�W�W�H�Q�W�L�R�Q���� �F�D�X�V�L�Q�J�� �I�L�[�D�W�L�R�Q���U�H�O�D�W�H�G�� �S�R�W�H�Q�W�L�D�O�V�� ���)�5�3�V������ �Z�H�U�H�� �Q�R�W��

�L�Q�Y�H�V�W�L�J�D�W�H�G�� �L�Q�� �W�K�D�W�� �Z�R�U�N���� �D�Q�\�� �L�Q�W�H�Q�W�L�R�Q�� �H�[�L�V�W�H�G�� �W�R�� �D�V�V�H�V�V�� �W�K�H�� �L�Q�G�L�Y�L�G�X�D�O�¶�V�� �H�\�H���W�U�D�F�N�L�Q�J�� �G�D�W�D��

�G�X�U�L�Q�J���U�H�F�R�U�G�L�Q�J���R�I���W�K�H���(�(�*���V�L�J�Q�D�O�V�� 

�7�R�� �D�O�O�R�Z�� �P�R�U�H�� �L�P�P�H�U�V�L�R�Q�� �L�Q�W�R���9�5�� �V�\�V�W�H�P�V���� �W�K�H�� �L�Q�G�L�Y�L�G�X�D�O�¶�V�� �L�P�P�H�U�V�L�R�Q�� �S�U�R�F�H�V�V�� �L�Q�� �W�K�H��

�Y�L�U�W�X�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �L�V�� �W�K�H�� �L�Q�G�L�Y�L�G�X�D�O�¶�V�� �S�U�H�V�H�Q�F�H�� �L�Q�� �W�K�H�� �Y�L�U�W�X�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �7�K�L�V�� �L�V�� �S�R�V�V�L�E�O�H��

�W�K�U�R�X�J�K�� �D�Q�� �D�Y�D�W�D�U���� �Z�K�L�F�K�� �L�V�� �G�H�I�L�Q�H�G�� �D�V�� �D�� �G�L�U�H�F�W�� �H�[�W�H�Q�V�L�R�Q�� �R�I�� �R�X�U�V�H�O�Y�H�V�� �D�V�� �W�K�H�\�� �D�U�H�� �D�� �F�O�R�V�H��

�U�H�V�H�P�E�O�D�Q�F�H���R�I���Z�K�D�W���Z�H���H�[�S�H�U�L�H�Q�F�H���L�Q���W�K�H���U�H�D�O���Z�R�U�O�G�����:�$�/�7�(�0�$�7�(���H�W���D�O���������������������*�D�P�H�V���D�U�H��

�W�K�H���P�D�L�Q���Z�D�\���W�R���H�[�S�O�R�U�H���W�K�H���L�Q�G�L�Y�L�G�X�D�O�¶�V���S�U�H�V�H�Q�F�H���L�Q���W�K�H���Y�L�U�W�X�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�����0�R�U�H���I�R�F�X�V�H�G���R�Q��

�P�H�G�L�F�D�O�� �D�W�W�H�Q�W�L�R�Q���� �H�[�H�U�J�D�P�H�V�� ���9�5���E�D�V�H�G�� �H�[�H�U�F�L�V�H�V���� �K�D�Y�H�� �E�H�H�Q�� �D�� �U�H�F�H�Q�W���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �L�Q�W�R���W�K�H��

�D�S�S�U�R�D�F�K�� �R�I���9�5�� �W�H�F�K�Q�R�O�R�J�L�H�V���� �V�F�L�H�Q�W�L�I�L�F�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �R�I�� �S�K�\�V�L�R�O�R�J�L�F�D�O�� �V�L�J�Q�D�O�V�� �D�Q�G�� �W�K�H�U�D�S�L�H�V����

�R�I�W�H�Q���X�V�L�Q�J���D�Y�D�W�D�U�V�� 

�9�L�U�W�X�D�O���U�H�D�O�L�W�\�����9�5�V�����V�\�V�W�H�P�V���F�D�Q���E�H���F�O�D�V�V�L�I�L�H�G���D�F�F�R�U�G�L�Q�J���W�R���L�W�V���W�\�S�H���R�I���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K��

�W�K�H���X�V�H�U�����D�O�O�R�Z�L�Q�J���O�H�Y�H�O�V���R�I���L�P�P�H�U�V�L�R�Q�����L�Q�W�R���G�H�V�N�W�R�S���E�D�V�H�G���9�5���V�\�V�W�H�P�V���� �V�H�P�L���L�P�P�H�U�V�L�Y�H���D�Q�G��

�I�X�O�O�\���L�P�P�H�U�V�H�G���9�5���V�\�V�W�H�P�V�����7�K�H�V�H���G�L�I�I�H�U�H�Q�F�H�V���D�U�H���Q�H�F�H�V�V�D�U�\���L�Q���W�K�H���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���R�I���L�P�P�H�U�V�L�Y�H��

�9�5�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V���� �V�L�Q�F�H�� �W�K�H�� �X�V�H�U���� �Z�K�H�Q�� �Z�D�W�F�K�L�Q�J�� �D�� ���'�� �R�U�� ���'�� �Y�L�G�H�R���� �Z�L�W�K�R�X�W�� �F�R�Q�W�U�R�O�O�L�Q�J�� �W�K�H��

�Y�L�U�W�X�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�����L�Q���D���S�D�V�V�L�Y�H���Z�D�\�����L�V���Q�R�W���I�D�F�L�Q�J���D�Q���L�P�P�H�U�V�L�Y�H���H�Q�Y�L�U�R�Q�P�H�Q�W���±���Q�R�Q���L�P�P�H�U�V�L�Y�H��

�9�5���� �R�U���G�H�V�N�W�R�S���E�D�V�H�G���9�5�� �V�\�V�W�H�P�V���� �6�H�P�L�� �L�P�P�H�U�V�L�Y�H���9�5�� �G�H�Y�L�F�H�V���� �R�U���G�L�V�W�U�L�E�X�W�H�G���9�5�� �V�\�V�W�H�P�V����

�D�O�O�R�Z���D���P�L�[�H�G���Y�L�H�Z���R�I���W�K�H���Y�L�U�W�X�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�����D�V���Z�L�W�K���W�K�H���X�V�H���R�I�����'���J�O�D�V�V�H�V�����R�U���F�R�Q�W�U�R�O�O�L�Q�J���D��

�G�H�V�N�W�R�S���E�D�V�H�G�� �V�\�V�W�H�P���� �,�Q�� �W�K�H�� �I�X�O�O�\�� �L�P�P�H�U�V�H�G�� �9�5�� �V�\�V�W�H�P���� �W�K�H�� �L�P�P�H�U�V�L�R�Q�� �G�H�Y�L�F�H�� �P�X�V�W�� �E�H�� �D�Q��

�+�0�'���R�U���E�H���S�O�D�F�H�G���L�Q���D���F�D�Y�H���D�X�W�R�P�D�W�L�F���Y�L�U�W�X�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W�����&�$�9�(�������Z�K�L�F�K���L�V���D���U�R�R�P���F�R�Y�H�U�H�G��

�E�\���V�F�U�H�H�Q�V���R�Q���D�O�O���Z�D�O�O�V�����/�,�����*�D�Q�J�����=�+�2�8�����H�W���D�O������������������ 

�$�V���S�U�H�V�H�Q�W�H�G���D�W���W�K�H���H�Q�G���R�I���&�K�D�S�W�H�U���������Q�H�Z���W�H�F�K�Q�R�O�R�J�L�H�V�����V�X�F�K���D�V���Y�L�U�W�X�D�O���U�H�D�O�L�W�\�����9�5�������K�D�Y�H��

�E�H�H�Q�� �G�H�Y�H�O�R�S�H�G�� �W�R�� �H�Q�K�D�Q�F�H�� �U�H�R�U�J�D�Q�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�� �Q�H�X�U�R�P�R�W�R�U�� �Z�D�\�V�� �D�Q�G�� �U�H�G�X�F�W�L�R�Q�� �R�I�� �P�R�W�R�U��

�G�L�V�D�E�L�O�L�W�\�����7�K�D�Q�N�V���W�R���W�K�H���G�L�V�W�L�Q�F�W�L�Y�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�H���V�X�U�U�R�X�Q�G�L�Q�J�V���F�U�H�D�W�H�G���E�\���W�K�H���9�5���V�\�V�W�H�P��

�D�Q�G���W�K�H���P�X�O�W�L�S�O�H���V�H�Q�V�R�U���E�D�V�H�G���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���V�X�E�M�H�F�W���D�Q�G���W�K�H���V�\�V�W�H�P�����D���Y�L�U�W�X�D�O���V�F�H�Q�D�U�L�R��

�F�D�Q�� �E�H�� �S�H�U�F�H�L�Y�H�G�� �D�V�� �D�� �U�H�D�O�L�V�W�L�F�� �H�[�S�H�U�L�H�Q�F�H���� �,�Q�� �D�� �Y�L�U�W�X�D�O�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �W�K�H�� �W�K�H�U�D�S�L�V�W�� �F�D�Q�� �E�X�L�O�G����

�D�G�M�X�V�W�����D�Q�G���S�U�R�S�R�V�H���H�[�H�U�F�L�V�H�V���W�K�D�W���L�Q���F�R�Q�Y�H�Q�W�L�R�Q�D�O���S�U�D�F�W�L�F�H���D�U�H���X�Q�V�D�I�H�����G�L�I�I�L�F�X�O�W���W�R���U�H�D�O�L�]�H���R�U���W�R�R��

�H�[�S�H�Q�V�L�Y�H�����0�R�U�H�R�Y�H�U�����G�X�H���W�R���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���D���J�D�P�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���W�K�H�U�D�S�\�����S�D�W�L�H�Q�W�V���V�K�R�Z���P�R�U�H��





�î�í 
 

�D�X�W�K�R�U�V�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �W�K�H�V�H�� �U�H�V�X�O�W�V�� �Z�H�U�H�� �D�O�V�R�� �F�R�U�U�H�O�D�W�H�G�� �Z�L�W�K�� �P�L�Q�R�U�� �F�R�J�Q�L�W�L�Y�H�� �G�H�I�L�F�L�W�V�� �L�Q��

�P�H�P�R�U�\�����D�W�W�H�Q�W�L�R�Q�����Y�L�V�X�D�O���S�H�U�F�H�S�W�L�R�Q���F�D�S�D�F�L�W�\���D�Q�G���S�U�R�E�O�H�P���V�R�O�Y�L�Q�J���� 

���/�,�1���H�W�� �D�O������ ������������ �G�H�P�R�Q�V�W�U�D�W�H�G�� �D�Q�� �L�P�S�U�R�Y�H�P�H�Q�W�� �L�Q�� �W�K�H�� �9�5�� �P�L�U�U�R�U�� �W�K�H�U�D�S�\�� �J�U�R�X�S��

�U�H�J�D�U�G�L�Q�J�� �W�R�W�D�O�� �V�F�R�U�H�� �D�Q�G�� �K�D�Q�G�� �F�R�P�S�R�Q�H�Q�W���� �,�P�P�H�U�V�L�Y�H�� �Y�L�U�W�X�D�O�� �U�H�D�O�L�W�\�� �W�U�H�D�W�P�H�Q�W�� �K�D�V�� �J�U�H�D�W��

�S�R�W�H�Q�W�L�D�O�� �L�Q�� �P�R�W�R�U�� �V�W�U�R�N�H�� �U�H�K�D�E�L�O�L�W�D�W�L�R�Q�� �D�Q�G�� �F�D�Q�� �R�I�I�H�U�� �D�G�G�L�W�L�R�Q�D�O�� �E�H�Q�H�I�L�W�V�� �L�Q�� �F�R�P�S�D�U�L�V�R�Q�� �Z�L�W�K��

�V�W�D�Q�G�D�U�G���W�K�H�U�D�S�\�����8�S�S�H�U���O�L�P�E���G�H�I�L�F�L�W�V���D�U�H���D���F�R�P�P�R�Q���F�R�Q�V�H�T�X�H�Q�F�H���R�I���V�W�U�R�N�H�����R�Y�H�U�����������R�I���V�W�U�R�N�H��

�V�X�U�Y�L�Y�R�U�V���K�D�Y�H���D�Q���X�S�S�H�U���O�L�P�E���G�\�V�I�X�Q�F�W�L�R�Q�����H���J�������V�S�D�V�W�L�F�L�W�\�����G�\�V�W�R�Q�L�D�����P�X�V�F�O�H���F�R�Q�W�U�D�F�W�X�U�H�����O�R�V�V���R�I��

�V�W�U�H�Q�J�W�K���D�Q�G���G�H�[�W�H�U�L�W�\�����G�H�F�U�H�D�V�H�G���D�F�W�L�Y�H���M�R�L�Q�W���U�D�Q�J�H���R�I���P�R�W�L�R�Q�����O�D�F�N���R�I���S�U�H�F�L�V�L�R�Q���D�Q�G���E�L���P�D�Q�X�D�O��

�F�R�R�U�G�L�Q�D�W�L�R�Q�� ���'�(�0�(�&�2���H�W�� �D�O������ �������������� �)�L�Y�H�� �W�\�S�L�F�D�O�� �D�U�P�� �V�S�D�V�W�L�F�L�W�\�� �S�D�W�W�H�U�Q�V�� �D�U�H�� �V�K�R�Z�Q�� �L�Q�� �)�L�J����

���������������D�V���H�O�X�F�L�G�D�W�H�G���E�\�����'�2�8�6�6�2�8�/�,�1���H�W���D�O���������������������$���J�O�R�E�D�O���P�R�Y�H�P�H�Q�W���L�V���D�G�G�U�H�V�V�H�G���L�Q���W�K�H��

�)�U�H�H���W�R���)�O�\���H�[�H�U�J�D�P�H���W�R���U�H�K�D�E�L�O�L�W�D�W�H���W�K�H���W�\�S�L�F�D�O���V�S�D�V�W�L�F�L�W�\���S�D�W�W�H�U�Q�V�� 

 

�)�L�J�����������������3�U�H�Y�D�O�H�Q�F�H���R�I���6�S�D�V�W�L�F�L�W�\���D�Q�G���3�R�V�W�X�U�D�O���3�D�W�W�H�U�Q�V���L�Q���W�K�H���8�S�S�H�U���(�[�W�U�H�P�L�W�\���3�R�V�W���6�W�U�R�N�H 

3.3 EYE-TRACKING  

�7�K�H�� �X�V�H�� �R�I�� �W�H�F�K�Q�R�O�R�J�L�H�V���� �V�X�F�K�� �D�V�� �D�Q�� �H�\�H���W�U�D�F�N�L�Q�J�� �G�H�Y�L�F�H�� ���H�\�H���W�U�D�F�N�H�U���� �F�D�Q�� �K�H�O�S�� �L�Q�� �W�K�H��

�F�R�P�S�R�V�L�W�L�R�Q���R�I���L�Q�G�L�Y�L�G�X�D�O���E�H�K�D�Y�L�R�U���P�H�W�U�L�F�V���D�Q�G���S�K�\�V�L�R�O�R�J�L�F�D�O���G�D�W�D�����V�R���W�K�D�W���W�K�H���U�H�V�H�D�U�F�K�H�U���O�H�D�U�Q�V��

�D�E�R�X�W���F�R�J�Q�L�W�L�Y�H���S�U�R�F�H�V�V�H�V���D�Q�G���R�W�K�H�U���L�Q�I�R�U�P�D�W�L�R�Q���S�U�R�F�H�V�V�L�Q�J���V�N�L�O�O�V�����L�Q���G�L�I�I�H�U�H�Q�W���F�R�Q�W�H�[�W�V�����U�H�D�G�L�Q�J����

�H�G�X�F�D�W�L�R�Q�D�O�� �U�H�V�H�D�U�F�K���� �O�H�Y�H�O�� �R�I�� �D�W�W�H�Q�W�L�R�Q�� �D�Q�G�� �Y�L�V�X�D�O�� �E�H�K�D�Y�L�R�U�� �L�Q�� �L�Q�W�H�U�D�F�W�L�R�Q�� �Z�L�W�K�� �D���9�5�� �V�\�V�W�H�P��

���/�(�(�����$�1�'�(�5�6�2�1���������������� 

�6�H�Y�H�U�D�O�� �P�H�W�U�L�F�V�� �F�D�Q�� �E�H�� �H�[�W�U�D�F�W�H�G�� �I�U�R�P�� �V�X�E�M�H�F�W�� �H�\�H���W�U�D�F�N�L�Q�J���� �1�D�W�X�U�D�O�� �H�\�H�� �P�R�Y�H�P�H�Q�W��

�W�U�D�F�N�L�Q�J���F�D�O�O�H�G���H�\�H���J�D�]�H�����E�O�L�Q�N�V�����V�P�R�R�W�K���H�\�H���P�R�Y�H�P�H�Q�W���W�U�D�F�N�L�Q�J�����U�D�S�L�G���H�\�H���P�R�Y�H�P�H�Q�W���W�U�D�F�N�L�Q�J��



�î�î 
 

�E�H�W�Z�H�H�Q���W�Z�R���I�L�[�D�W�L�R�Q���S�R�L�Q�W�V���F�D�O�O�H�G���V�D�F�F�D�G�H�����S�X�S�L�O���G�L�O�D�W�L�R�Q���G�D�W�D�����I�L�[�D�W�L�R�Q���U�H�O�D�W�H�G���S�R�W�H�Q�W�L�D�O���V�L�J�Q�D�O��

�D�Q�G���W�L�P�H���R�Q���D���S�D�U�W�L�F�X�O�D�U���D�F�W�L�Y�L�W�\���R�U���U�H�J�L�R�Q�����D�Q�G���W�L�P�H���G�D�W�D���X�Q�G�H�U���D�Q���D�U�H�D���R�I���L�Q�W�H�U�H�V�W�����$�2�,�������Z�K�H�Q��

�X�V�L�Q�J�� �V�\�V�W�H�P�V�� �O�L�P�L�W�L�Q�J�� �W�K�H�� �L�Q�G�L�Y�L�G�X�D�O�
�V�� �I�L�H�O�G�� �R�I�� �Y�L�H�Z���� �,�Q�� �W�K�H�� �V�W�X�G�L�H�V�� �E�\�� ���/�,�0�����<�(�2�����<�2�2�1����

�������������9�$�5�(�/�$���&�$�6�$�/���H�W���D�O���������������������E�L�R�P�D�U�N�H�U�V���D�U�H���G�H�G�X�F�H�G���I�U�R�P���H�\�H���W�U�D�F�N�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q����

�7�K�H���L�Q�G�L�Y�L�G�X�D�O�
�V���D�W�W�H�Q�W�L�R�Q���L�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P���P�H�D�V�X�U�H�P�H�Q�W�V���R�I���W�K�H���I�L�[�D�W�L�R�Q���W�L�P�H���R�Q���D���W�D�U�J�H�W���L�Q��

�W�K�H���F�H�Q�W�H�U���R�I���W�K�H���V�F�U�H�H�Q���W�R���Z�K�L�F�K���K�H���L�V���H�[�S�R�V�H�G�� 

�$�S�S�U�R�D�F�K�H�V���R�Q���H�\�H���W�U�D�F�N�L�Q�J���P�H�W�U�L�F�V���G�D�W�H���E�D�F�N���W�R���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���W�K�H�������W�K���F�H�Q�W�X�U�\�����Z�K�H�U�H��

�W�K�H���F�R�U�Q�H�D�O���U�H�I�O�H�[���P�H�W�K�R�G���Z�D�V���F�U�H�D�W�H�G�����D�Q�G���L�W���L�V���E�D�V�H�G���R�Q���W�K�H���X�V�H���R�I���W�K�H���H�\�H�E�D�O�O���D�V���D���V�S�K�H�U�L�F�D�O��

�S�D�W�W�H�U�Q�� �W�K�D�W�� �U�R�W�D�W�H�V�� �O�L�N�H�� �W�K�H�� �F�H�Q�W�H�U�� �R�I�� �D�� �F�L�U�F�O�H���� �D�Q�G�� �W�K�H�� �U�H�I�O�H�[�� �S�R�L�Q�W�� �L�V�� �D�O�Z�D�\�V�� �I�L�[�H�G�� ���/�,����

�=�+�$�2�:�(�,���� �*�8�2���� �6�2�1�*���� �������������� �7�K�L�V�� �Z�D�V�� �W�K�H�� �I�L�U�V�W�� �H�\�H���W�U�D�F�N�H�U�� �W�R�� �J�H�Q�H�U�D�W�H�� �G�D�W�D�� �L�Q�� �W�Z�R��

�G�L�P�H�Q�V�L�R�Q�V�����[���\�������G�H�Y�H�O�R�S�H�G���E�\���6�W�U�D�W�W�R�Q���D�Q�G���X�V�H�G���I�R�U���V�W�X�G�L�H�V���R�I���L�O�O�X�V�L�R�Q�V�����D�H�V�W�K�H�W�L�F�V���D�Q�G���R�E�M�H�F�W��

�S�H�U�F�H�S�W�L�R�Q�����6�7�5�$�7�7�2�1�������������������$�S�S�O�L�H�G���W�R���W�K�H���V�W�X�G�\���R�I���U�H�O�H�Y�D�Q�W���W�D�V�N�V���D�Q�G���R�F�X�O�D�U���I�R�F�X�V���D�V���D�Q��

�D�W�W�H�Q�W�L�R�Q�� �V�W�U�D�W�H�J�\���� �W�K�H�� �I�L�U�V�W�� �H�Y�L�G�H�Q�F�H�� �Z�L�W�K�� �D�Q�� �H�\�H���W�U�D�F�N�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W�� �G�D�W�H�V�� �E�D�F�N�� �W�R�� ���������� �E�\��

���+�$�,�'�(�5�����)�5�(�1�6�&�+���������������� 

�$�� �Y�H�U�\�� �F�R�P�P�R�Q�� �F�R�P�P�H�U�F�L�D�O�� �G�H�Y�L�F�H�� �I�R�U�� �U�H�F�R�U�G�L�Q�J�� �H�\�H���W�U�D�F�N�L�Q�J�� �L�V�� �W�K�H�� �7�R�E�L�L�Š��

���K�W�W�S�V�������Z�Z�Z���W�R�E�L�L���F�R�P�������H�\�H���W�U�D�F�N�H�U���� �Z�K�L�F�K���K�D�V���V�H�Y�H�U�D�O���Y�H�U�V�L�R�Q�V���� �D�Q�G���Q�R�Z�D�G�D�\�V���D�I�I�R�U�G���P�D�Q�\��

�G�H�Y�L�F�H�V�� �R�S�W�L�R�Q�V���� �,�W�V�� �R�Y�H�U�D�O�O�� �W�H�F�K�Q�R�O�R�J�\�� �D�O�O�R�Z�V�� �W�U�D�F�N�L�Q�J�� �W�K�H�� �P�D�L�Q�� �Y�D�U�L�D�E�O�H�V�� �R�I�� �L�Q�W�H�U�H�V�W�� �L�Q�� �H�\�H��

�W�U�D�F�N�L�Q�J���� �K�H�D�W�� �P�D�S���� �D�U�H�D�� �R�I�� �L�Q�W�H�U�H�V�W���� �V�D�F�F�D�G�H�� �R�F�F�X�U�U�H�Q�F�H���� �I�L�[�D�W�L�R�Q�� �W�L�P�H�� �D�Q�G�� �G�X�U�D�W�L�R�Q���� �D�P�R�Q�J��

�R�W�K�H�U�V�����:�K�L�O�H���W�K�H���V�\�V�W�H�P���L�V���T�X�L�W�H���V�W�D�E�O�H���D�Q�G���G�R�H�V���Q�R�W���F�K�D�Q�J�H���W�K�H���P�H�D�V�X�U�H�P�H�Q�W���Y�D�U�L�D�E�O�H�V���G�X�H���W�R��

�F�K�D�Q�J�H�V���L�Q���W�K�H���X�V�H�U�
�V���K�H�D�G�����Z�H�D�U�L�Q�J���V�S�H�F�L�I�L�F���F�O�R�W�K�H�V���R�U���J�O�D�V�V�H�V�����E�O�L�Q�N�L�Q�J���R�U���S�U�R�E�O�H�P�V���Z�L�W�K���W�K�H��

�X�V�H�U���H�[�S�H�U�L�H�Q�F�H���� 

�)�R�U�� �S�U�R�F�H�V�V�L�Q�J�� �J�D�]�H�� �G�D�W�D���� �D�Q�� �R�S�H�Q���V�R�X�U�F�H�� �V�R�O�X�W�L�R�Q�� �L�V���2�*�$�0�$�� ���9�2�6�6�.�h�+�/�(�5���H�W�� �D�O������

���������������Z�K�L�F�K���L�V���D���J�D�]�H���G�D�W�D���D�Q�D�O�\�W�L�F���W�R�R�O���W�R���F�R�O�O�H�F�W���D���O�D�U�J�H���E�R�G�\���R�I���U�H�F�R�U�G�V���F�R�Q�V�L�V�W�L�Q�J���R�I���I�L�[�D�W�L�R�Q��

�S�R�L�Q�W�V���O�L�Q�N�H�G���E�\���S�D�W�K�V�����+�H�D�W�P�D�S�V�����V�F�D�Q���S�D�W�K�V�����W�U�D�Q�V�L�W�L�R�Q���P�D�W�U�L�F�H�V�����I�L�[�D�W�L�R�Q���P�H�W�U�L�F�V���D�Q�G���F�K�D�U�W�V���R�I��

�$�2�,�V�� �S�U�R�Y�L�G�H�� �X�V�H�I�X�O�� �Y�L�V�X�D�O�L�]�D�W�L�R�Q�� �W�H�F�K�Q�L�T�X�H�V�� �W�R�� �V�X�S�S�R�U�W�� �L�Q�V�L�J�K�W�� �G�L�V�F�R�Y�H�U�\�� �I�U�R�P�� �J�D�]�H�� �G�D�W�D����

�+�R�Z�H�Y�H�U�����W�K�H�\���D�O�Z�D�\�V���S�U�R�Y�L�G�H���D���S�D�U�W�L�D�O���L�Q�I�R�U�P�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���Y�L�V�X�D�O�L�]�D�W�L�R�Q���R�I���W�K�H���U�D�Z���G�D�W�D����

�R�I�W�H�Q���G�H�Q�V�H���D�Q�G���F�R�P�S�O�H�[�����D�Q�G���D���J�L�Y�H�Q���O�H�Y�H�O���R�I���D�E�V�W�U�D�F�W�L�R�Q���Z�K�L�F�K���J�L�Y�H�V���D���V�S�H�F�L�I�L�F���S�R�L�Q�W���R�I���Y�L�H�Z��

�R�I�� �W�K�H�� �G�D�W�D���� �%�H�F�D�X�V�H�� �R�I�� �W�K�D�W���� �P�H�U�J�L�Q�J�� �H�\�H�� �L�Q�I�R�U�P�D�W�L�R�Q�� �D�Q�G�� �(�(�*�� �G�D�W�D���� �P�D�\�� �O�H�D�G�� �W�R�� �Q�H�Z��

�S�H�U�V�S�H�F�W�L�Y�H�V�� 

�6�S�H�F�L�I�L�F�D�O�O�\���� �W�R�� �I�L�[�D�W�L�R�Q�� �W�L�P�H�� �D�Q�G�� �G�X�U�D�W�L�R�Q�� �G�D�W�D�� �I�U�R�P�� �H�\�H���W�U�D�F�N�L�Q�J���� �W�K�H�� �I�L�[�D�W�L�R�Q���U�H�O�D�W�H�G��

�S�R�W�H�Q�W�L�D�O�V���R�Q���(�(�*���P�D�\���D�O�O�R�Z���S�U�R�P�L�V�L�Q�J���F�R�P�E�L�Q�D�W�L�R�Q���R�I���(�(�*���D�Q�G���(�\�H���W�U�D�F�N�L�Q�J���G�D�W�D�����J�L�Y�L�Q�J���D�Q��

�L�P�S�U�R�Y�H�G���R�Y�H�U�Y�L�H�Z���R�I���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���� �,�W���K�D�V���E�H�H�Q���R�Q�O�\�� �U�H�F�H�Q�W�O�\���V�W�X�G�L�H�G���D�Q�G���F�D�Q���E�H���R�E�V�H�U�Y�H�G��

�W�K�U�R�X�J�K�� �F�R�P�E�L�Q�H�G�� �D�Q�D�O�\�V�L�V�� �R�I�� �(�(�*�� �D�Q�G�� �(�\�H���W�U�D�F�N�L�Q�J�� �U�H�F�R�U�G�L�Q�J�V���� �)�L�[�D�W�L�R�Q���U�H�O�D�W�H�G�� �3�R�W�H�Q�W�L�D�O�V��



�î�ï 
 

���)�5�3�V���� �D�U�H�� �D�� �V�X�E�F�D�W�H�J�R�U�\�� �R�I�� �H�Y�H�Q�W���U�H�O�D�W�H�G�� �S�R�W�H�Q�W�L�D�O�V�� ���(�5�3�V���� �W�K�D�W�� �U�H�O�\�� �R�Q�� �H�\�H���I�L�[�D�W�L�R�Q�� �E�D�V�H�G��

�H�Y�H�Q�W�V���W�R���J�L�Y�H���F�R�Q�W�H�[�W���W�R���E�U�D�L�Q���D�F�W�L�Y�L�W�\�����7�K�L�V���W�\�S�H���R�I���(�5�3���L�V���W�L�P�H���O�R�F�N�H�G���W�R���W�K�H���R�Q�V�H�W���R�I���D�Q���H�\�H��

�I�L�[�D�W�L�R�Q�����7�K�L�V���F�K�D�U�D�F�W�H�U�L�V�W�L�F���D�O�L�J�Q�V���W�K�H�V�H���H�Y�H�Q�W�V���Z�L�W�K���W�K�H���X�Q�G�H�U�O�\�L�Q�J���F�R�J�Q�L�W�L�Y�H���S�U�R�F�H�V�V�L�Q�J���Z�K�L�F�K��

�R�F�F�X�U�V���G�X�U�L�Q�J���Y�L�V�X�D�O���H�[�S�O�R�U�D�W�L�R�Q�����7�K�L�V���V�X�E�V�H�T�X�H�Q�W�O�\���D�O�O�R�Z�V���W�R���L�Q�V�S�H�F�W���V�D�L�G���F�R�J�Q�L�W�L�Y�H���S�U�R�F�H�V�V�H�V��

�D�V���W�K�H�\���U�H�O�D�W�H���W�R���W�K�H���H�[�D�P�L�Q�H�G���Y�L�V�X�D�O���L�Q�I�R�U�P�D�W�L�R�Q�����:�2�%�5�2�&�.���H�W���D�O������������������ 

�)�5�3�V���K�D�Y�H���E�H�H�Q���J�H�Q�H�U�D�O�O�\���V�W�X�G�L�H�G���L�Q���Y�H�U�\���F�R�Q�W�U�R�O�O�H�G���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����S�U�R�S�R�V�L�Q�J���D�U�W�L�I�L�F�L�D�O��

�D�Q�G���F�X�U�D�W�H�G���V�W�L�P�X�O�L���W�R���W�K�H���X�V�H�U�V���G�X�U�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q�����<�H�W�����W�K�H�V�H���S�R�W�H�Q�W�L�D�O�V���O�H�Q�G���W�K�H�P�V�H�O�Y�H�V���W�R���D�Q��

�H�Q�K�D�Q�F�H�G�� �H�Y�D�O�X�D�W�L�R�Q�� �R�I�� �E�U�D�L�Q�� �D�F�W�L�Y�L�W�\�� �L�Q�� �D�� �Z�L�G�H�� �Y�D�U�L�H�W�\�� �R�I�� �P�R�U�H�� �Q�D�W�X�U�D�O�� �V�F�H�Q�D�U�L�R�V���� �L�Q�G�L�F�D�W�L�Q�J��

�I�U�H�H���Y�L�H�Z�L�Q�J���D�S�S�U�R�D�F�K�H�V���W�R���E�H���V�X�F�F�H�V�V�I�X�O�����,�Q�G�H�H�G�����W�K�H���D�G�G�L�W�L�R�Q�D�O���U�H�F�R�U�G�L�Q�J���R�I���H�\�H���P�R�Y�H�P�H�Q�W�V��

�D�O�O�R�Z�V���I�R�U���W�K�H���P�R�Q�L�W�R�U�L�Q�J���R�I���Z�K�H�U�H���D�Q�G���K�R�Z���W�K�H���X�V�H�U���D�W�W�H�Q�W�L�R�Q���L�V���D�O�O�R�F�D�W�H�G���Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H��

�P�D�Q�L�S�X�O�D�W�H�G���V�\�V�W�H�P�����:�2�%�5�2�&�.���H�W���D�O������������������ 

�%�R�W�K�� �H�\�H���W�U�D�F�N�L�Q�J�� ���(�7���� �D�Q�G�� �H�O�H�F�W�U�R�H�Q�F�H�S�K�D�O�R�J�U�D�S�K�\�� ���(�(�*���� �K�D�Y�H�� �D�� �U�L�F�K�� �K�L�V�W�R�U�\�� �R�I��

�H�[�S�H�U�L�P�H�Q�W�D�O�� �S�D�U�D�G�L�J�P�V�� �D�Q�G�� �U�H�V�X�O�W�V�� �W�K�D�W�� �K�D�Y�H�� �U�H�Y�H�D�O�H�G�� �P�X�F�K�� �D�E�R�X�W�� �W�K�H�� �Z�R�U�N�L�Q�J�V�� �R�I�� �Y�L�V�X�D�O��

�S�H�U�F�H�S�W�L�R�Q�����6�W�X�G�L�H�V���D�U�H���L�Q�F�U�H�D�V�L�Q�J�O�\���F�R�P�E�L�Q�L�Q�J���W�K�H�V�H���W�Z�R���W�H�F�K�Q�L�T�X�H�V���L�Q�W�R���Z�K�D�W���Z�H���Z�L�O�O���U�H�I�H�U���W�R��

�D�V���(�7���(�(�*���H�[�S�H�U�L�P�H�Q�W�V�����:�K�H�U�H���H�\�H���P�R�Y�H�P�H�Q�W�V�����(�0�V�����R�I�I�H�U���D���F�O�R�V�H���L�Q�V�L�J�K�W���L�Q�W�R���W�K�H���W�H�P�S�R�U�D�O��

�D�Q�G���V�S�D�W�L�D�O���D�O�O�R�F�D�W�L�R�Q���R�I���D�W�W�H�Q�W�L�R�Q�����(�(�*���L�V���L�Q�I�R�U�P�D�W�L�Y�H���D�E�R�X�W���Z�K�D�W���K�D�S�S�H�Q�V���L�Q���W�K�H���E�U�D�L�Q���E�H�I�R�U�H����

�G�X�U�L�Q�J���� �D�Q�G�� �D�I�W�H�U���W�K�H�� �H�\�H�V�� �O�D�Q�G���R�Q�� �D�� �F�H�U�W�D�L�Q�� �U�H�J�L�R�Q�� �R�I�� �D�� �V�W�L�P�X�O�X�V���� �(�(�*���R�Q�O�\�� �S�D�U�D�G�L�J�P�V�� �R�I�W�H�Q��

�U�H�T�X�L�U�H���R�E�V�H�U�Y�H�U�V���W�R���Q�R�W���P�R�Y�H���W�K�H�L�U���H�\�H�V���D�Q�G���Q�R�W���E�O�L�Q�N���G�X�U�L�Q�J���W�U�L�D�O�V�����6�X�F�K���S�D�U�D�G�L�J�P�V���Z�L�W�K�R�X�W��

�H�\�H�� �P�R�Y�H�P�H�Q�W�V�� ���V�W�D�W�L�F�� �(�(�*�� �H�[�S�H�U�L�P�H�Q�W�V���� �R�I�W�H�Q�� �D�L�P�� �W�R�� �L�Q�I�H�U�� �W�K�H�� �Z�R�U�N�L�Q�J�V�� �R�I�� �S�H�U�F�H�S�W�L�R�Q�� �L�Q��

�H�Y�H�U�\�G�D�\���O�L�I�H�����%�X�W���H�\�H���P�R�Y�H�P�H�Q�W�V���D�U�H���D�E�X�Q�G�D�Q�W���L�Q���H�Y�H�U�\�G�D�\���W�D�V�N�V�����$�O�O�R�Z�L�Q�J���H�\�H���P�R�Y�H�P�H�Q�W�V���L�Q��

�H�[�S�H�U�L�P�H�Q�W�V���L�V���D���Q�D�W�X�U�D�O���V�W�H�S���W�R�Z�D�U�G�V���V�W�X�G�\�L�Q�J���W�K�H�V�H���S�U�R�F�H�V�V�H�V���L�Q���Z�D�\�V���W�K�D�W���J�H�Q�H�U�D�O�L�]�H���E�H�W�W�H�U���W�R��

�V�L�W�X�D�W�L�R�Q�V���R�X�W�V�L�G�H���W�K�H���O�D�E�����&�2�5�1�(�/�,�6�6�(�1�����6�$�6�6�(�1�+�$�*�(�1�����9�®���������������� 

3.4 EEG FEATURES IN ATTENTION ALLOCATION AND GAMES 
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