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Resumo

Neste traballo analizamos e desenvolvemos novas Interfaces Home-Maquina (HMI) que faciliten a
comunicacidn e a interaccion de persoas que sofren problemas motrices severos, coa siia contorna e
dispositivos cotidns a través dun fogar intelixente. Unha casa intelixente pode definirse coma unha
residencia equipada cunha rede de comunicacién, sensores, dispositivos e electrodomésticos que 0s
residentes poden controlar, acceder e monitorar de forma remota para satisfacer as stas necesidades
da vida diaria. Representa un sistema sensible ao contexto que, utilizando tecnoloxias coma Internet das
cousas (IoT) e técnicas de intelixencia artificial, pode detectar, anticipar e responder ds actividades no
fogar.

As HMI ofrecen novas canles de comunicacién que permiten aos seus usuarios interactuar con
dispositivos da stda contorna empregando os sinais biol6xicos provenientes de diferentes partes do seu
corpo como comandos de control. E dicir, os sinais producidos polo cerebro, os misculos ou os ollos,
por exemplo, poden empregarse para controlar dispositivos externos. Por tanto, a combinacién destas
interfaces cun fogar intelixente resulta unha tecnoloxia de gran utilidade para persoas con discapacidades
motrices severas ou lesidns graves nas stas extremidades, xa que lles permite interactuar coa sia contorna
ou controlar partes danadas do seu corpo sen necesidade de grandes movementos fisicos.

Unha ampla variedade de sinais biol6xicos pode ser empregada para interactuar coas HMI. O uso
de cada unha delas dependera do obxectivo da interface e das capacidades motrices que postia o usuario.
Os tres tipos mdis comtins de sinais biol6xicos son: musculares, oculares e cerebrais. A tese presentada
céntrase principalmente na anélise e desenvolvemento de interfaces baseadas nos sinais cerebrais, tamén
cofiecidas como Interfaces Cerebro-Ordenador (BCI) ou Interfaces Cerebro-Mdaquina (BMI). Este tipo
de interfaces captura os sinais biol6xicos producidos pola actividade neuronal do usuario a través de
técnicas non invasivas como a Electroencefalografia (EEG) e tradiceas en comandos de control para
dispositivos externos. Por tanto, estas ofrecen unha nova canle de comunicacién coa contorna que non
necesita de ningin movemento muscular, simplemente utiliza os pensamentos do usuario.

Durante os dltimos anos, varios traballos propuxeron diferentes interfaces BCI que ofrecen resultados
precisos e de boa calidade. Con todo, a maioria deles usan dispositivos clinicos moi caros e con
numerosos eléctrodos para capturar os sinais cerebrais. Isto pode resultar incémodo para os usuarios e
provocar que as interfaces sexan dificiles de usar, polo que no noso traballo centrdmonos en desenvolver
interfaces BCI de baixo custo que empreguen dispositivos abertos cun nimero reducido de eléctrodos.

Como primeira proposta, presentamos unha arquitectura que integra unha aplicacién BCI nunha
contorna de IoT para o control dunha casa intelixente. Para este propdsito, desenvolvemos un dispositivo
EEG aberto e de baixo custo que captura sinais cerebrais de ddas canles de entrada. Facendo uso
unicamente dunha canle, propofiemos e comparamos distintos algoritmos de extraccion de caracteristicas
baseados en Transformadas Deslizantes (ST) para determinar o estado ocular do usuario, ¢ dicir,

ollos abertos (0E) ou ollos pechados (cE). En primeiro lugar, comparamos transformadas reais e
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complexas. Posteriormente, consideramos xanelas deslizantes con solapamento en lugar de empregar
o enfoque tradicional con xanelas non solapadas, reducindo asi o atraso entre a adquisicién do sinal
e a toma de decision. Os algoritmos inclden diferentes configuraciéns orientadas a proporcionar
resultados precisos con baixa carga computacional. Ademais, realizamos unha extensioén da arquitectura
onde os datos de ambas as canles son empregados conxuntamente para construir un conxunto de
caracteristicas bidimensional que proporcione resultados madis robustos e precisos. Con este propostito,
as técnicas empregadas anteriormente para extraer as caracteristicas son comparadas con outras
estratexias comunmente utilizadas nas aplicaciéns BCI, como a Transformada Discreta Wavelet (DWT).
Ademais, comparamos tres algoritmos de clasificacidn diferentes, un baseado en limiares, e outros dous
baseados na Andlise Discriminante Lineal (LDA) e nas Maquinas de Vectores de Soporte (SVM).

A segunda proposta do noso traballo ¢ unha HMI para o control dun fogar intelixente empregando
un dispositivo de gravacion de sinais biol6xicos dunha unica canle. O potencial evocado P300 e os
movementos das palpebras son comparados como sinais de control, co obxectivo de determinar cal deles
ofrece os mellores resultados en termos de precision e tempos de resposta. Os elementos do fogar
que o usuario pode controlar coa HMI son presentados nunha Interface Gréfica de Usuario (GUI).
Os devanditos elementos son amosados seguindo dous paradigmas distintos de estimulacién: 1) os
elementos son presentados un a un ou 2) todos os elementos dunha mesma fila/columna son presentados
conxuntamente. Ambas as interfaces, a baseada no potencial P300 ou a baseada en movementos das
pélpebras, empregan unha unica canle de entrada do mesmo dispositivo EEG para capturar a actividade
cerebral/ocular do usuario. Ademais, a GUI é totalmente configurable, polo que pode adaptarse 4s

necesidades do usuario.
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Resumen

En este trabajo analizamos y desarrollamos nuevas Interfaces Hombre-Maquina (HMI) que faciliten la
comunicacidn y la interaccién de personas que sufren problemas motrices severos con su entorno y
dispositivos cotidianos a través de un hogar inteligente. Un hogar inteligente puede definirse como una
residencia equipada con una red de comunicacién, sensores, dispositivos y electrodomésticos que los
residentes pueden controlar, acceder y monitorizar de forma remota para satisfacer sus necesidades de la
vida diaria. Representa un sistema sensible al contexto que, utilizando tecnologias como Internet de las
cosas (IoT) y técnicas de inteligencia artificial, puede detectar, anticipar y responder a las actividades en
el hogar.

Las HMI ofrecen nuevos canales de comunicacién que permiten a sus usuarios interactuar con
dispositivos de su entorno empleando las sefiales biolégicas provenientes de diferentes partes de su
cuerpo como comandos de control. Es decir, las sefiales producidas por el cerebro, los musculos o los
ojos, por ejemplo, pueden emplearse para controlar dispositivos externos. Por lo tanto, la combinacién
de estas interfaces con un hogar inteligente resulta una tecnologia de gran utilidad para personas con
discapacidades motrices severas o lesiones graves en sus extremidades, ya que les permite interactuar
con su entorno o controlar partes dafiadas de su cuerpo sin necesidad de grandes movimientos fisicos.

Una amplia variedad de sefales bioldgicas pueden ser empleadas para interactuar con las HMI. El
uso de cada una de ellas dependerd del objetivo de la interfaz y de las capacidades motrices que posea
el usuario. Los tres tipos mds comunes de sefiales bioldgicas son: musculares, oculares y cerebrales. La
tesis presentada se centra principalmente en el andlisis y desarrollo de interfaces basadas en las sefales
cerebrales, también conocidas como Interfaces Cerebro-Ordenador (BCI) o Interfaces Cerebro-Maquina
(BMI). Este tipo de interfaces capturan las sefales bioldgicas producidas por la actividad neuronal del
usuario a través de técnicas no invasivas como la Electroencefalografia (EEG) y las traduce en comandos
de control para dispositivos externos. Por lo tanto, estas ofrecen un nuevo canal de comunicacién con
el entorno que no necesita de ningin movimiento muscular, simplemente utiliza los pensamientos del
usuario.

Durante los ultimos afios, varios trabajos han propuesto diferentes interfaces BCI que ofrecen
resultados precisos y de buena calidad. Sin embargo, la mayoria de ellos usan dispositivos clinicos muy
caros y con numerosos electrodos para capturar las sefiales cerebrales. Esto puede resultar incomodo
para los usuarios y provocar que las interfaces sean dificiles de usar, por lo que en nuestro trabajo nos
centramos en desarrollar interfaces BCI de bajo coste que empleen dispositivos abiertos con un nimero
reducido de electrodos.

Como primera propuesta, presentamos una arquitectura que integra una aplicacion BCI en un
entorno de IoT para el control de una casa inteligente. Para este propdsito, hemos desarrollado un
dispositivo EEG abierto y de bajo coste que captura sefiales cerebrales de dos canales de entrada.

Haciendo uso tnicamente de un canal, proponemos y comparamos distintos algoritmos de extraccion




de caracteristicas basados en transformadas deslizantes (ST) para determinar el estado ocular del
usuario, es decir, ojos abiertos (oE) u ojos cerrados (cE). En primer lugar, comparamos transformadas
reales y complejas. Posteriormente, consideramos ventanas deslizantes con solapamiento en lugar de
emplear el enfoque tradicional con ventanas no solapadas, reduciendo asi el retraso entre la adquisicién
de la sefial y la toma de decisién. Los algoritmos incluyen diferentes configuraciones orientadas a
proporcionar resultados precisos con baja carga computacional. Ademds, realizamos una extensién
de la arquitectura donde los datos de ambos canales son empleados conjuntamente para construir un
conjunto de caracteristicas bidimensional que proporcione resultados mds robustos y precisos. Con este
propostito, las técnicas empleadas anteriormente para extraer las caracteristicas son comparadas con otras
estrategias cominmente utilizadas en las aplicaciones BCI, como la Transformada Discreta Wavelet
(DWT). Ademas, comparamos tres algoritmos de clasificacion diferentes, uno basado en umbrales, y
otros dos basados en el Andlisis Discriminante Lineal (LDA) y en las Médquinas de Vectores de Soporte
(SVM).

La segunda propuesta de nuestro trabajo es una HMI para el control de un hogar inteligente
empleando un dispositivo de grabacién de sefiales bioldgicas de un unico canal. El potencial evocado
P300 y los parpadeos son comparados como sefiales de control, con el objetivo de determinar cudl de
ellas ofrece los mejores resultados en términos de precisién y tiempos de respuesta. Los elementos del
hogar que el usuario puede controlar con la HMI son presentados en una interfaz grafica de usuario
(GUI). Dichos elementos son mostrados siguiendo dos paradigmas distintos de estimulacién: 1) los
elementos son presentados uno a uno o 2) todos los elementos de una misma fila/columna son presentados
conjuntamente. Ambas interfaces, la basada en el potencial P300 o la basada en parpadeos, emplean un
unico canal de entrada del mismo dispositivo EEG para capturar la actividad cerebral/ocular del usuario.

Ademds, la GUI es totalmente configurable, por lo que puede adaptarse a las necesidades del usuario.

Vi



Abstract

In this work, we analyze and develop new Human-Machine Interfaces (HMIs) that can help the
communication and interaction of people who suffer from motor or neurological damages, with their
environment and daily life devices working through a smart-home system. A smart home can be defined
as a residence equipped with a communication network, connected sensors, devices, and appliances that
can be controlled, accessed and monitored remotely by the residents in order to satisfy their daily life
needs. It represents a context-aware system that, using technologies such as Internet of Things (IoT) and
artificial intelligence algorithms, can sense, anticipate and respond to activities in the home.

The HMIs offer new communication channels to interact with outer devices where the electrical
signals coming from different parts of the human body, such as the brain, muscles or the eyes, can be
used as control commands. Therefore, the integration of these interfaces into a smart-home system,
results in an extremely useful technology for patients with severe motor disabilities or serious injuries
in their limbs, since it allows them to interact with their environment or control damaged parts of their
bodies without the need for large physical movements.

A wide variety of biological signals can be used to interact with HMIs. The use of each of them
will depend on the objective of the interface and the motor skills that the user possesses. The three
most common types of biological signals are: muscular signals, ocular signals and brain signals. The
presented thesis is mainly focused on the analysis and development of interfaces based on brain signals,
which are also known as Brain-Computer Interface (BCI) or Brain-Machine Interface (BMI). This kind
of interfaces captures the biological signals produced by the neural activity of the user’s brain, through
non-invasive techniques such as Electroencephalography (EEG), and translates them into commands for
external devices. Thus, they offer a new communication channel with the environment without using
muscle movements, but just employing the user’s thoughts.

During the last decades, several works have proposed different BCI interfaces that offer accurate and
good quality results. However, most of them use expensive clinical devices and numerous electrodes to
capture brain signals. This can be uncomfortable for users and make the interfaces difficult to use, so in
our work we focus on developing low-cost BCI systems that employ open devices with a small number
of electrodes.

As a first approach, we propose an architecture for integrating a BCI application in an IoT
environment for home automation. For this purpose, we develop a low-cost open-source EEG device
which acquires EEG signals from two input channels. Using the EEG data of only one channel,
we propose and compare different feature extraction algorithms based on Sliding Transforms (STs)
techniques for determining the user’s eye states, i.e., open eyes (oE) or closed eyes (cE). Firstly, we
compare real-valued and complex-valued transforms. Secondly, we consider sliding windows with
overlap instead of using the traditional approach with non-overlapped windows, thus reducing the

delay time between acquisition and decision. The algorithms include different configurations oriented
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to provide accurate results with a low computational burden. After that, we extended the study to
the situation where the data captured by both channels are jointly employed in order to build a two-
dimensional feature set that may provide higher and more robust results. To this end, we compare
the previously analyzed feature extraction techniques with other strategies commonly used in BCI
applications, such as Discrete Wavelet Transform (DWT). We compare three classification techniques,
one based on a threshold classifier and another two that implement the well known Linear Discriminant
Analysis (LDA) and Support Vector Machine (SVM) algorithms.

As a second approach, we propose an HMI for environmental control using a single-channel
recording system. The P300 potential and eye blinks are compared as control signals in order to
determine which one offers the best performance in terms of accuracy and response time. The home
elements to be controlled are displayed in a Graphical User Interface (GUI) following a matrix-form
and presented to users using two different stimulation paradigms: 1) home elements are intensified one
by one or 2) all the elements of the same row/column are jointly intensified at the same time. Both
interfaces, P300-based or blink-based, employ only one input channel of the same EEG device to capture

the brain/eye user’s activity. The GUI is fully configurable, so it can be adapted to the user’s needs.
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Chapter 1

Introduction

In this first chapter of the thesis, we introduce several basic concepts that might be of interest to
the reader and make the reading of the document more enjoyable. In addition, we describe and
analyze the motivations that led us to develop this research work and the objectives we wanted

to achieve with it. The structure of the thesis is also presented at the end of the chapter.

1.1 Motivation

A smart home can be defined as a residence equipped with a communication network, connected
sensors, devices, and appliances that can be controlled, accessed and monitored remotely by the
residents in order to satisfy their daily life needs [1]. It represents a context-aware system that,
using technologies such as the Internet of Things (IoT) and artificial intelligence algorithms,
can sense, anticipate and respond to activities in the home. Smart-home environments offer
useful tools for the elderly or people suffering from motor disabilities, since these systems can
be easily programmed to switch the lights on or off, control the doors or adjust the thermostat
without large physical movements and efforts.

In order to improve the quality of life of people affected by motor diseases, several Human-
Machine Interfaces (HMIs) based on bio-electrical signals have been proposed. These interfaces
offer new communication channels to interact with outer devices, where the electrical signals
coming from different parts of the human body can be used as control commands [2]. That
is, the signals produced by the brain, the muscles or the eyes, for example, can be used for
controlling external devices such as wheelchairs [3], virtual keyboards [4] or hand prosthesis
[5], among others. Therefore, it results in an extremely useful technology for patients with
severe motor disabilities or serious injuries in their limbs, since it allows them to interact with
their environment or control damaged parts of their bodies without the need for large physical
movements.

In this PhD thesis, we analyze and develop new HMIs that can facilitate the communication

and interaction of people who suffer from motor diseases with their environment and daily life
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devices working through a smart-home system.

1.2 Human-Machine Interface

A wide variety of biological signals can be used to interact with HMIs. The use of each of
them will depend on the objective of the interface and the motor skills that the user possesses.
Figure 1.1 shows the muscular capacities required by HMIs based on the three most common
types of biological signals: muscular signals, ocular signals and brain signals [2]. For a
muscular-based HMI, the user must retain some degree of muscle control, e.g., neck muscle
control, eyebrow control, chewing control, etc. In the case of ocular-based interfaces, the user
should have control of the eyeball and, if possible, the eyelids. In contrast, HMIs based on brain
signals do not require the user to retain any muscle control, as the interaction will be through
brain activity. Hence, this type of interfaces are the most powerful, since they cover all types
of users. However, brain signals are difficult to process and capture due to their low amplitude
level, which makes them hard to identify from external noise and artifacts. Thus, if the user
is capable of generating voluntary muscular or ocular signals, these should be adopted by the
HMI. The following sections describe these bio-electrical signals in more detail and introduce
HMISs based on them.

e functions
No muscular control

\4

BRAIN SIGNALS oS a Healthy cognitive

r

Y

No facial muscular

OCULAR SIGNALS @ Eyeball control
control

MUSCULAR SIGNALS Partial muscular
~ control

Figure 1.1: Bio-electrical signals for controlling an HMI and the corresponding levels of muscular

control [2].

1.2.1 Muscular Signals

When we move any part of our body, different combinations of muscle contractions are
produced. In this process, in order to achieve the intended movement, the muscle tissue
conducts electrical activity, named muscle action potential, in a similar way to how nerves
do. The Electromyography (EMG) technique captures this electrical activity produced by
the activation of the motor units associated with the contraction of the muscles. Each of
these contractions generates different patterns of shapes and firing rates in the muscle action

potentials. Hence, if the appropriate signal processing techniques and pattern recognition
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algorithms are applied, different muscle movements can be differentiated and, consequently,
the user’s intention can be recognized [6].

Analysis and detection of EMG signals is becoming a very important field in clinical
diagnosis and biomedical applications. It can play a very important role in areas such as
motor disabilities rehabilitation, motor function restoration using prosthesis, interaction with
the environment and external devices through HMlIs, etc. For this purpose, the system must
recognize the user’s intention by differentiating the distinct electrical patterns generated by the
different muscle contractions [7]. In this sense, each detected muscle movement corresponds to
an order sent by the user to the HMI. Then, the interface interprets this order and executes the
corresponding action in the device.

In the last decades, several works have analyzed and processed the EMG signals for
creating a new communication path that employs the electrical activity produced by the muscle
contraction as control commands for external devices [8]. In this regard, Shenoy et al. [9]
proposed an EMG-based system for controlling a robotic arm using the forearm muscles. This
approach is a useful solution for patients that have lost part of their extremities due to amputation
or those that are partially paralyzed, allowing them to recover some motor functionalities.
EMG-based HMIs can be also useful for subjects that present a significant loss of motor
functions. Williams et al. [10], for example, present an HMI intended for users with high
levels of tetraplegia for controlling a computer mouse. In this case, the EMG signals from the
user’s neck and face were used for interacting with the HMI. Moreover, EMG signals have been
also applied for controlling a wheelchair using, for example, the forehead muscles [11]. In a
more recent study, Gomez-Gil et al. [8] proposed to use the EMG signals captured from the jaw

combined with eye movements for steering a farm tractor.

1.2.2 Ocular Signals

Ocular activity can be also measured as an electrical signal using the Electrooculography (EOG)
technique. The eye can be modelled as a dipole with its positive pole at the cornea and its
negative pole at the retina [12]. Therefore, when moving the eyes (vertically or horizontally)
it causes a change in the dipole orientation and a subsequent change in the electric potential
field measured by the EOG. These changes can be detected by a classification algorithm.
Thus, voluntary eye movements such as blinking, saccades or fixation can also be used as
control signals in different HMIs for interacting with external devices. For this purpose, each
voluntary eye movement (or combination of movements) is interpreted by the system as an
order, therefore, when it occurs, the HMI executes a command action in the corresponding
device.

As previously mentioned in Figure 1.1, for the proper operation of an EOG-based interface,
the user must retain, at least, control of the eyeballs. In some cases, it could also be required a

conscious control over blinking movements. Therefore, these types of interfaces are suitable
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when the user has almost completely lost muscle control but still preserves voluntary and
unrestricted control over ocular movements.

Several HMIs have been proposed during the last decades using EOG signals for its
interaction. In this regard, Deng et al. [13] proposed a multi-purpose EOG-based HMI where
different eye movements (horizontal and vertical) were detected by the system to control, for
example, a TV view by shifting the channels or adjusting the volume. EOG signals can be also
employed for communication purposes. He et al. [14] presented an EOG-based HMI that allows
users to spell by only blinking. Forty characters were displayed to the subjects, which were
randomly flashed. In order to select a character, the subject should blink as the target character is
flashed. In this way, subjects who have suffered speech loss can communicate with the external
environment through the interface. Also employing eye-movements and the generated EOG
signal, Barea et al. [15] designed a system for controlling and guiding an electric wheelchair.
The users of the system could adjust the direction and speed of the wheelchair only by the

movement of the eyes.

1.2.3 Brain Signals

The neuronal activity of a subject and the different activation patterns of their neurons when
performing different mental tasks can also be used to control an HMI. This type of interfaces
captures the biological signals produced by the neural activity of the user’s brain and translates
them into commands for external devices [16]. Therefore, as described in Figure 1.1, these
interfaces offer a new communication channel with the environment without using muscle
movements but just employing the user’s thoughts. Hence, it results in an extremely useful
tool for people suffering from severe motor disabilities that have lost all motor functions,
such as those affected by advanced stages of Amyotrophic Lateral Sclerosis (ALS) or high
levels of tetraplegia, for example. The presented thesis is mainly focused on the analysis and
development of this kind of interfaces, which are also known as Brain-Computer Interface (BCI)
or Brain-Machine Interface (BMI).

Electroencephalography (EEG) is the most widely used technique for neuroimaging and
brain signal acquisition for BCIs. This preference is mainly based on the non-invasive character
of this technology, which implies a low risk for the users. Moreover, it shows several advantages
such as its high portability and temporal resolution, its relatively low cost, and its ease of use
[17]-[19]. This technique captures the electrical signals produced by the neural activity by
placing electrodes in the user’s scalp. The brain activity collected by the EEG encodes the
users’ intentions, which are translated into control actions for outer devices.

Several brain signal patterns have been assessed as control signals in a BCI. The most
common signals are: Visual Evoked Potential (VEP), which appears as a user’s response to
external visual stimulation; Slow Cortical Potential (SCP), which are low frequency potentials
that can be modulated by the user to control the BCI; P300 Evoked Potential (EP), which is
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a positive deflection that occurs in the EEG activity 300 ms after an infrequent or surprising
auditory, visual or somatosensory stimuli; and sensorimotor rhythms, which can be modulated
by the user when performing Motor Imagery (MI) tasks, i.e., when the user just imagines

performing a movement but no real movement is performed.

During the last decades, BCI systems have become a very active research field with
significant advances and implementations in clinical and in non-clinical areas. For instance,
a widely known BCI for communication purposes is the P300 speller proposed by Farwell and
Donchin [4], which employs the P300 EP for controlling a virtual keyboard. Birbaumer et
al. also proposed a BCI for communication, but in this case using SCPs as control signals
[20]. These interfaces have been also applied for motor restoration. Pfurtscheller et al. [21]
proposed to restore hand grasp function using an electrical driven hand orthosis fitting the left
hand of a tetraplegic patient. For this purpose, sensorimotor rhythms produced by MI tasks
were analyzed. These MI signals have also been employed for building an assisting BCI to
allow disabled persons to interact with basic domestic appliances such as the TV, a door opener,

etc.

The interest in the study of these interfaces is not restricted to academia, but large companies
such as Neuralink [22] or Facebook [23] are also investing and supporting the development of
new BCls.

1.3 Objectives

The general objective of this thesis is to contribute to the BCI research field by proposing new
developments based on open solutions including both hardware and software in order to make
this technology accessible and usable by anyone who needs it for improving its quality of life.
To achieve this general goal, we have accomplished more specific objectives:

 Study the physiology of the human brain and the different types of EEG signals that can
be used as control signals by a BCI.

* Review the hardware devices that are currently being used in the BCI systems for
capturing the cerebral activity.

» Study the signal processing techniques, feature extraction methods and classification
algorithms that can be applied in the BCI field for obtaining a reliable system.

* Develop low-cost and open hardware devices for capturing the brain activity.

* Develop HMI systems that use a limited number of electrodes to ensure user comfort and
system usability.

* Compare the obtained results using the proposed devices with those achieved by

commercial systems.
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1.4 Thesis Overview

This thesis is organized as follows:

In Chapter 2, we introduce the concept of BCI, performing an analysis of its components,
studying the brain structure and neuronal activities on which it is based, and reviewing its
implementation in different domains.

In Chapter 3, the EEG technique is introduced and analyzed, by going over electrode
locations, EEG brain rhythms, signal artifacts and the different control signals that can be
used for controlling a BCI. In addition, different low-cost devices available on the market
are reviewed and compared. We analyze the advantages and drawbacks of each device and its
suitability for different applications.

Once the EEG signals have been captured by the hardware devices, they need to be
analyzed and processed for their posterior classification and subsequent translation into a
control command for an external device. Chapter 4 describes several techniques for signal
processing and classification. We study different feature extraction methods based on both
frequency and time domain, and we also analyze distinct classification algorithms widely known
in the BCI filed.

Based on previous techniques and devices, in Chapter 5, we present an architecture for
integrating a BCI application in an 10T environment for home automation. For this purpose,
we develop a low-cost open-source EEG device which acquires EEG signals from two input
channels. We propose and compare different algorithms for determining the user’s eye states
from only one channel, i.e., open eyes (oE) or closed eyes (cE). The algorithms include different
configurations oriented to provide high accurate results with a low computational burden.

After that, in Chapter 6, we extend the study to the situation where the data captured by
both channels is employed together in order to build a two-dimensional feature set that may
provide higher and more robust results. To this end, we compare the previously analyzed
feature extraction techniques with other strategies commonly used in BCI applications, such
as the Discrete Wavelet Transform (DWT). At the same time, results obtained with one and two
channel data are also compared.

On the other hand, in Chapter 7, we present an HMI for environmental control using a
single-channel recording system. The P300 EP and eye blinks are compared as control signals
in order to determine which one offers the best performance in terms of accuracy and response
time. For this purpose, we developed a Graphical User Interface (GUI) that presents the home
elements the user can control. In addition, two stimulation paradigms are also compared.

Finally, the last chapter is devoted to the conclusions and future work.




Chapter 11
Brain-Computer Interfaces

Brain-Computer Interface (BCI), also known as Brain-Machine Interface (BMI) [24], can be
defined as the combination of hardware and software of a communication system that monitors
the cerebral activity of the user and translates certain characteristics, corresponding to user’s
intentions, to commands for device control [16]. BCI presents a new communication channel
with outer devices without involvement of peripheral nerves and muscles, where users can
interact with the environment without any physical activity, just using their thoughts.

BCI technology can be implemented in a wide variety of domains, but its most relevant
application is to provide useful tools and solutions to people with motor disabilities.
Such disabilities include neuromuscular injuries and neurodegenerative diseases such as
Amyotrophic Lateral Sclerosis (ALS) and cerebral palsy in which there is a trauma in the brain
or the spinal cord, or people suffering from amputations or muscle deformations. In these cases,
direct communication with external devices, e.g., a computer using keyboard and mouse, is not
possible, so the BCI provides particular hardware and software for the recognition of user’s
thoughts and intentions that allows the communication with the device [25], [26].

The BCI history began with the German scientist Hans Berger, who discovered in the 1920s
that brain activity produced electrical currents. Moreover, he proved that the fluctuation of
these currents could be recorded with electrodes placed on the scalp of the subjects, leading
to the first Electroencephalography (EEG) experiment [27]. This new technique proved to
be a very useful tool for the study and analysis of cognitive functions and to understand or
diagnose different neuropathologies. This growth of the EEG promoted the idea that brain
activity could also be used as a new channel of communication [28]. In the 1960s, Kamiya
carried out several studies [29] where demonstrated that some features of the brain waves
(alpha waves were used in his study) could be controlled by the subjects after some training.
This was the beginning of neurofeedback, where users are trained to self-regulate their brain
activity through real-time feedback. Moreover, also in the 1960s, Thelma Estrin, from the Brain
Research Institute at UCLA, suggested an important idea for the development of BCls in her
paper “On-line electroencephalographic digital computing system” [30]. She described that for
the “electroencephalographer the input device must be able to digitize its signals continuously
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and transmit them immediately to the computer”, exactly formulating the requirements for an
online BCI [31]. Finally, in 1973, Jacques J. Vidal, also at UCLA, coined the term “Brain-
Computer Interface” in his seminal paper “Toward direct brain-computer communication” [32].
In this study, Vidal outlined the necessary elements to build a working BCI and described BCIs
as “utilizing the brain signals in a man-computer dialogue” and “as a mean of control over
external processes such as computers or prosthetic devices” [31]. The concepts, ideas and
vision presented at that time are still followed and studied by current research works [28].

BCI research has traditionally been restricted to laboratories and clinical environments
for the analysis of neurological diseases or the study of brain functions. Furthermore, BCI
applications required reliable data and real-time signal processing techniques, and up until a few
years, such devices and algorithms were not available or were highly expensive. Therefore, it
was considered too complex and unattractive for serious scientific investigation [18]. However,
during the last two decades, BCI has become an active field of research not only restricted to a
clinical environment or laboratories. Several companies and research centres have shown their
interest in this promising technology. Twenty years ago, BCI research was developed for six to
eight research groups but, nowadays, there are more than 116 groups and 76 companies working
in this field [19], [33], [34]. This has promoted important advances on neural interfaces, such
as the development of low-cost and open-source hardware and software, which has facilitated
its entry in a large variety of out-of-the-lab areas, from BCI-based video games [35] to robotic
limbs control [36].

Despite all these advances achieved in the last years, BCI technology must face and solve
several challenges to become a more usable and reliable tool for users [37]. Such challenges
include aspects related to the need of reducing the training periods, to the test of applications
under non-controlled environments or to the production of ready-to-use devices that can monitor
the brain activity of the user during daily life activities without causing discomfort [17].

In order to better understand BClIs, in this chapter some basic neural functions and
neurophysiological properties of the brain are reviewed. In addition, BCI components and their

practical applications are also presented.

2.1 Brain Structure and Neural Activities

In order to have a better understanding of the BCls, it is important to comprehend the human
brain and how it works. Human brain is the main organ of the nervous system and it is
responsible for controlling the hole human body and its functionalities. It receives external
information through the five senses (smell, sight, touch, taste and hearing), sent by the body
internal systems, and analyzes all this data to accurately control the body parts such as legs,
hands, etc.

The brain can be divided into two general parts: the cerebral cortex and the subcortical

regions. Each part of the brain is responsible for performing a different function. Subcortical
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regions are in charge of controlling unconscious and vital tasks such as heart rate, breathing,
reflexes or emotional responses. Conversely, cerebral cortex is responsible for performing

higher level functions such as language processing, memory, attention or learning [19].

The cerebral cortex is also divided into two hemispheres: the right and the left one. The
left hemisphere is associated to mathematical and sequential thinking, writing and speaking
abilities and is responsible for motor control of the right side of the body. On the other hand,
the right hemisphere is related to emotions, creativity, spatial ability and the motor control of
the left side of the body. At the same time, the cerebral cortex is also portioned into four lobes,
as depicted in Figure 2.1, which are symmetrically distributed in both hemispheres. Each lobe
handles specific tasks:

* Frontal lobe: it is the biggest lobe in the human brain. It controls our behavior and
personality and is responsible for thinking, language, problem solving and concentration.
In the border with the parietal lobe, it houses the motor cortex, which is in charge of
voluntary motor tasks.

* Parietal lobe: it contains the somatosensory cortex in the border with the frontal lobe, so
it plays an important role in the processing of sensory information coming from different
parts of the body. It processes the data from sensory skin inputs such as touch, pain or
temperature.

* Temporal lobe: it contains the primary auditory cortex, which is responsible for hearing
and language comprehension. Moreover, it contains the hippocampus, which is related to
memory and the control and management of emotions.

* Occipital lobe: it houses the visual cortex, so it is in charge of visual perception and

image interpretation.

motor cortex  somatosensory cortex

frontal lobe .
parietal lobe

occipital lobe

visual cortex

cerebellum
temporal lobe

spinal cord

Figure 2.1: Structure of the human brain. Adapted from [38].
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2.2 BCI Components

As we have already introduced, a BCI is a combination of hardware and software that translates
the intentions of the user, encoded in his/her brain activity, into control commands for outer
devices. Hence, as depicted in Figure 2.2, this kind of interfaces are composed by three
main components: signal acquisition, signal processing and actuator/effect device. The signal
acquisition component is in charge of recording the neural activity of the user, which can be
done with either invasive or non-invasive techniques. Once the signal has been captured, it
may be analyzed by the signal processing component in order to obtain features that allow to
determine the desired intentions. Finally, the actuator device follows the orders dictated by the

translated wishes of the user [17].
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Figure 2.2: Basic components of a BCL.

2.2.1 Signal Acquisition

During the transmission of information within our brain, small ionic flows are generated due to
the activation of neurons. This ionic current generates electrical activity and magnetic fields that
can be measured through different techniques such as Magnetoencephalography (MEG), EEG,
Electrocorticography (ECoG), among others. Signal acquisition techniques can be divided into
two groups: invasive and non-invasive.

Non-invasive modalities capture the brain activity of the subject without penetrating the
scalp. No surgery or any kind of implant is needed. Therefore, these modalities are preferable
for the development of BCI applications. Several non-invasive techniques have been applied
for brain signals acquisition, such as MEG, which registers the magnetic fields produced by
the intracellular currents through magnetic induction, Functional Magnetic Resonance Imaging
(fMRI), which measures changes in local areas of the cerebral blood using electromagnetic

fields, or Near Infrared Spectroscopy (NIRS), that employs infrared light to detect fluctuations
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in oxyhemoglobin and deoxyhemoglobin during brain activity. However, the most widely used
technique, and therefore the one selected in this thesis, for neuroimaging and brain signal
acquisition, is EEG [17]-[19]. This preference is caused by its relative low cost, high portability
and temporal resolution, and its ease of use and low risk for the users. This method employs a set
of electrodes placed over the scalp that capture electroencephalography signals from different
brain areas. Details and challenges of this technology are discussed in the next chapter.

Despite the advantages and its successful implementation in a large variety of domains,
some BCI modalities, such as neuroprosthesis control, require higher signal resolution than the
one provided by non-invasive techniques. As a consequence, invasive methods were introduced
to improve the signal quality employed by the interface and, therefore, enhance its performance.

Invasive modalities employ microelectrode arrays implanted inside the skull. This procedure
involves many health risks, so these techniques have been applied mostly in animals and only
to a limited extent in human cases [17], [39]. Hence, its experimental use is restricted. Two
main invasive modalities have been applied in the BCI research. On the one hand, ECoG which
employs electrodes located in the surface of the brain cortex, either under or outside the dura
mater, has been tested in few BCI applications [18], [40]. For instance, Schalk et al. [41]
implemented an ECoG-based BCI tested over 5 epileptic subjects with subdural electrode array.
Their results show that the interface allowed the users to accurately control a two-dimensional
joystick. On the other hand, intracortical neuron recording techniques use microelectrode arrays
implanted inside the cortex of the subject to capture its brain activity. Three methods can
be employed in these techniques: Single-Unit Activity (SUA), which captures the activity of
a single neuron above 300 Hz, Multi-Unit Activity (MUA), similar to SUA but for multiple
neurons, and Local Field Potentials (LFPs), which records the field potentials of a small group
of neurons [17].

Based on recent literature and published applications, it seems that the most used and
valid techniques for BCI implementations are EEG, ECoG and SUA, since their equipment

is inexpensive and offer good communications and control channels [19].

2.2.2 Signal Processing

Once the brain activity has been captured by one of the aforementioned techniques, it has to be
processed and analyzed in order to detect the user intents encoded in the signals. This task is
carried out by the signal processing component.

Different mental states produce different patterns in cerebral activity. Therefore, if we detect
these patterns, we can estimate the mental state of the user and its encoded intentions. It can
be seen as a pattern recognition problem, where brain signals are classified into classes that
represent the user’s mental state and its intentions according to a set of features. Hence, the
signal processing component is composed of two main steps: feature extraction and feature

classification.
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2.2.2.1 Feature Extraction

Feature extraction is the process where the obtained data is analyzed to build descriptors and
derived values (features), usually in a lower-dimensional space, that best represents the raw
data for its subsequent classification. In the case of BCI design, a feature extraction algorithm
will seek for values in the raw brain signal that best reflect the subject’s mental state and
intents. Thus, this process is of paramount importance for the correct performance of the BCI.
However, finding a suitable feature set is a complex and challenging task because of the high
number of simultaneous brain signal sources and its noisy environment. Moreover, as described
in Section 2.2.1, brain activity can be acquired from multiple channels, so the information
of interest may be overlapped in time and space with other signals related to different brain
processes. For this reason, dimensionality reduction algorithms such as Principal Component
Analysis (PCA) or Independent Component Analysis (ICA) are widely used in BCI design
in order to discard redundant and irrelevant data and keep the useful information [42], [43].
Moreover, we could obtain valuable information from particular areas of the brain by spatial
filtering techniques. In this regard, Common Spatial Pattern (CSP) is one of these techniques
widely employed, since it enhances the class separability by means of the spatial covariance of
the input data [44], [45].

On the other hand, time and frequency information is also of high importance to determine
the mental state of the subject. In consequence, techniques such as Discrete Fourier Transform
(DFT) and Short-Time Fourier Transform (STFT) are employed to determine when a certain
brain process occurs. But brain signal is inherently non-stationary, so data must be analyzed
in short time segments where the information they enclose is considered to be stationary. As
a consequence, Wavelet Transform (WT) and autoregressive models are preferable to Fourier

transform (FT) to analyze and extract time-frequency features [18], [46]-[48].

2.2.2.2 Classification

The second step of the signal processing component is to relate the extracted features from the
brain activity of the user with his/her intents. Therefore, the goal of the classification algorithms
is to associate a set of features obtained in the previous step with classes that represent desired
controls by the subject. Regression or classification techniques may be used to achieve this
goal, but the use of classification algorithms is the most popular approach [49].

In BCI design exist three main types of sessions to build a classification algorithm: offline,
online and a combination of both. Offline sessions consist of the analysis of recorded data
in a controlled environment and usually collected from a closed-loop system. The calibration
of the algorithm is developed with already gathered data, which does not represent real-world
situations or scenarios. Conversely, online sessions are carried out in real-life environments
where the user can suddenly change his/her mental state due to, for example, external stimuli.

Therefore, offline sessions provide valuable data for testing new techniques, but only online
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analysis can properly evaluate the performance and utility of the BCI system [18], [50]. The
combination of both types of sessions is applied in order to build an efficient BCI. On the one
hand, the classification algorithms are trained and tuned during offline sessions for detecting
the relevant features in the data. Then, the calibrated classifier is tested during online sessions
to assess its performance [18].

Traditionally, supervised learning techniques have been applied in BCI applications [49]. In
this modality, a labeled data set is provided to the algorithm for its calibration. In the case of
offline sessions, data is labeled according to the particular task the user is performing, while in
online scenarios the label is provided by the feedback of the user. Under these scenarios, the
linear classifiers, which are discriminant algorithms that employ linear functions to determine
the classes, are probably the most used techniques in BCI applications, particularly two of them,
known as Linear Discriminant Analysis (LDA) [50]-[52] and Support Vector Machines (SVMs)
[53], [54]. On the other hand, non-linear classifiers, such as Artificial Neural Networks (ANNSs),
are, together with SVM and LDA, the most used algorithms in BCI research.

2.2.3 Actuator Device

The last component of the BCI architecture is the actuator device. As explained above, the
main goal of these interfaces is to translate user’s intentions, encoded in their brain activity, into
control commands for outer devices. Hence, ideally, the actuator device will follow the orders
dictated by the subject’s thoughts. It will allow him/her to interact with the environment. The
initial idea of BCI research was to assist people with motor disabilities, so major output devices
are related to this domain. Computer spellers or cursors are, for example, active research fields
[55], [56]. It has also been applied in prosthetic limbs control [5], [36], wheelchair control [3]
or home automation control [57]. However, due to the advances achieved in recent years in
BCI research, it has also been developed with non-rehabilitation purposes, such as leisure or
entertainment [35] and educational research [58]. More details about the applications of BClIs

are provided in the following section.

2.3 Applications for BCI

BCls, as already explained, represents a new channel of communication with the user’s
environment without the need to use muscles or peripheral nerves. It is hoped that the recent
developments of low-cost EEG-based BCI applications may help to improve the quality of life
of people with severe motor disabilities, but they also represent strong support for caregivers
and relatives, since they allow for a reduction in the tasks and expenses derived from care.

The target population for BCI applications can be divided into three main groups [18]. The
first group is composed of patients that have lost all motor control and present a Complete

Locked-In State (CLS) due to a cerebral palsy or a terminal stage of ALS. The second group
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includes Locked-In State (LIS) patients, who only preserve residual motor movements such
as eye blinks, eye movements or small lip movements. The final target group is composed
of people with motor disabilities who preserve substantial motor functions such as speech or
hand movements. Moreover, the recent developments of low-cost and easy-to-use EEG devices
have promoted the use of BCI applications by healthy people in areas of neuromarketing, video
games or education.

During the last decades, a vast number of BCI applications have been developed. In
this section, we briefly present several BCI applications grouped into five main areas:

communications, environmental control, locomotion, motor restoration and entertainment.

2.3.1 Human Communications

The main objective of this type of BCI applications is to allow patients with severe neurological
damage to communicate with their environment. For this purpose, communication BCI usually
displays a virtual keyboard where the user can select each of the letters which compose the final
message she/he wants to transmit. According to that, the P300 speller is one of the most popular
BCI for communications purposes. It takes advantage of the Event-related Potential (ERP)
produced about 300 ms after oddball stimuli that appears among several frequent stimuli. For
instance, Farwell and Donchin proposed a well-known P300 speller which displays a virtual
keyboard organized in a 6 X 6 matrix whose cells contain the letters of the alphabet and also
I-word command for controlling the system [4] (see Figure 2.3). The user must focus his/her
attention on the cell to be written, rows and columns of the matrix flash alternatively, so when
the cell of interest flashes it should elicit a P300 ERP. Each P300 is analyzed after each flash,
so the cell of interest is identified as the cell at the intersection of the row and column that elicit
the largest P300s. The developed system achieved a spelling rate of 2 characters per minute.

Following this P300 speller approach, several works have been presented in order to improve
the performance of the system. For example, a different organization of the characters is
presented in [59] in order to avoid perceptual error in the detection of the P300 produced by
adjacent rows/columns. For this purpose, a region-based paradigm is proposed, where letters
are organized into different flashing regions in the computer screen instead of using rows and
columns. Townsend et al. [50] also propose a change of paradigm, using a checkerboard instead
of the traditional rows and columns scheme. This novel approach outperforms the row-column
paradigm in terms of accuracy and transmission rates.

Other different types of brain signals have also been successfully applied for the
development of BCIs with communication purposes. For example, Birbaumer et al. [20]
presented a spelling device based on Slow Cortical Potentials (SCPs) that achieves a transfer
rate of 2 characters per minute. Moreover, eye blinks have been also used as a control signal
for character selection and the implementation of a BCI with communications purposes [60],

achieving a rate of 1 character per minute.
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Figure 2.3: Virtual keyboard displayed for the P300 speller developed by Farwell and Donchin [4].

2.3.2 Environmental Control

A significant aspect of the BCIs is that they can provide users with a certain level of
independence. Through them, the user can independently control daily life devices, such as
different types of home appliances, only making use of their mental activity. Taking this into
account, home automation or smart homes are rapidly gaining interest [61], [62]. Such systems
aim to make the home environment not only comfortable and accessible, but also to optimize
and automate the use of appliances like TV sets, air conditioners, light bulbs, ovens or washing
machines.

Cincotti et al. [57] present a pilot study where an assisting BCI is implemented to
allow disabled persons to improve or recover their mobility and communication within the
surrounding environment. For this purpose, they record sensorimotor rhythms at the scalp of
the users. The system allows controlling basic domestic appliances such as lights, TV and
stereo sets, a motorized bed, an acoustic alarm, a front door opener, and a telephone, as well as
wireless cameras to monitor the surrounding environment.

The development of low-cost EEG devices together with the emerging Internet of Things
(IoT) technology promoted the implementation of several BCI applications for environmental
control [63]. For instance, Jagadish et al. [64] present a BCI application which detects voluntary
blinks of the user and controls electrical appliances included in an IoT system. Mathe et al. [65]
connect a BCI application which employs the Mindwave [66] consumer EEG device to estimate

the user’s depression level with an IoT ecosystem responsible for notifying the caretakers.

2.3.3 Independent Locomotion and Motor Control

BCI systems can be an important tool to help the users to move around their environment.

For this purpose, brain signals are employed to control means of transportation, such as a
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wheelchair. Towards this end, portable EEG-based applications should be designed to allow
the user to freely move around the different spaces of the environment.

Several BCls have been proposed during the last years for controlling a wheelchair through
EEG signals. For instance, Tanaka et al. [67] employed an EEG headset of 13 channels to
capture the brain activity of the subjects and control an electric wheelchair. To this end, they
asked the users to think the direction (left or right) that they want to go and, according to
this data, developed a recursive training algorithm to generate recognition patterns from EEG
signals. The average success rate for reaching the target position was about 80 %. A different
approach is proposed by Rebsamen et al. [68], [69], where the wheelchair follows already
defined paths by the user, so the task of the subject is only to select the path he/she wants to
follow and to stop the wheelchair in the desired location. The P300 ERP is employed as control
signal and a graphic user interface is used to present the possible routes. Iturrate et al. [70] also
proposed a system that employs the P300 to control the wheelchair. In this case, a real-time
virtual map of the environment is displayed to the user, so he/she has to focus on the location of
the space to reach. A visual stimulation process elicits the P300 and the system is then able to
detect the target location where the wheelchair must move around. To this end, an EEG headset
of 16 channels is employed to capture the brain activity and the Stepwise Linear Discriminant

Analysis (SWLDA) is used for pattern recognition.

Neurological diseases or spinal cord injury may imply a severe or total loss of motor
functions. In these cases, BCIs can help to motor restoration through the control of
neuroprostheses, which will significantly improve the quality of life of the patients. In this
regard, Pfurtscheller et al. [71] designed an EEG-based BCI that allowed a tetraplegic patient
to grasp a cylinder using its paralyzed hands. Functional Electrical Stimulation (FES), which
generates electrical currents to cause an artificial muscle contraction, was employed in this
application. Beta signals produced by foot imagery movement were used as control signals
to activate the FES device. Also Pfurtscheller et al. [21] proposed to restore hand grasp
function using an electrical driven hand orthosis fitting the left hand of a tetraplegic patient.
To achieve this goal, Rolandic oscillations, which are produced by Motor Imagery (MI) tasks,
were monitored and analyzed. The patient needed some months to train the system, but he
achieved to open or close his hand with an accuracy close to 100 %. In a more recent work
[72], the same group presented a study for controlling an implanted neuroprosthesis for hand
grasp functions. The user was able to control the prosthesis by generating EEG patterns
associated to the imagination of movements of his paralyzed left hand. The short training
times to control the BCI indicated that this method might also be an alternative approach for
clinical purposes. On the other hand, ERPs have been also applied for motor restoration and
neuroprosthesis control. For instance, Muller et al. [73] proposed a BCI based on Steady-State
Visual Evoked Potential (SSVEP) to control a two-axes electrical hand prosthesis. In this study,
four movements were allowed: to open or close the electrical hand and to turn right or left the

wrist. Each of these movements corresponded to a flickering LED with a specific frequency,
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which elicited the SSVEP in the patient. So the patient just needed to focus his gaze on one of
the LEDs to initiate a movement.

2.3.4 Entertainment

The advances produced in the recent years in the EEG technology, together with the
development of new commercial and low-cost EEG devices, have promoted the integration
of BCls into non-clinical environments. In this regard, several video games based on BCIs have
been proposed [74]. BCI technology not only provides a different channel for user interaction,
but it also presents a new way of accessing to user experiences and emotions while playing.
BClIs allows recognizing if the user is bored or focused on the video game, thereby, future
developments can be improved by taking into account this brain information [18]. On the other
hand, BCI-based video games can also be applied to help motor restoration or to train specific
brain functions for patients with neurological disorders [75], [76].

Several brain signals have been employed for game control [74]. For instance, Rohani et
al. [76] proposed a P300-based video game for attention training for people with diagnosed
attention deficit and hyperactivity disorder. For this purpose, an immersive 3D classroom
environment was created. The user must perform two experiments: one using the P300 speller
and the other one using a system where the user is required to search for a specific letter in a
series of changing images. This study shows that low-cost and non-invasive technologies can
be applied for targeting attention in a motivating and engaging environment. Finke et al. [77]
propose MindGame, also a P300 video game for attention improvement. In this case, the user
tries to move a character in a virtual map that follows a checkerboard scheme. Since the P300 is
a marker of attention, they present MindGame as a potential neurofeedback system that allows
for attention training. On the other hand, Lalor et al. [78] presented MindBalance, an EEG
3D immersive video game based on SSVEPs. The aim of the game is to control the balance
of an animated character on a tightrope by means of the elicited SSVEPs. Results showed that
the six test subjects demonstrated a reliable control, achieving an average of 89.50 % correct
selections. Moreover, making use of different brain patterns, Bonnet et al. [79] developed
BrainArena, in which two users can play a simple football game by means of two BCls.
Motor imagery movements of the right and left hand allowed the users to score goals. The
players could play in a collaborative or competitive manner. Results showed that competitive
and collaborative conditions may lead to similar performances and motivations, however, the
multiuser condition presents significantly improvements in terms of fun and motivation when
compared to the single-player condition.

Games above presented have been designed for research and academic purposes, however,
commercial BCI games have also been released during the last years. In this sense, companies
that develop low-cost EEG devices, such as Emotiv [80] or NeuroSky [66], have created games
for their own headsets. In the case of Emotiv, for example, it has launched games such as Cortex
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Arcade and Spirit Mountain Demo, among others [18].

2.4 Conclusions

In this chapter we have introduced BCI as a powerful tool to improve the life quality of patients
affected by limitations in locomotion, motor function or communication with their environment.
The chapter begins with a brief summary about the physical structure of our brain to follow with
a deeper explanation about the components of such a BCI system and their main applications,
not only medical but also social, what has contributed to independence in the daily life of these

patients.
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Chapter 111
EEG Signal Acquisition

Electroencephalography (EEG) is a widely-known non-invasive technique for neuroimaging
that captures the electric fields produced by the activity of the neurons and their synapses from
outside the brain [81]. It was introduced in 1924 with the experiments of Hans Berger, the
German physician who first measured traces of brain electrical activity in humans [82]. He
measured the electric brain activity produced by the ionic currents within the neurons during
synaptic excitations using electrodes placed over the subject’s scalp. Its ease of use, low risk
for users, high portability and relative low cost are the reasons why it is the preferred method
for brain signal acquisition by the vast majority of Brain-Computer Interface (BCI) researchers
[17], [19], [83]. However, this technique also presents some important challenges such as low
spatial resolution and poor quality signals. Brain signals must cross several layers as the scalp
or the skull until arriving to the electrodes, therefore the acquired signal is weak and of poor

quality [18].

EEG technology has traditionally been employed for the development of medical
applications [84], [85]. EEG devices developed for this purpose typically consist of a large
number of sensors and are highly expensive. Nowadays, the utilization of such devices for
other applications is limited, but it is a promising technology for wellness and health care.
Such applications require the design and development of friendlier devices, real-time operation
or greater manageability and adaptation for people with motor functional diversity. Recently,
several companies have presented commercial products and open solutions oriented to open the

EEG technology to applications not restricted to medical diagnosis.

In this chapter, we will detail the signal acquisition component of a BCI system using
the EEG technique, going over the electrode location, signal artifacts, brain rthythms and the
different control signals that can be used for interacting with the interface. Furthermore, we will
review some EEG devices studied in this doctoral thesis and mostly used for research purposes,
which have been selected focusing on their trade-off between low-cost and performance. We
will see how some of them require the use of proprietary software against open solutions in

other devices.
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3.1 Devices for EEG Signal Acquisition

EEG recording devices are mainly composed of four elements: 1) electrodes, which capture
electrical activity from the scalp; 2) amplifiers, which enlarge the amplitude of the signal; 3)
Analog-to-Digital Converter (ADC), which digitizes the analog brain signal, and finally; 4)
recording device, which stores, displays and processes the data. This EEG recording basically
consists in the measurement of potential differences between pairs of electrodes: the active and
the reference one [82]. Moreover, a ground electrode is included to measure the differential
voltage between the active and the reference electrode. The placement of the electrodes is
usually based in the 10-20 International system [86], which uses two anatomical points, nasion
and inion, to situate them. Furthermore, adjacent electrodes are located using a 10 % or 20 %
of the total front-back or right-left distance. Each electrode location is identified by numbers,
where the even ones represent the right hemisphere and the odd ones the left hemisphere, and
letters, corresponding to the lobe and area of the brain where is placed: pre-frontal (FP), frontal
(F), temporal (T), central (C), parietal (P) and occipital (O). Figure 3.1 shows the electrode

placement according to this system.
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9

Figure 3.1: Electrode placement according to the 10-20 International System [18].

Two types of electrodes, active or passive, can be employed with the aim of reducing
the external noise and cable movements during EEG recordings. Passive electrodes require
an external amplifier, while active ones usually include embedded amplifiers [19], [87].
Additionally, gel or saline liquid is used in some electrodes (wet electrodes) to create a
conductive path that improves signal quality and reduces skin impedance. However, this
gel will eventually dry out, resulting in a poor quality signal and the need for electrode

replacement. Moreover, this procedure may result cumbersome for the user in the recording
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Table 3.1: Basic comparison of EEG devices.

Device

Parameters MindWave Epoc+ Cyton Ganglion
Available channels 1 14 8 4
Sampling rate (Hz) 128 128 or 256 250 200
Wet/dry electrodes Dry Wet Wet/Dry Wet/Dry
ADC resolution 12 bits 16 bits 24 bits 24 bits
Data transmission Bluetooth BLE BLE BLE

EEG, EMG EEG, EMG
Captured bio-signal EEG EEG

& ECG & ECG

Fixed electrodes v v X X
Open hardware X X v v
Price (€) 100 — 150 680 — 730 400 —450 200 — 250

sessions. Therefore, dry electrodes that do not need gels have been implemented to offer a
faster setup time and greater user comfort but with, usually, a higher skin impedance than the

wet ones [88].

Recent advances in biomedical technologies, integrating circuits, sensors, and data analysis
techniques, have led to the development of new wearable EEG devices that can be applied in
both clinical and non-clinical applications [87]. The reduction in the cost, their greater ease of
use, the lower need for human expert intervention and their lower maintenance have promoted
these new devices to be employed outside the laboratory and use this technology in daily life

and real-world environments, such as homes and schools [58], [89].

While multi-electrode devices, such as those used in clinical applications, gather more and
better quality signals than consumer-grade devices, the latter are preferable in the development
of domestic BCI applications because of their lightweight, comfort and a small number of
electrodes, which make them suitable for continuous monitoring during daily life activities
[58].

Several consumer-grade EEG devices have been presented in recent years [19]. Two of
the most popular low-cost headsets are Epoc+ and MindWave [66], [80] which, although they
require the use of proprietary software, have been assessed in numerous research works and
BCI applications [90]-[95]. On the other hand, open-software and open-hardware devices have
also been proposed for capturing brain signals. In this case, the boards presented by OpenBCI
[96] (Cyton and Ganglion boards) are well-known open solutions. In this section, we analyze
the main characteristics of these four popular devices. Table 3.1 summarizes some of their basic

specifications.
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3.1.1 NeuroSky MindWave

NeuroSky company has presented a single-sensor EEG device, known as the NeuroSky
Mindwave [66], of low cost and oriented to the consumer market. It has only one input
electrode, placed at Fpl, and an ear-clip electrode acting as reference in the Al position
according to the 10-20 International System [97]. The signal is sampled at 128 Hz and sent
to the computer via Bluetooth. Neurosky claims that the MindWave headset can detect blinks
and two mental states (attention and relaxed) besides acquiring the raw EEG data. Figure 3.2
shows the Mindwave headset and its electrode placement.

From a point of view of applications using Neurosky MindWave, several studies are
focused on educational research [58], [98]. For instance, Chen et al. [90] gather EEG signals
from students in order to identify high- and low-attention levels in an autonomous e-learning
environment. The prediction accuracies achieved by their proposed algorithm on high- and low-
attention levels were of 91.60 % and 87.44 %, respectively. Patsis et al. evaluated the attention
levels of the users while they played Tetris as a function of game difficulty [91]. The results
obtained for both intra- and inter-player analysis show how an increase in game difficulty was
followed by the corresponding increase in attention. These findings can provide useful tools for
future developments of educational games that adapt to the mental state of player/learner. On
the other hand, Vourvopoulos et al. [92] presented a study which identified user’s adaptation on
brain-controlled systems and evaluated how to control a robot in both real and virtual worlds
via brainwaves. The study employed both Emotiv Epoc and Neurosky MindWave to acquire
brain signals. The obtained results indicated that robot navigation through commercial EEG
devices can be effective and natural in both the real and the virtual environments. Roesler et al.
presented also a comparison of both devices for the detection of the eye state of the user [93].
The results showed that MindWave equipped with only one sensor cannot be used for eye state
prediction, since the highest accuracy it achieves is of 43.52 %. They conclude that MindWave
does not seem to be useful for serious EEG experiments or to control an application. However,
Epoc achieves a high performance with a minimum error rate of 1.38 % for the K-star classifier
and an average error rate over all tested classifiers of 16.50 %. Moreover, other portable and
single—sensor EEG devices presented by Neurosky such as MindWave Mobile, MindSet or
MindBand have been also applied for the development of out-of-the-lab applications [58], [89],
[99].

3.1.2 Emotiv Epoc+

Emotiv Epoc+ is a lightweight consumer-grade EEG device which announces that thoughts,
feelings and emotions can be used for computer control. It claims that five different types of
mental states and eight facial expressions can be detected using the software they provide. The
headset has 14 sensors which acquire the EEG signals, located following the 10-20 International

System [97]. Brain signals are internally sampled at 2048 Hz and downsampled to 128 Hz or
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Figure 3.2: (a) Anatomical electrode distribution in accordance with the 10-20 International System
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used by the Neurosky Mindwave headset. Green circle represents the input electrode, while the yellow

one represents reference and ground electrode. (b) Neurosky Mindwave headset.

256 Hz before becoming available to the system. It employs Bluetooth Low Energy (BLE) as
the communication protocol to transmit the data to computers or mobile phones. Its bandwidth
ranges from 0.16-43 Hz and digital notch filters at 50 Hz and 60 Hz are implemented. Both
hardware and software are proprietary, and no open—source code or hardware circuit schematic
is provided. Figure 3.3 shows the anatomical distribution of the electrodes and the Epoc+
headset.

Emotiv Epoc and its latest version, Epoc+, have been employed in several BCI applications
during the last years [89]. In educational research, for example, the Emotiv headset is used to
measure students’ engagement in game-based lessons [94], [95]. Duvinage et al. [100] compare
the performance of the Epoc headset and a medical EEG device based on a standard P300
BCI. They conclude that the Emotiv device is an interesting option whose performance is far
above the chance level. However, results show that it clearly underperforms the medical device.
Therefore, authors claim that Emotiv Epoc should only be chosen for non-critical applications
such as games, communication systems, etc. and not be used in clinical applications, since
its lack of reliability may lead to serious consequences. Chumerin et al. [101] developed a
BCI maze game based on Steady-State Visual Evoked Potential (SSVEP) response in which the
brain signals of the player are captured by the Epoc headset. Their system achieved a mean
accuracy of 80.37 % and a standard deviation of 11.85 % for game control over 20 test subjects.
In a more recent study, Lin et al. [102] developed a SSVEP to control a treadmill for human

walking.
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Figure 3.3: (a) Anatomical electrode distribution in accordance with the 10-20 International System used
by the Emotiv Epoc+ headset. Green circles represent input electrodes, while the yellow ones represent
Common Mode Sense (CMS) active electrode and Driven Right Leg (DRL) passive electrode employed

as references. (b) Emotiv Epoc+ headset.

3.1.3 OpenBCI Devices

OpenBClI [96] presents open hardware and software solutions for Human-Machine Interface
(HMI) implementation. Circuit schematic, source code and plans of the headsets for its 3D
impression are provided on their website. Recent studies have been presented analyzing and
employing the OpenBClI devices for capturing the brain activity of the subjects, as we will see
in the following.

The most popular and complete device is the Cyton board, that is built around an ADS1299,
developed by Texas Instruments for biopotential measurements. The ADS1299 is an 8-channel,
low-noise, 24-bit ADC specifically designed for measuring EEG signals. The board uses an
Arduino-compatible ATmega328P and a SD card for local storage. EEG signals are sampled at
250Hz. An adjustable 50 Hz or 60 Hz notch filter can be applied to the acquired data. The
number of available channels can be extended to 16 with the incorporation of an external
module. Figure 3.4(a) shows the Cyton board.

Different works used Cyton technology for Motor Imagery (MI) classification [103]. For
instance, Yohanandan et al. [104] employ the Cyton board to gather the EEG signals of
7 subjects for MI classification using Deep Neural Networks (DNN). They found that the
classification accuracies increased with imagery duration, achieving the best results with data
segments of 7s. However, authors claim that the there is no statistical improvement beyond
segments of 5 s, so it is the optimal trade-off between imagery duration and accuracy (~ 83 %).

Also for MI classification, Belwafi et al. [105] employ adaptive filter and Common
Spatial Pattern (CSP) for feature extraction and Linear Discriminant Analysis (LDA) for the
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Figure 3.4: OpenBCI EEG boards: (a) Cyton board; (b) Ganglion board.

classification of EEG data collected with the Cyton board. The results achieved by the proposed
system showed an accuracy of 80.50 %. On the other hand, Frey presents a comparison of
the Cyton board extended with 16 channels and a medical device [106]. Both devices were
compared in the P300 speller and in an EEG-based workload monitoring using the n-back task.
The obtained results showed that the OpenBCI board is an effective alternative to traditional
EEG devices. Although medical grade device still outperforms the Cyton board in terms of
classification, the latter gives very close EEG readings, and may be suitable for building reliable
BClIs.

On the other hand, OpenBClI offers also the Ganglion board, a more affordable bio-sensing
device with only four channels. It is built around the microchip MCP3912 which presents a 24-
bit ADC and BLE is employed for the communication of the raw data. The signal is sampled
at 200 Hz on each of the 4 channels (see Figure 3.4(b)). This board was released later than the
Cyton board, therefore, we can not find many research papers based on it yet. However, some
works have started to prove its feasibility for recording EEG activity [107] and to implement
Electromyography (EMG)-based HMIs [108].

In addition, open source software is also provided. OpenBCI Graphical User Interface
(GUI) is a powerful software tool for visualizing, recording, and streaming data from
the hardware devices. Moreover, complete software libraries such as BrainFlow are also
available, which offer solutions for obtaining, parsing and analyzing data from EEG, EMG
and Electrocardiogram (ECG) in several programming languages and from a wide variety of
devices, including those of OpenBCI [109].
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3.2 EEG Brain Rhythms

EEG activity is composed of a set of signals that can be divided according to their frequency and
amplitude. Well-known EEG rhythms have been defined according to specific mental states and
their distribution in the scalp. Figure 3.5(a) shows the EEG rhythms. These frequency bands
and their relevant features are detailed below:

* Delta (9): It lies below 4 Hz and is typically encountered during deep sleep states. It is
usually not observed in awake states, in such case, it could indicate cerebral damage or
brain disease.

* Theta (8): It ranges between 4 and 7Hz. Theta rhythm occurs during certain stages of
sleep, meditative and drowsiness state, either in adults or children.

* Alpha («): It lies between 8 and 12 Hz. Alpha rhythm is related to a relaxed and a closed
eye state, and its activity is attenuated when the eyes open and mental effort increases
[110]. It is mainly located in the occipital area and primarily reflects visual processing
tasks. The mu (u) rthythm also occurs in this frequency band, but it is strongly related
to motor activities in the motor cortex and is attenuated when voluntary movement is
produced [111].

* Beta (f): It is mainly observed in frontal and central regions of the scalp and it is
associated to motor activities. It ranges between 12 and 30 Hz and is symmetrically
distributed when there is no motor activity and desynchronized when real movements
or motor imagery occur [16].

* Gamma (vv): Gamma rhythm ranges from 30 to 100 Hz. It is related to a state of active
information and focus. It is not commonly used in EEG-based BCI because muscle
artifacts are likely to affect them [18].

3.3 EEG Artifacts

The amplitude of the recorded signals by the electrodes is in the order of microvolts, ranging
from a few microvolts to approximately 100 uV'. Therefore, the acquired EEG signal is very
sensitive to either internal or external noises, such as electromagnetic interference produced by
surrounding devices or different biological signals produced by the subject from other sources
different from the brain (e.g., eyes, jaw, etc.). Thus, a common categorization of the artifacts
that can be found in the EEG is based on its origin, i.e., physiological or non-physiological

[113]. The following sections detail the common types of artifacts according to such origins.

3.3.1 Physiological Artifacts

Physiological artifacts are those produced by biological signals generated by the subject that
contaminate the EEG signal. The most common types of non-cerebral artifacts present in the
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Figure 3.5: (a) EEG rhythms from low to high frequency; (b) most common physiological artifacts in
the EEG signals [112].

EEG signals are described below. Figure 3.5(b) shows the most common physiological artifacts.

3.3.1.1 Ocular Artifacts: Eye Movements and Blinks

Eye movements (saccades), either vertical or horizontal movements, produce electrical activity,
known as Electrooculography (EOG), which is generally visible in the EEG. The EOG
reflects the potential difference between the cornea and the retina, which changes during eye
movement [113]. These artifacts are mainly present in frontal and lateral frontal electrodes,
and its strength depends on the proximity of the electrodes to the eyes and the direction of the
saccades. Blinking also causes artifacts in the EEG signals due to the corneal-retinal potential
difference. It produces more abruptly changes than the eye movements, which are related to
higher frequency interference.

In order to attenuate or cancel ocular artifacts, a pure EOG signal can be captured
simultaneously to EEG by positioning reference electrodes near the eye. EOG and EEG

recordings will be correlated, so artifact cancellation can be developed [113].

3.3.1.2 Muscle Artifacts: Myogenic Activity

Muscle contraction produces electrical activity that can interfere in EEG signals. The technique
that measures this electrical activity in the surface of the body is known as EMG. These artifacts
are present in an awake state when the subject swallows, chews, talks, etc. The shape and
strength of the interference depends on the degree of muscle contraction and the type of muscle
contracted, so it is difficult to stereotype [112].
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EMG artifacts are more difficult to correct than EOG artifacts. They mainly affect the beta
activity (12 — 30 Hz) but it can also be found below 2 Hz. Moreover, due to volume conduction,
EMG activity can be distributed in the entire scalp, which makes it complex to characterize for

artifact removal [114].

3.3.1.3 Cardiac Artifacts

The electrical activity produced by the heart when pumping blood can also interfere with the
EEG. ECG is the employed method to measure the cardiac activity. Although the amplitude
of the cardiac signals is usually low in the scalp, it can distort the EEG for certain electrode
positions and body shapes. Fortunately, heartbeats have a repetitive pattern that can be easily
identified. Nevertheless, in some cases, the spike-shaped ECG waveform can be confused with
epileptic activity when the ECG is barely visible in the EEG.

ECG activity, similar to EOG, can be captured using independent electrodes, which
facilitates artifact cancellation [113].

3.3.2 Non-physiological Artifacts

We refer to as non-physiological artifacts to those produced by technical problems encountered
in the EEG recordings or by electromagnetic interference from surrounding devices. The most
common types of non-physiological artifacts are described below.

3.3.2.1 Electrode Artifacts

Electrode movements or improper contact with the scalp can produce a technical artifact known
as ‘electrode-pop’. This artifact usually presents an abrupt change in the baseline level, followed
by a gradual return to the original baseline. Moreover, an insufficient shielding in the electrode
wires can lead to electromagnetic interference caused by currents flowing nearby the EEG
acquisition device [113].

3.3.2.2 Power Line Interference

Power line introduces electromagnetic interference with 50 or 60 Hz signals that disrupt the
EEG data. The amplitude of the Alternating Current (AC) signals ranges between 10 mV to
1V, so the brain signals are completely hidden behind this artifact [115].

Several techniques have been applied for artifact rejection or attenuation. Linear filtering has
been considered for the reduction of EMG or power line artifacts. However, it must be applied
with caution, since EEG data of interest and artifact spectra overlap each other considerably
[113]. Therefore, more advanced techniques such as Independent Component Analysis (ICA)
or Principal Component Analysis (PCA) have been proposed to remove the sources of artifacts
and keep the valuable EEG data [116]—-[118].
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3.4 Control Signals

BClIs are intended to control external devices by interpreting the subject’s intentions in her/his
brain activity. This brain activity is made up of a large number of brain signals related
to different cognitive tasks. Some of these brain patterns and signals can be modulated or
controlled by the subjects in order to communicate their intentions to the BCI. Therefore, this
kind of signals are considered as possible control signals in BCIs [18].

There is a vast number of studies analyzing different types of control signals. In this
work the four main groups are described: Visual Evoked Potentials (VEPs), Slow Cortical
Potentials (SCPs), P300 Evoked Potential (EP) and sensorimotor rhythms.

3.4.1 Visual Evoked Potentials

VEPs are electrical potentials registered in the visual cortex produced when the subject receives
a visual stimuli [119], [120]. It reflects the mechanism by which the brain processes visual
information. A VEP-based BCI can identify the target the user is staring at by analyzing the
recorded EEG. Each target is represented by a unique stimulus sequence which evokes a unique
VEP pattern. The target can then be identified by analyzing the characteristics of the VEP and
translated to its corresponding control command [121]. According to the frequency used to
present the stimuli to the subject, two kinds of VEPs can be differentiated. When the visual
stimulation is presented at a frequency lower than 6 Hz, Transient Visual Evoked Potentials
(TVEPs) are elicited. Conversely, when the frequency of visual stimulation is higher than
6 Hz, SSVEPs occur [18], [120]. The latter potentials are widely used for the implementation
of BClIs. In this approach, one or more stimuli are presented to the subject in different and
constant frequencies. When the subject focus his/her attention on one of the stimulus, EEG
activity may be detected over occipital areas at corresponding frequencies [122]. Therefore,
a BCI based on SSVEP consists of presenting different visual stimuli to the user at different
frequencies and then he/she chooses the one that corresponds to the desired control command.
The SSVEPs have been applied in a wide range of BCI domains such as video games control
[78], virtual navigation and environmental control [123], [124] or control of electrical orthosis
[5] and prosthesis [73].

3.4.2 Slow Cortical Potentials

SCPs are low frequency potentials detected in the central and frontal part of the cortex [19].
They belong to the EEG signals present below 1 Hz and they can last from a second to several
seconds [18], [125]. Negative SCPs are related to movement and other cortical activation
functions, while positive SCPs coincide with reduced cortical activation [126]. Several studies
have proved that people can learn to self-modulate these signals in order to control external
devices using a BCI [20], [127]. For instance, Birbaumer et al. [127] developed a Thought
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Translation Device (TTD) which trains locked-in patients to control their SCPs for selecting
letters, words or pictograms in a computerized language support program, allowing them to
communicate using an alternative channel. The SCPs have been also successfully tested in
a patient with late stage Amyotrophic Lateral Sclerosis (ALS) [128]-[130], who managed
to communicate through the BCI with an accuracy between 70 % and 80 %. However, SCP
BCI systems offer low information rates, need long training periods, professional attention and
continuous technical support, and not all patients are able to fully control their SCPs [18], [126],
[131].

3.4.3 P300 Evoked Potential

The P300 EP is a positive deflection located in the parietal area of the cortex that occurs in the
EEG brain activity 300 ms after an infrequent or surprising auditory, visual or somatosensory
stimuli [4], [126], [132]. The potential is usually evoked by the “oddball” paradigm, where
several stimuli are presented to the subject and one of them is less frequent than the others.
When these rare stimuli appear, they elicit a positive peak about 300 ms later, i.e., a P300 EP.
Based on this brain response, a specific action can be associated to the rare stimulus, so it will
be executed when the P300 is detected. The most common way to employ the P300 in the
BClIs is through visual stimulation, where the different elements which the user can interact
with are, usually, randomly presented on a screen. The user must focus its attention in one of
these infrequent elements, so that when it appears it will elicit the P300 potential that the BCI
can detect and execute the associated action.

A large number of works can be found in the literature of recent years proposing the use of
the P300 for building assistive systems in order to facilitate communication and environmental
control for patients with severe motor and neurological damages [18]. For instance, the P300
speller proposed by Donchin and Farwell [4] is a well-known BCI for communications purposes
which served as the basis for more recent works applying different paradigms [50], [59]. It has

also been implemented in other domains such as home automation [133]-[135].

3.4.4 Sensorimotor Rhythms

Sensorimotor rhythms are the oscillations recorded from the brain activity in the sensorimotor
area, i.e., the area that comprises the somatosensory and motor cortex [136]. These rhythms
are concentrated in the frequency bands of mu (8 — 12 Hz) and beta (12 — 30 Hz) [18]. When
a person performs a motor movement or just imagines that it is performed, the amplitude of
the sensorimotor rhythms exhibits different modulation patterns. Two main patterns can be
found: Event-related Desynchronization (ERD), when the amplitude of the rhythms in the
area involved in the movement becomes weaker and could even be suppressed, or Event-
related Synchronization (ERS), the opposite phenomenon, i.e., the power of the rhythms in

the sensorimotor area increases [137].
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Sensorimotor rhythms have been widely applied in BCIs because the users can learn and
train to generate these modulations [18], [138]. Therefore, MI tasks, i.e., the mental rehearsal
of a movement without any motor output, have been selected as the approach for implementing
several BCI systems, such as the Wadsworth BCI for communication purposes [138], the Graz
BCl for virtual keyboard interaction or hand orthosis control [16], [139] or the Berlin BCI [140].

3.5 Conclusions

In this chapter, we have introduced EEG as the most used and appropriate technique for
neuroimaging and brain signal acquisition for BCIs. This preference is mainly based on the
non-invasive character of this technology, which implies a low risk for the users. Moreover,
it shows several advantages such as its high portability and temporal resolution, its relatively
low cost, and its ease of use [17]-[19]. We have also reviewed several commercial devices
presented during the last years oriented to open the EEG technology to applications not
restricted to medical diagnosis. Each of these devices offers different benefits, such as the
number of available channels, the ADC resolution, the electrode types, etc., so depending on
the application area some will be more appropriate than the others.

The brain activity collected by these EEG devices encodes the users’ intentions, which
can be translated into control commands for interacting with their surroundings. For this
purpose, several brain signal patterns can be applied, where VEPs, SCPs, the P300 EP and

MI synchronization/desynchronization are the most common approaches [18].
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Chapter 1V
EEG Signal Processing

Brain signals captured by Electroencephalography (EEG) devices need to be analyzed and
processed for their posterior classification and subsequent translation into a control command
for an external device. In a Brain-Computer Interface (BCI) application, this task is developed
by a signal processing unit, whose two main components are the feature extraction and the
feature classification. The feature extraction process aims to find the most relevant values,
called ‘features’, that best describe the original raw EEG data [141]. These features are sent to
a classification algorithm, which is responsible for estimating the mental state of the user that

usually corresponds with a control command.

In this chapter, we will present the feature extraction techniques to be used in our
experiments and the classification algorithms implemented throughout this work using those
features.

4.1 Feature Extraction

Feature extraction is one of the most important and challenging steps in the design of a BCI
application due to the complex processes involved in the brain [17]. Its correct performance
is critical for the proper representation of user’s mental states and their posterior classification.
Therefore, the feature extraction method chosen for the development of a BCI must be carefully

selected. In this section, we will show the techniques used in our further experiments.

4.1.1 Time Methods

These methods directly extract the features from the EEG signals in the time domain using

arithmetic or statistical operators.
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4.1.1.1 Peak-picking

Peak-picking is one of the most basic and simple feature extraction technique employed in
the BCI systems [81]. A peak is defined as the maximum or minimum voltage amplitude
value of the recorded signal in a time interval. This time interval is usually determined by
the presentation of an external stimulus (e.g., visual or auditory stimuli). The peak-picking
algorithm computes the largest and smallest values inside this time interval and employs them,
and possibly the time instant when they occur, as features for their classification.

Let z(n) be the sample at the discrete time n of the signal = of length N. The method

computes the following features
l’maa::max(:v(n)), n:O,...,N—l, (41)
Lmin :mln(l‘(n))? nZO,...,N— 17 (42)
where 2., and x,,;, represent the maximum and minimum signal values, respectively. Taking

into account these two features, the latency, i.e., the time instant when those peaks occur, can

be also obtained as a new feature

twmaz :{n‘ I(n>:xm(lm}7 nZO?"'7N_17 (4'3)

tl‘min:{n’x<n):wmin}7 TLZO,...,N—L (44)
where t,, . and ¢, . represent the instant times where the maximum and minimum occur,
respectively.

As a result, a set of four features is extracted for the signal x, which will be used to feed
a classification algorithm to predict the mental state of the user. Moreover, new features
can be obtained as linear combinations of the already calculated peaks and latencies. For
example, latency/amplitude ratio, ¢
time window, ¢, —t
process [142], [143].

Several works have applied peak-picking as feature extraction method for the analysis of
EEG signals and the implementation of BCIs based on Event-related Potentials (ERPs). For
instance, Farwell and Donchin used this basic technique in the widely-known P300-based

/T maz, peak-to-peak value, T4 — Tmin, peak-to-peak

Tmax

among others, can be computed as new features for the classification

Tmin?

speller [4]. In a more recent study, the combination of peaks, latencies, latency/amplitude ratio,
among other features, was employed for the detection of depressive patients using the P600
potential of ERP signals [143]. In this regard, a similar feature set is employed in a P300-based
lie detection study [142]. It is important to note that, most of the studies combine the features
extracted by this straightforward technique with other kind of features [4], [142], [143].

4.1.1.2 Sum of values

The measurement of the area under the EEG or ERP curve for a specific time interval is another

basic and straightforward feature extraction technique employed in BCI systems [81]. Areas
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are obtained by integrating the amplitude voltage values of the continuous signal that belong
to the defined time interval. In a discrete time signal, this integration becomes the summation
of its values. Let z(n) be the sample at the discrete time n of the signal x of length N. The

summation is computed as follows [4]
A= x(n). 4.5)

The sum of discrete values within a time interval of interest has been employed in several
studies for the analysis and classification of ERP signals and for the implementation of BCls
based on them. For example, Farwell and Donchin combine these features with those obtained
by the peak-picking in the P300-speller [4]. Xu et al. [144] also apply this technique after
an Independent Component Analysis (ICA) decomposition of the data for P300 detection.
Moreover, summation of signal values is employed together with peak-picking features for a
P300-based lie detection study [142] and for the detection of depressive patients using the P600
potential of ERP signals [143].

4.1.2 Frequency Methods

These methods directly extract the features from the EEG signals in the frequency domain.

4.1.2.1 Digital Transforms

Digital transforms are used to represent digital signals in other domain, termed transformed-
domain. The Discrete Fourier Transform (DFT) is the most used one and allows to obtain a
signal in the frequency-domain. Let z(n) be the sample at the discrete instant n of the signal x
of length V. Then its DFT is given by

=2

X(wg) = z(n)- ¢(wg,n), k=0,...,N —1, (4.6)

i
o

where X (wy,) is the complex Fourier coefficient at the frequency w, = 27wk/N, with k being
the frequency bin, and
¢ (wy, n) = e 7", 4.7)

In this work we also consider a complex-valued function expressed as
d(wg,n) = sign(cos (wgn)) — jsign (sin (wgn)) (4.8)
and two real-valued functions, given as

d(wk,n) = cos(wgn), 4.9)
d(wg,n) = sign(cos(wgn)), (4.10)
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where sign(-) represents the sign function that returns the sign of the input number.

EEG signals are non-stationary, so their frequency components change over time. DFT
is not suitable for non-stationary signals, since it fails to provide the exact location of an
event occurred in the time domain [145]. Thus, Short-Time Fourier Transform (STFT) was
proposed to overcome this shortcoming of the Fourier analysis. The STFT divides the signal
into successive time windows and applies the Fourier transform (FT) in each epoch of the
signal. It provides time-localized frequency information, whereas DFT provides the frequency
information averaged over the entire signal time interval [146]. Let w(n) be a sampled window
function of length L. Then the STFT of a discrete time signal = of length N can be expressed

as
L—-1

X(wg,m) = Zx(n) ~w(n—m)-¢(wg,n), k=0,...,L—1, (4.11)
n=0
with m € [0, M], wy = 27k/L and ¢ as expressed in Eq. (4.7). The number M = N — L
represents the maximal instant of the signal where the window’s time range is fully contained
in the signal’s time range. The complex number X (k, m) represents the k%" Fourier coefficient
for the m'" time instant.

A trade-off between time and frequency resolution exists in the STFT. The design of
the window function is a critical step, since narrow-width windows lead to higher temporal
resolution but it also generates a poor resolution in the frequency domain, and vice versa [18],
[146]. This is an important issue to take into account for the design of BCI applications, since

rapid feedback to the user must be given in response to its brain activity.

4.1.2.2 Sliding Methods

Let z(n) be the sample at the discrete instant n of the zero-mean signal x. The Sliding
Transform (ST) is obtained by applying an N-point discrete transform to moving windows
starting at instant n, i.e., [z(n), z(n+1),...z(n+ N — 1)]. The signal in the transform-domain

is given by the following expression

=2

X(wg,m) = z(n) - p(wg,n—m), k=0,...,.N—1, (4.12)

i
o

where m € [0, M|, ¢ can be any of the previously defined functions in Eq. (4.7) — Eq. (4.10)
and wy, denotes the frequency bin.

This expression corresponds to the DFT (see Eq. (4.6)) when ¢ is
d(wp,n —m) = e =M — cog (W (m —n)) + jsin (wi(m —n)), (4.13)

where the Euler’s formula is applied and wy, = 2wk/N. The sliding Discrete Fourier Transform
(SDFT) is an efficient algorithm for performing the DFT on sliding windows updated sample by

sample. It exploits the information similarity between two consecutive windows for improving
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computational efficiency. The DFT of a new window is calculated directly on the result of
the DFT of the previous window. The circular shift property is the main concept used for
developing the SDFT [147], [148]. It claims that if the DFT of a discrete time window is X (wy,)
then the DFT of that window circularly shifted by one sample to the left is X (wy,)e’“*, where
wy, represents the k" DFT bin. Therefore, we can relate the DFTs of two consecutive windows
as [148]

X(wp,n) = X(wp,n —1)e 7 —z(n — N) + x(n), (4.14)

where X (wg, n) is the spectral component of the new window and X (wy,n — 1) is the spectral

component of the previous window.

4.1.3 Time-Frequency Methods

In this section, we explain the methods known as time-frequency techniques since they use
transformations between the time and the frequency domains of the EEG signals. The Wavelet
Transform (WT) is the most employed algorithm for this purpose in the BCI domain.

WT is a mathematical technique particularly suitable for non-stationary signals due to its
capability of localizing a function or a set of data in both time and frequency. It is an effective
tool in the signal processing domain due to its properties of time-frequency localization, i.e., a
signal can be extracted at a particular time and frequency, and multi-rate filtering, i.e., a signal
can be differentiated at various frequencies [149]. For this purpose, WT replaces sines and
cosines of Fourier analysis by smooth and quickly vanishing oscillating mathematical functions,
called ‘wavelets’, with good localization in frequency and time. Wavelets can be defined as
small ‘waves’ limited in time, with zero-mean, finite energy over their time course and band-
limited, i.e., they are composed of a relatively limited range of frequencies [150], [151].

Wavelet functions can be scaled in time and translated to any time point without changing
their original shape. WT breaks down the input signal into a set of time-scaled and time-
translated versions of the same basic wavelet. The set of scaled and translated wavelets of a
unique mother wavelet ¢(t) is called wavelet family, denoted as v, ,(¢), and obtained as follows

Yap(t) = %w (t;b> , (4.15)

where ¢ denotes time, a,b € R and a # 0, R is the set of real numbers. The wavelet function
in Eq. (4.15) becomes wider when a decreases and is shifted in time when b varies. Therefore,
a is called the scaling parameter which determines the oscillatory frequency and length of the
wavelet, while b is called the translation parameter, which localizes its shifting position at time
t = b. There are several shapes for wavelet functions, such as Haar, Daubechies, Coiflets
or Symlets (see Figure 4.1), however, depending on the application or analysis where they
are involved, a particular wavelet family will result in a more efficient performance than the
others. For instance, Al-Qazzaz et al. [152] compared 45 mother wavelets to select the one that

optimally represented the EEG signal during a working memory task. They concluded that the
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Figure 4.1: Wavelet families: (a) Haar; (b) Morlet; (c) Symlet2; (d) Mexican Hat; (e) Daubechies2; (f)
Coifletl.
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Symlet wavelet of ninth order (sym9) exhibited the highest similarities and compatibilities with
the recorded data. On the other hand, Adeli et al. [149] studied the Daubechies family with
different orders for the analysis of epileptic EEG records. Their results showed that Daubechies
of fourth order (db4) presented the highest representation of the data. Moreover, Gandhi et al.
[151] concluded in their study that Coiflets 1 (coifl) was the most suitable candidate among the
wavelet families for accurate classification of both normal and abnormal signals like epileptic
EEG.

There are two types of WT: Continuous Wavelet Transform (CWT) and Discrete Wavelet
Transform (DWT). The idea behind CWT is to scale and translate the basic wavelet shape and
convolve it with the signal to be analyzed at continuous time and frequency increments. If f(¢)
is a function of time ¢ (e.g. a neuroelectric signal), the CWT of f(¢) is defined as [149], [153]

+o00o
Wap = F@)a,(t)dt, (4.16)

where * represents the complex conjugation. By applying CWT we produce a set of wavelets
coefficients W, ;, at every possible scale a and translation . In practice, a finite set of coefficients
is obtained, which is calculated over a digitally sampled signal, a few dozen scales where useful
frequencies of the signal can be found and finite translations, b, which ranges over the entire
sampled signal in increments of one sample point. Therefore, 1, represents the wavelet

coefficient of a signal for a specific scale a and time point b.
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4.1. Feature Extraction

Analyzing the signal at every time point and scale is time-consuming. Moreover, the
information achieved by the CWT at closely time points and scales is highly correlated and
redundant [150]. DWT is a more efficient and computationally simpler algorithm for the wavelet
analysis [154]. In this case, discrete a and b parameters based on powers of both dyadic scales

and translations are usually employed, i.e.,
a; =2 bjy=k2 Vkjel, 4.17)

where Z is the set of integer numbers.

Substituting in Eq. (4.15) we obtain dyadic wavelets as given

1 — 2
wj,k(t)z\@w (t 5 ),Vk,jeZ. (4.18)

If 9 is chosen to be orthogonal, the DWT will discard all the redundant information
produced by the CWT. In this case, the number of coefficients will be the same as the number
of time points in the sampled signal. Moreover, applying these orthogonal wavelets the original
signal can be efficiently reconstructed without any loss of information. DWT based on multi-
resolution can be implemented as a simple recursive filter scheme composed by a pair of digital
filters, high- and low-pass filters, whose filter coefficients are determined by the employed
wavelet shape in the analysis. The output of the filters is a series of wavelet coefficients
downsampled by a factor of 2. In particular, the output of the high-pass filter is associated
with the wavelet function, since it contains the details and all the high frequency energy of the
signal. On the other hand, the output of the low-pass filter is associated with the scaling function,
since it contains a coarser information of the approximation to the signal and its low frequency
energy. The signal is convolved with the high-pass filter to produce detailed wavelet coefficients
(D) and with the low-pass filter to produce the shape approximating scale coefficients (A) [149].
This latter output usually feeds another pair of digital filters. This procedure can be recursively
repeated, and the result is a set of signals whose spectrum is divided into octave bands with a
successively lower resolution in time and narrower bands in frequency. Figure 4.2 shows the
multi-resolution DWT for an EEG signal sampled at 128 Hz.

The WT has been widely applied in EEG signal processing, particularly as a feature
extraction method that feeds a classification algorithm for mental state recognition. For
instance, it has been applied for the classification and analysis of ERP signals [S51], [155]-[157],
such as the P300 potential, self-regulated Slow Cortical Potentials (SCPs) [158], single-sweep
ERPs [159], among others. It has also been applied for Motor Imagery (MI) data classification
[160], [161]; seizure detection [162]; epileptic characterization through EEG recordings [149],
[163] and mental workload analysis [164]. Moreover, WT has also been employed for the
detection of ocular artifacts in EEG recordings [165], [166].

39



4. EEG Signal Processing

D1
32-64 Hz
(Gamma)
h(n
(n) ->< : >—> D2
16 - 32 Hz
(Beta)
Level 1
x(n h(n —P@—>
(n) () D3
A1 8-16 Hz
0-32Hz (Alpha)
n, Level 2 h(n)
g(n) "( : )—> b4
A2 4-8Hz
0-16 Hz (Theta)
g(n) Level 3 h(n)
A3
0-8Hz
n, Level 4
g(n) A

0-4Hz

Delta,
a(n) -P@u>

Figure 4.2: Filter scheme for a multi-resolution DWT of an EEG signal sampled at 128 Hz, where g(n)

and h(n) represent the impulse response of the high- and low-pass filters, respectively, and | 2 represents

downsampling by a factor of 2.

4.2 Feature Classification

The last step to transform the brain activity of the user into control commands for external
devices is the feature classification step. Its main objective is to detect the user intentions
making use of the previously extracted features. For this purpose, regression and classification
algorithms can be employed, although the classification approach is the most popular in the BCI
field [49]. These classification algorithms learn how to identify the class (or mental state) of a
new feature vector by means of the training feature sets, which are already labeled as feature
vectors extracted from training EEG samples [141]. In order to translate the extracted features

into control commands, supervised machine learning algorithms are employed in this work.

4.2.1 Linear Discriminant Analysis

The main goal of Linear Discriminant Analysis (LDA) is to project the original
multidimensional data into a lower dimensional subspace with higher class separability [167],
[168]. For this reason, it is also widely used as a dimensionality reduction algorithm as
well as a classifier. LDA assumes that all the classes are separable and that they follow a
Gaussian distribution. Let us consider a binary classification problem with training samples
D = {(x(n),y(n)), x(n+1),y(n+1)),...,(x(n+ N —1),y(n + N — 1))}, where x € R?
is the input feature vector and y € {—1, 1} is the class label. LDA seeks for a hyperplane in
the feature space that separates both classes. In the case of a multi-class problem with more

than two classes, several hyperplanes are used [18]. The optimal separating hyperplane can be
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expressed as
f(x)=w-x+b, (4.19)
where w is the projection vector and b is a bias term. The projection vector w is defined as
[169]
W=7 ( — po), (4.20)
where p,; is the estimated mean of the i—th class and 3. = %(Zl + 3,) is the estimated

common covariance matrix, i.e., the average of the class-wise empirical covariance matrices
[169]. The corresponding estimators of the covariance matrix and the mean are calculated as

follows
1 N
Y= ; (x(i) — ) (x(i) — )", (4.21)
1 N
p= > x(i). (4.22)

The predicted class for an unseen feature vector x is determined by sign (f (x)). Thus, the
assigned class to x will be 1 if f (x) > 0 and —1 otherwise.

LDA is probably the most used classifier for BCI design [141]. It has been successfully
applied in different BCI systems, such as P300 spellers [51], motor imagery—based applications
for prostheses and orthosis control [170], [171], among others [17], [18], [49]. Notice that LDA
has lower computational requirements and faster rates than other popular classifiers such as
Support Vector Machines (SVMs) or Artificial Neural Network (ANN), which makes it suitable
for the development of online BCI systems [18], [172].

4.2.2 Support Vector Machine

The concept of SVM was first introduced by Vapnik in 1979 [173]. It is a supervised learning
algorithm widely used for classification and regression problems. SVM, in a similar way to
LDA, seeks for a hyperplane or a set of hyperplanes that efficiently separate the features vector
into several classes. But, in contrast to LDA, these hyperplanes must maximize their distance
to the closest training samples (Support Vectors (SVs)), i.e., the margin [18], [174].

Let us consider a binary classification problem of a two-dimensional feature
space and non-separable training samples D = {(x(n),y(n)),(x(n + 1),y(n +
1),...,(x(n+ N —1),y(n+ N — 1))}, where x € R? is the input vector and y € {—1,1}
is the class label. The objective of SVM is to find an optimal hyperplane that separates both
classes with the largest margin, as depicted in Figure 4.3. This optimal hyperplane defined
as w - x + b = 0, where w is normal to the hyperplane, can be obtained solving the convex
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Figure 4.3: Linear separating hyperplane for the non-separable case. SVs are circled. The slack variable

& stores the deviation of the features that fall in the wrong side of the hyperplane.

optimization problem

N
1 2

min 5 w* + C; &,

st.y(d) (x(i) - w+b)>1—¢& ,and§ >0,i=1,...,N, (4.23)
where ||w/|| is the Euclidean norm of w, b € R and £ € RY is the slack variable which stores
the deviation of the features that fall in the wrong side of the hyperplane (see Figure 4.3). The
parameter C' is chosen by the user, so a larger C' corresponds to higher penalty to errors. Itis well
known that the numerical computation of Eq. (4.23) can be achieved though its dual formulation

[54], [174]. Consider «; the Lagrange multiplier corresponding to the ith inequality. Then the
dual of Eq. (4.23) is obtained as in [175]:

min 3 3~ y@y(aax() x() - > ai

1,j=1

N
sty y(i)a;=0and 0 < o; < Cfori=1,...,N. (4.24)
=1

The solution is given by

w = Zy(i)aix(i), (4.25)
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and the class of a new unseen feature is determined by the side of the decision hyperplane it
falls, i.e., the class of x is given by sign(w-x+b). In multidimensional problems the hyperplane
dimension changes in accordance to the number of feature types, but there will be no changes
in the formulation of the SVM [175].

In most of the real-world problems, data is not linearly separable in the input space R<.
In these cases, nonlinear SVM is employed by mapping the feature vector x € R into a high
dimensional Euclidean space, #, using a nonlinear mapping function ® : RY — . Thus, a

kernel function K can be defined such that
K (x(i),x(j)) = ® (x(i)) - @ (x(5)) , (4.26)

where the mapping function need not be known, since the dot product is sufficient for the
mapping. This simplifies the computational burden and largely mitigates the dimensionality
problem. If we substitute the input feature dot product in Eq. (4.24) by the appropriate kernel
function K, the algorithm will produce a SVM which lives in an infinite dimensional space.

Hence, the relevant classifier function becomes

nSVs

f(x) = sign [Z y(1)a; K (s(i),x) + b

i=1

, (4.27)

where s(i) are the SVs and sign represents the sign function. The predicted class for unseen
samples will be 1 if f(x) > 0 and —1 otherwise.

Several nonlinear classification functions such as polynomial or sigmoidal neural network
have been applied in classification problems for EEG [175]. However, the most common kernel

for BClISs is the Gaussian or Radial Basis Function (RBF) given as

2
K (0,v) = exp (—M) . (4.28)

202

SVM is a very popular classifier for BCI applications [141]. It has been successfully applied
to classify different control signals such as P300 potential [135], [176]—[178], MI signals [179],
[180] or Steady-State Visual Evoked Potential (SSVEP) [181], among others. It has also
been applied in a wide variety of domains such as home automation [135], locomotion [182],
communication [176], [183] or gaming [181].

4.2.3 Threshold-based Classifier

A threshold-based classifier is one of the simplest techniques that can be used for allocating a
new set of features into their corresponding class group. Let us consider a binary classification
problem of a one-dimensional feature space and training samples D = {(x(n),y(n)), (x(n +
1),yin +1)),....,(x(n+ N —1),y(n+ N — 1))}, where x € R is the input feature and
y € {—1,1} is the class label. The objective of the classifier is to find a threshold value T’
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that separates the instances of each class, so that those features below 7" will be assigned to the
class —1 and those which exceeds 7' to class 1. Therefore, the predicted class of the classifier

for an unseen feature x is determined by the decision function

1, #<T
Y:f(x):{ 1’ i;T (4.29)

The threshold values depend on the problem that the classifier has to face, so they must be
correctly calibrated for each particular case. Several strategies have been proposed for threshold
tuning, such as using Receiver Operating Characteristic (ROC) or Precision-Recall curves and
grid search [184]-[186].

An example of threshold classification in BCIs and EEG signals is presented in the
Thought Translation Device (TTD) proposed by Birbaumer et al. [20], [127], [129]. Itis a
communication BCI based on SCPs that allows patients to communicate by selecting letters
from a screen. Selection of the letters occurred when the SCP signals exceeded a predefined
amplitude threshold. The system was successfully applied in locked-in patients who gained the
ability to communicate by using the BCI. In a more recent study, the same group of researchers
presented a comparison of different EEG classifications for the TTD [158]. They concluded
that the threshold technique is an easy and often sufficient method for online classification of
EEG time series, but when no continuous feedback is required in the BCI, other methods should
be considered to improve the accuracy of the system, such as WT or LDA, among others. In
this regard, Kirkup et al. [187] also presented a BCI where a threshold-based classifier was
applied to detect when the user closed his/her eyes. In this case, the amplitude EEG signal was
analyzed at 10 Hz and when it exceeded the predetermined threshold level, a control command
was sent to an electrical appliance. The system was successfully tested on two subjects without
prior learning. Moreover, threshold classifiers have been also applied in other EEG studies.
For instance, Wan et al. [188] calculated the optimal threshold for determining driving anger
intensity using EEG signals, the ROC curve and the WT. EEG data was collected from 30
subjects during real driving experiments. Four types of anger were defined: none, low, moderate
and high anger. The relative energy spectrum of the beta and delta bands were extracted as
features, and the optimal threshold for its classification in one of the four anger levels was
determined by the ROC curve analysis. Their results showed an 80.21 % overall accuracy for
beta feature and a 75.20 % for delta feature.

4.3 Conclusions

In this chapter we have introduced two key elements in a BCI: feature extraction and
classification. These two tasks are in charge of interpreting the brain signals obtained by the
EEG and detecting the mental state and the intentions of the user. For this purpose, in the feature

extraction process several techniques in different domains are applied to find the most relevant
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values that best describe the brain activity. Some techniques in time, frequency and time-
frequency domain are briefly presented in this chapter. Once these features have been extracted,
they are sent to a classification algorithm that estimates the mental state and intentions of the
user. Two widely known classifiers in the field of the BCls, such as LDA and SVM, are also
shortly described. Finally, a straightforward algorithm such as the threshold-based classifier is
also presented.
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Chapter V

EEG Eye State Detection Using One
Sensor

In this chapter, we present a prototype of an Electroencephalography (EEG) device designed
to acquire signals using a reduced number of sensors. The hardware is composed of low-cost
components, including a dual core microcontroller that allows us to perform all operations
associated to signal classification simultaneously to the transmission of data to an Internet of
Things (IoT) environment. We propose and compare different algorithms for determining the
user’s eye states, i.e., open eyes (oE) or closed eyes (cE). The algorithms include different
configurations oriented to provide high and accurate results with a low computational burden.
First, we compare real-valued and complex-valued transforms. Secondly, we consider sliding
windows with overlap instead of using the traditional approach with non-overlapped windows,
thus reducing the delay time between acquisition and decision. Finally, we compare three
classification approaches, one based on a threshold classifier and the other two that implement
the well known Linear Discriminant Analysis (LDA) and Support Vector Machine (SVM)
algorithms. We also show the integration of this system with IoT protocols in order to obtain a
realizable prototype for controlling different IoT devices by means of on/off operations.

During the last years, both the eye state identification and the eye-gaze analysis have
become an active research field due to their implication in Human-Machine Interfaces (HMIs)
[189], [190]. In particular, EEG eye state detection has been successfully applied in a wide
variety of domains [191], such as driving drowsiness detection [54], infant sleep-waking state
classification [192] and stress features identification [193], among others. Several previous
papers have associated cE and oE with particular frequency and amplitude ranges of the brain
waves [110], [194]-[196]. For instance, Kirkup et al. [187] presented a home automation
control system for a rapid on/off switch appliance which bandpass filters the signal between
8Hz and 12 Hz. It calculates a threshold employing these alpha values to determine the user’s
eye state and control external devices.

In a more recent study, Naderi et al. [197] have proposed a technique based on Welch’s

method for estimating the Power Spectral Density (PSD) and on Recurrent Neural Networks
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(RNNs) to distinguish a relaxed and open eye state from an epileptic seizure. Features from
EEG time series and PSD levels were extracted to train and test the classifier which, at the
end, exhibited an accuracy of 100 %. In another study on the same data set, Acharya et al.
[198] propose the employment of Convolutional Neural Networks (CNNs) for the development
of a Computer-Aided-Diagnosis (CAD) system that automatically detects seizure using EEG
signals. For this purpose, they implement an algorithm based on a 13-layer deep convolutional
neural network for the detection of normal, preictal, and seizure classes, where the normal
state corresponds to a relaxed and closed eyes situation. Their proposed technique achieves an
accuracy, specificity, and sensitivity of 88.67%, 90.00%, and 95.00%, respectively. Moreover,
EEG-based eye state detection has been successfully applied for automatic driver drowsiness
detection. Yeo et al. [54] proposed to use SVM as classification algorithm to identify and
differentiate EEG changes that occur between alert and drowsy states. Four main EEG rhythms
(delta, theta, alpha and beta) were employed for extracting different frequency features, such as
dominant frequency, frequency variability, center of gravity frequency and the average power
of dominant peak. Their method reached a classification accuracy of 99.30 % and was also able

to predict the transition from alertness to drowsiness with an accuracy over 90 %.

Due to the wide variety of areas where the EEG eye state detection can be applied, several
methods have been presented to achieve higher classification accuracies. In this sense, Rosler
and Sunderman [199] tested 42 classification algorithms on their performance to predict the
eye state. For this purpose, a dataset containing the two possible ocular states was recorded
using the 14 channels of the Emotiv EPOC headset. The reported results showed that standard
classifiers such as naive Bayes, Artificial Neural Networks (ANNSs) or Logistic Regression (LR)
offered poor classification accuracies, while instance-based algorithms such as IB1 or KStar
offered significantly higher results. The latter classifier achieved the best performance with a
classification accuracy of 97.30 %. However, it took at least 20 minutes to classify the state of
new instances. Moreover, the dataset included the data of only one subject, so the authors
cannot assure that the obtained results can be generalized. Several works have presented
new classification methods based on this dataset. For example, Wang et al. [191] proposed
to extract channel standard deviations and averages as features for an Incremental Attribute
Learning (IAL) algorithm and achieve an error rate of 27.45 % for eye state classification. In a
more recent study, Saghafi et al. [200] propose to study the maximum and minimum values in
the EEG signals in order to detect any eye state change. Once this change has been detected, the
last two seconds of the signal are low-pass filtered below 8 Hz and passed through Multivariate
Empirical Mode Decomposition (MEMD) for feature extraction. These features are fed into a
classification algorithm to confirm the eye state change. For this purpose, they tested ANNS,
LR and SVM. Their proposed algorithm using LR as classifier detected the eye state with an
accuracy of 88.2 % in less than 2 s. Hamilton et al. [201] proposed a new system based on eager
learners (e.g. decision trees) in order to improve the classification time achieved by Rosler and

Sunderman [199]. For this purpose, three ensemble learners were evaluated: a rotational forest
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Figure 5.1: Proposed device details. (1) Sensors; (2) Amplifiers; (3) ESP32 module.

that implements random forests as its base classifiers, a rotational forest that implements J48
trees as its base classifiers and is boosted by adaptive boosting, and an ensemble of the rotational
random forest model with the KStar classifier. Results achieved in the study showed that the
approach using J48 trees and adaptive boosting offered accurate classification rates within the
time constraints of real-time classification.

Although the aforementioned papers show methods to detect eye states with high accuracy,
they gather the brain activity using at least 14 electrodes and large EEG devices. The main
drawback of these devices is that they are uncomfortable for the user and cumbersome to use
for long periods of time and during daily life activities. Moreover, they use large training
sequences. In order to avoid these limitations, in this chapter we propose a simple threshold-
based algorithm that uses both powers of alpha and beta bands with short training periods. The
proposed system has been presented in [202]-[208].

5.1 Proposed Low-cost EEG Device

Figure 5.1 shows the elements of the device. This prototype has a total of four sensors: two
inputs, the reference and the ground sensors. The signal is amplified and bandpass filtered
between 4.7 — 29.2Hz. Towards this end, we use the AD8221 instrumentation amplifier
followed by a 50 Hz notch filter to avoid the interference of electric devices in the vicinity of the
sensor wires, a second order low pass filter, a second order high pass filter and a final bandpass
filter with adjustable gain. The different filter stages that follow the instrumentation amplifier
are shown in Figure 5.2. Both the low and high pass filters use a Sallen-Key architecture [209].
The low-pass filter has a cut-off frequency of

1
Ja = = 29.204 Hz,
27 - 300 x 103 - 10 x 1072 - /3.3
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Figure 5.2: EEG sensor filters.

and a Q-factor of

&

2
whereas the high pass filter has a cut-off frequency of

Q= = 0.908,

1
27 -470 x 1079 - 100 x 103 - v/1.961

Jeo = = 4.742Hz,

and a Q-factor of

1v/1.961
Q=5—=0T.

The Q-factor of the high pass filter is higher in order to compensate the response of the notch

filter near the 30 Hz cut-off frequency. The final bandpass filter has cut-off frequencies of

1
c — — 1 H ;
Jer = om0 x 109 200 x 10— 093 HZ
and
1
= — 72343 Hz,
Jesn = 5 5 X 109100 x 10° ?

and a gain of
100 x 10?

Riz
The R,3 rheostat, with values up to 1 k{2, allows us to adjust the gain to better utilize the whole
range of the ADC.

Figure 5.3 shows the response of the filter stages for R,3 = 220 €2, which results in a gain
of 53.171dB.

Once the brain signal has been captured, amplified and filtered, the ESP32 microcontroller

G=1+

[210] is responsible for its sampling. Moreover, thanks to its dual core nature, complex
processing tasks such as Fast Fourier Transform (FFT) or Wavelet Transform (WT) and its

subsequent classification can be performed while the signal is sampled.

50



5.2. Proposed Architecture

60 T T 0
— Amplitude
> Phase
40 - -150
a B
— T
g 2 4 300 3
w
Q @
el —
2 aQ
= @
s S
g o - 450 8
-20 - -600
-40 I I H L -750
107 10° 10! 102 10°
Frequency
Figure 5.3: EEG filter response.
BCI Smart Home
application devices
Signal Classification Communication
processing unit unit unit @
EEG

Subscribe

<

broker -=->» [T o]

device - Transform Publitsr;
aw S Publisher || eye state
O Classification
L0 data S%rggle algorithm | > MQTT |F=|=-= -
OG0 ; v client Mosquitto Publish
signal C‘Q eye state
R = B/a I

ESP32
microcontroller

MQTT

Figure 5.4: Proposed system architecture.

5.2 Proposed Architecture

Figure 5.4 shows the architecture of the proposed system. The first component of the system is
the EEG device, which is responsible for capturing the brain activity of the user. The employed
EEG device is the one presented in Section 5.1. The raw EEG data captured is then sent to the
Brain-Computer Interface (BCI) application for its digitization and interpretation.

The BCI application is in charge of sampling the raw brain signal and detecting the user’s
ocular state based on that signal. Two main steps are required for detecting the eye state of
the user. First, the brain signals must be processed and the features that best describe both
ocular states must be extracted. Then, these features are fed into a classification algorithm that
estimates the eye state of the user.

Power Spectral Density Analysis (PSDA), which is based on frequency analysis of the
EEG signal, is one of the most widely used feature extraction methods for EEG classification.
The PSD represents the distribution of signal power in different bands. Several studies have
proved that the alpha power increases during closed eyes state, while significant reductions

are produced when subjects open their eyes. On the other hand, beta power does not show
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relevant differences between both eye states [110], [196]. Therefore, we use the power ratio
between alpha and beta frequency bands for the determination of the user’s eye state. Different
transforms have been applied in order to determine which of them offered the best performance.

According to the general expression of the Sliding Transform (ST) described in Eq. (4.12)

as
N-1

X (wg,m) = Zm(n) ~Pp(wg,m—m), k=0,..N —1, (5.1)
n=0

where m € [0, M] and wy, denoted the frequency bin, we consider the following complex- and

real-valued functions (¢) to be applied in those transformations, denoted as ¢1, ¢o, @3, ¢4, and

given as
b1(wp,n) = eI = cos (wpn) + jsin (wpn), (5.2)
¢o(wg,m) = sign(cos (wgn)) — jsign (sin (wxn)), (5.3)
¢3(wg,m) = cos(wgn), (5.4)
¢4(wi,n) = sign(cos (wgn)). (5.5)

The ¢, transform only takes +1 + j values and therefore, the products in Eq. (5.1) can
be easily implemented by only two sign changes per x(n) sample. Contrary to the ¢; and
¢ transforms, both ¢35 and ¢4 only use the real values and, as a consequence, the number of
operations is also reduced in half with respect to the two first transforms. Moreover, since the
¢4 transform only takes values +1 and —1, only one sign change per z(n) sample is computed
in Eq. (5.1).

In general, ST is computed over the input windows beginning at the instant n, without
taking into account the result obtained for previous windows. However, for some transforms,
the computational overhead can be considerably reduced by using recursive algorithms [148],
[211]. In Chapter 4, we have shown that the sliding Discrete Fourier Transform (SDFT) can be
computed as follows [148]

X(wp,n) = X(wg,n — 1) —2(n — N) + x(n), (5.6)

where X (wy,n) is the spectral component of the new window and X (wy, n — 1) is the spectral
component of the previous one.

The transforms previously described are used to compute the alpha and beta bands using
Eq. (5.1) taking into account that the alpha band ranges from 8 Hz to 13 Hz, while the beta band
ranges from 14 Hz to 19 Hz. From each band, we obtain the mean power of alpha and beta,
respectively denoted by « and 3, and calculate their ratio, i.e., R = /. Note that R is a real
number for all real- or complex-valued transforms. This ratio R is extracted for each channel of
the EEG devices and this set of features is then sent to a classification algorithm for estimating
the ocular state of the user.

We compare the performance offered by three classification algorithms: threshold-based,

LDA and SVM classifiers. The threshold-based classifier is one of the simplest techniques
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that can be used for allocating a new set of features into their corresponding class group. As
explained in Section 4.2.3, the objective of the classifier is to find a threshold value 7' that
separates the instances of each class, so that those features below 7' will be assigned, for
example, to the first class and those which exceed 7' to the second class. The threshold values
depend on the problem that the classifier has to face, so they must be correctly calibrated for
each particular case. Therefore, taking advantage of the ratio fluctuation according to the eye
state, we propose a threshold-based classifier for the detection of cE or oE user states. Those
values that fall below that threshold, 1', will be classified as cE, while those above will be
associated to oE. Thus, the criteria for our classifier is defined by the following decision rule

cE, R<ZT,
oE, R>T. (5.7)

The threshold value is determined in a training step by computing the power of alpha and
beta bands and then the ratio R for cE and oE sates, respectively denoted by R.g and R..
Subsequently, we have obtained that threshold applying the following expression
max(Reg) + min(Rog)

5 .

To improve the robustness of the threshold calibration, we compute the ratio R for each

T =

(5.8)

window of the training set. Then, all the values that lie more than three standard deviations
away from the mean are treated as outliers and are not taken into account for the calculation of
T in Eq. (5.8).

Two additional classifiers are considered in this work: LDA and SVM. As mentioned in
Sections 4.2.1 and 4.2.2, the basis of both classifiers are the hyperplanes for separating feature
vectors of the different classes. The location and orientation of these hyperplanes is determined
from training data. These two algorithms are probably the most used classifiers for BCI designs
[141].

Once the eye state of the user has been detected, it is transmitted to the [oT environment,
so the connected devices can react to this information. The communication between the
different IoT agents is based on the Message Queue Telemetry Transport (MQTT) protocol.
It is a publish/subscribe, extremely simple and lightweight messaging protocol, designed for
constrained devices and low-bandwidth networks. The publish/subscribe model is built around
a central broker and a number of clients which connect to the broker. The broker acts like an
intermediary agent, responsible for relating the information that the publishers provide with the
subscribers clients [212].

Publishers send messages to the broker on a specific topic and subscribers register their
interest about some of them with the broker, which acts as a matchmaker, dealing with
authentication and controlling who is allowed to publish or subscribe to which topics. Those
topics can be combined and created in a simple way, so the system ca be easily expanded by the

inclusion of new devices or applications into the new topics.
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Figure 5.5: Anatomical electrode distribution in accordance with the standard 10-20 placement system
used during the electroencephalography measurements. The green circle represents the input channels,

while gray and black bordered circles represent reference and ground, respectively.

A wide variety of household devices can be included in the system as subscriber clients
(e.g., light bulbs, kitchen burners, heating system). These devices receive the information from
the broker and react accordingly to it, e.g., if the kitchen burners client observes that the user
has had their eyes closed for a long time, which likely means that he or she has fallen asleep,

then the subscriber client should turn the burners off in order to avoid any risk.

5.3 Experimental Results

This section presents the methodology employed during the EEG recordings as well as the group
of subjects that participated in the study. Feature extraction and classification algorithms used in
the experiments are also explained. Moreover, we show the comparative results obtained from
experiments performed when applying the STs, described in Section 5.2, for feature extraction
and threshold-based, LDA and SVM algorithms for feature classification. For this purpose, the
performance of each classifier is evaluated when data from only one channel is used to estimate
the ocular state of the subject. Additionally, for comparison purposes, results obtained for the
Cyton board are included.

The participant group included a total of 7 volunteers who agreed to participate in the
research. Their mean age was 29.67 (range 24 — 56). The participants indicated that they
did not have hearing or visual impairments. Participation was voluntary and informed consent

was obtained for each participant in order to employ their EEG data in our study.
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Figure 5.6: User’s experiment flowchart.

The Cyton board and the proposed EEG prototype (see Sections 3.1.3 and 5.1, respectively)
were used to capture the brain activity of the subjects. Gold cup electrodes were placed in
accordance with the 10-20 international system for electrode placement [86] and attached to the
subjects scalp using a conductive paste. Electrode-skin impedances were checked to be below
15 k(2 at all electrodes. Several studies have proved that the alpha rhythm predominates in the
occipital area of the brain when subjects remain with their eyes closed, and it is reduced when
visual stimulation takes place [110], [213], [214]. In accordance with these works, the input
channels of the EEG devices were located in the O1 and O2 positions. Moreover, for optimizing
the setup time and EEG signal quality, the reference and ground electrodes were placed in the
FP2 and A2 positions, respectively, where the absence of hair facilitates its placement [215]

(see Figure 5.5).

All the experiments were conducted in a sound-attenuated and controlled environment.
Participants were seated in a comfortable chair and asked to be relaxed and focused on the
task, trying to avoid any distraction or external stimulus. Experiments were composed of 2
tasks: the first one, 60s of oE, and the second, 60s of cE. In order to simulate a real-life
situation, the subject could freely move his gaze during the eye-open tasks, without the need
to keep it at a fixed point. The procedure was conveniently explained in advance, allowing
the participants to feel comfortable and familiar with the test environment. Moreover, possible
artifacts were minimized by asking them not to speak, move or blink (or at least as little as

possible) throughout the oE task.

A total of 10 tasks (i.e., 10 minutes) were continuously recorded for each participant, which
corresponds to 5 tasks of oE and 5 tasks of cE. Each task was separated by a sound alert, which
indicated the user to change the state. All the experiments started with oE as the initial state
(see Figure 5.6). Recordings were monitored and analyzed in order to detect artifacts or external

noise introduced into the signal.

Taking advantage of the fluctuation of the alpha power between both eye states, we
implement the sliding transforms presented in Section 5.2 to compute its mean power and its
relative ratio R with beta band. This ratio R represents the extracted feature of the data that is

used for training and testing the classification algorithms.
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Since an essential feature of our proposed architecture is its ease of use and the users’
comfort, a main objective of this system is to guarantee that good performances can be achieved
using short training periods. In the developed experiments, the system was trained using
4 minutes of recorded data, where 2 minutes correspond to the oE state, and the remaining
2 minutes to the cE one. From these data, the R ratio is calculated for each window considering
each type of transform. These ratios are then used to calibrate the threshold level using Eq. (5.8)
or to train the LDA or SVM classifiers.
To compare the accuracies obtained using overlapped and non-overlapped windows, several
independent experiments were performed in which only the recordings not considered for the
training step were used as test data, i.e., 3 minutes of data corresponding to each eye state. We
have considered time windows of D seconds and an overlapped time slot of dseconds. Two
important parameters must be taken into account when designing these experiments:
* Computational overhead, which is given by the window size D that determines the
number of samples used to compute transforms, denoted by /N. Additionally, the number
of windows grows with the size of the overlapped time slot, i.e., d.

* Decision delay, which is the waiting time for a new classifier decision, given by
D — dseconds.

The performance of each transform has been measured considering only the non-
overlapping samples, i.e., only the new instances, corresponding to the D —d part of the window,
are classified and taken into account for the calculation of the accuracy.

With the goal of avoiding classification bias, each experiment has been repeated ten times,
each time implementing a cross-validation process, i.e., a different combination of training and
test recordings is implemented in each of them. For example, the first execution uses recordings
1 and 2 of each eye state to train the classifier, and recordings 3, 4 and 5 for the test; the second
execution uses recordings 1 and 3 to train and 2, 4 and 5 for testing and so on until all training
combinations are reached. Therefore, the results shown throughout this work correspond to an
average of all the executions.

For the LDA and SVM classifiers, in addition to perform a cross-validation process to
separate independent training and test data, an inner 5-fold cross-validation is performed in
the training step for tuning the hyperparameters of the classifier. This process is carried out by
the Bayesian Optimization algorithm [216].

5.3.1 Results from the Threshold-based Classifier

Figures 5.7 and 5.8 show the mean threshold obtained for each subject using the proposed
EEG device, non-overlapped windows and different window sizes for the four transforms
explained in Section 5.2. Although our system works with only one sensor, we show the results
considering the data collected from O1 and O2. In these figures, we observe that the obtained

threshold values are highly user-dependent, and it is not possible to find a common pattern
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Figure 5.7: Obtained users’ threshold from O1 channel data of the EEG prototype for the proposed
transforms: (a) ¢1; (b) ¢2; (c) ¢3 and (d) ¢q4.

among them. As a consequence, the classifier accuracy and the performance of the system will
also depend on the brain characteristics of each subject. The same phenomenon occurs with the
data captured with the Cyton board, which achieved similar threshold values to those presented
in Figures 5.7 and 5.8.

First, we present results corresponding to experiments performed using non-overlapped
windows. In this case, the decision delay is the same as the window size, i.e., D — d = D's.
Table 5.1 shows the results obtained for recordings of both oE and cE states from O1 and O2
channels. We can observe that, although oE achieves, in general, slightly higher results than
cE, both eye states offer similar performances, where ¢, and ¢, are the transforms that work
best, with accuracies above 90 % for a 6s delay in both channels. It can also be seen that
the performance of both channels is comparable, where the maximum difference between the
obtained accuracies by each of them is 3.25 % for the ¢, transform and the oE state.

On the other hand, Table 5.2 shows the accuracies obtained with non-overlapped windows
for the OpenBCI Cyton recordings. It can be observed that the achieved results are similar
to those acquired by the proposed EEG device, where the oE recordings offer a success rate
lightly greater than cE, the ¢; and ¢, transforms obtain the best results and an 8s delay is

57



5. EEG Eye State Detection Using One Sensor

0.7

o
Q

+ === |-O-Subject | -©- Subject 1
——————— - == Subject 2 T - === g - e —g | Subject2
0.6 =E3- Subject 3| 0.6 + =E3- Subject 3| |
Subject 4 Subject 4
E 0.5 0‘ Subj:ectS ] ;g 0.5k 0‘ SubjieclS ]
< Subject 6 < \ Subject 6
_: g 0 = Subject 7 _: """"" C C ...... Subject 7
204 0 B S04 T 4
= £
= 03r 5 —F 03 l- & 2 N
- o - o
7
_______ H--oo L e fmmmmmm o
0.2$ ----- 3: ------ * ""f ozf et . A * ?’
T | i L E S f
0.1 0.1 *
2 4 6 8 2 4 6 8
Delay (s) Delay (s)
(a) (b)
0.7 T 0.7
R TR -©- Subject 1 -©- Subject 1
== Te-a == Subject 2 -+ - == Subject 2
0.6% -~ +- =E3- Subject 3| | 0.61 T e=.a e — - - 4 -|=E3- Subject 3 1
Subject 4| == Subject 4 =1~
g 0.5 O- Subject 5 g 0.5+ O- Subject 5
= . O Subject 6 = A A Subject 6
; .............................. - Subject 7 _; AV {‘, ‘* Subject 7
S 04 Qe S04F 9
= £
g g
= - = - 4
= 0 3(;—/9\ _/—‘G) = 0 3(\/9\ —
A * D = ]
0.2*'_:_ """" Hemmmmmmms AT o_z'j’l """"" e
T """"" - a T """"""""" B emememrmemnmn e
0.1 - + 0.1 - +
2 4 6 8 2 4 6 8
Delay (s) Delay (s)
(c) (d)

Figure 5.8: Obtained users’ threshold from O2 channel data of the EEG prototype for the proposed
transforms: (a) ¢1; (b) ¢o; (c) ¢3 and (d) ¢p4.

needed to obtain the best performance. Moreover, it is also important to highlight that, in both
EEG devices, as the window size increases, the obtained accuracy improves, and vice versa.
Therefore, there is an important trade-off between system response time and classifier accuracy.

For the second experiment, we consider overlapped windows of size D = 10 s and different
overlapped sizes, i.e., d is variable. Table 5.3 shows the results obtained for oE and cE
recordings from channels O1 and O2. We can observe that all the accuracies, independently
of the channel used, have considerably improved for short delays compared to non-overlapped
windows (see Table 5.1). In both states, all the transforms and delays exceed 90 % accuracy,
except just in one case, the corresponding to ¢, transform, O1 channel, cE state and 6 s delay.
Table 5.4 presents the classification rates obtained for the OpenBCI Cyton recordings. It can
be observed, again, that the performance of both devices is similar, although the results of the

proposed device are, in general, slightly higher.
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Table 5.1: Performances (in %) for non-overlapped windows with the threshold-based classifier and

recordings acquired with the proposed EEG device.

(a) Accuracy for oE

Transform Delay D — d (s)
4 6
o1 02 0Ol 02 o1 02 0Ol 02
b1 82.55 85.60 | 88.77 90.70 | 90.74 92.76 | 92.18 94.01
b2 82.45 85.70 | 89.04 91.13 | 90.49 92.76 | 92.59 94.22
b3 77.55 77.83 | 86.25 87.64 | 88.72 90.34 | 90.00 91.29
on 7731 78.65 | 85.61 86.64 | 88.18 89.95 | 89.86 91.09
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
o1 02 0] 02 o1 02 0] 02
b1 83.12 81.95 | 87.77 88.77 | 91.53 91.18 | 9245 93.95
0% 82.50 82.04 | 88.31 88.84 | 91.67 91.23 | 92.65 93.88
o3 7529 7452 | 8249 83.19 | 87.49 87.98 | 89.80 90.82
b4 7496 73.96 | 82.39 84.32 | 87.59 87.04 | 89.39 90.61

OpenBCI Cyton recordings.

(a) Accuracy for oE

Table 5.2: Performances (in %) for non-overlapped windows with the threshold-based classifier and

Transform Delay D — d(s)
4 6
0Ol 02 (0] 02 (0]} 02 (0] 02
b1 81.13 80.79 | 87.67 86.58 | 91.03 91.63 | 92.38 93.54
0% 80.30 79.90 | 87.11 86.48 | 90.25 91.03 | 91.97 92.52
o3 73.55 73.94 | 82.13 81.93 | 86.16 86.65 | 88.78 87.89
o 72.86 73.71 | 81.46 82.72 | 86.11 87.00 | 88.50 87.76
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0Ol 02 0] 02 o1 02 Ol 02
b1 80.03 80.07 | 86.51 87.38 | 89.56 89.56 | 91.77 90.61
b2 81.18 80.28 | 86.81 87.31 | 89.90 89.85 | 91.63 90.00
b3 74.04 73.65 | 80.80 79.34 | 85.32 85.57 | 86.53 86.39
o 74.07 7391 | 80.50 78.44 | 84.53 85.37 | 85.99 85.58
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Table 5.3: Performances (in %) for overlapped windows with the threshold-based classifier and proposed

EEG device recordings.

(a) Accuracy for oE

Transform Delay D — d (s)
4 6
0] 02 o1 02 0] 02 (0]} 02
03] 93.08 95.63 | 92.69 9544 | 92.65 95.15 | 94.15 94.01
h2 93.12 9592 | 9248 95.82 | 92.65 95.51 | 93.20 94.90
b3 91.19 93.70 | 90.58 93.84 | 90.66 92.96 | 90.14 92.59
oy 91.10 93.73 | 90.75 93.64 | 90.71 93.67 | 90.00 92.04
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0] 02 o1 02 0] 02 o1 02
h1 9332 9439 | 9327 9459 | 93.11 93.72 | 94.08 94.42
o2y 92.87 94.08 | 92.89 94.08 | 92.55 93.93 | 9490 94.22
b3 91.24 9255 | 91.05 9293 | 91.33 91.63 | 92.04 92.31
oz 90.34 92.62 | 90.10 92.65 | 89.95 91.48 | 91.29 92.72

OpenBCI Cyton recordings.

Table 5.4: Performances (in %) for overlapped windows with the threshold-based

classifier and

(a) Accuracy for oE
Transform Delay D — d(s)
4 6
0Ol 02 (o)} 02 (0] 02 o1 02
o1 92.72 93.20 | 92.04 93.10 | 91.94 93.37 | 93.20 93.95
0%y 92.53 9327 | 92.11 93.06 | 91.43 9347 | 92.99 93.27
b3 90.02 89.40 | 89.93 89.56 | 90.71 90.26 | 90.82 89.66
b4 89.14 89.43 | 88.44 89.12 | 89.74 90.05 | 88.84 89.46
(b) Accuracy for cE
Transform Delay D — d (s)
4 6
(0] 02 o1 02 0] 02 (0} 02
01 9394 93.01 | 93.88 92.86 | 94.80 92.14 | 93.06 92.45
h2 93.91 93.08 | 93.84 93.10 | 9449 9230 | 92.93 92.86
b3 91.67 90.50 | 90.82 90.71 | 91.53 91.02 | 89.12 88.98
P4 91.43 90.07 | 91.67 90.75 | 90.92 91.07 | 90.14 89.66
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For robustness analysis and user’s verification purposes, we evaluate in detail our system
for oE and cE detection on each subject. We use window sizes of D = 10s and overlapped
windows. Figures 5.9 (a) and (b) show the accuracies and standard deviations obtained for
the O1 channel considering 2 s as decision delay and oE and cE recordings, respectively. The
equivalent results for a higher delay of 4 s are depicted in Figures 5.9 (c) and (d). Figure 5.10
presents the same results for channel O2. It can be seen that both channels offer better
performance in open eyes, where there are more subjects that exceed a 90 % of mean accuracy.
It can also be appreciated that, although there is no big difference in the mean accuracy achieved
by each channel, the standard deviation is smaller for most of the subjects in the O2 channel,
which will imply more robust results. Moreover, it can also be seen that ¢, and ¢, offer the best
and similar results for all the subjects and channels (see Table 5.3).
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Figure 5.9: Classification accuracies and standard deviation with the threshold-based method and data
from the O1 channel and the proposed EEG device: (a) oE with decision delay of 2 s; (b) cE with decision
delay of 2s; (c) oE with decision delay of 4 s and (d) cE with decision delay of 4 s.
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Figure 5.10: Classification accuracies and standard deviation with the threshold-based method and data
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from the O2 channel and the proposed EEG device: (a) oE with decision delay of 2 s; (b) cE with decision
delay of 2s; (c) oE with decision delay of 4 s and (d) cE with decision delay of 4 s.

5.3.2 Results from the LDA-based Classifier

The same experiments as before have been developed to test the performance of the LDA
classifier. Tables 5.5 and 5.6 show the results obtained for cE and oE applying the four
proposed transforms of Section 5.2 when the R ratio is extracted considering non-overlapped or
overlapped windows, respectively. It can be observed that, for both cases, the oE performance
is lower than that achieved by the threshold-based method. For the ¢, transform, the maximum
accuracy for non-overlapped windows is 84.42 % with a delay of 8s, while the maximum
for overlapped windows is 88.32 % with a delay of 6s. Tables 5.7 and 5.8 show the same
experiments for the Cyton board recordings. It can be appreciated that the performance is
comparable to that achieved by the proposed EEG device, although the latter offers, again,
slightly better results.
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Table 5.5: Performances (in %) for non-overlapped windows with the LDA classifier and recordings of

the proposed EEG device.
(a) Accuracy for oE
Transform Delay D — d (s)
4 6
o1 02 0Ol 02 o1 02 0Ol 02
b1 68.06 69.36 | 77.61 76.71 | 81.82 81.23 | 84.01 84.42
105 67.67 6890 | 78.11 76.71 | 81.92 82.17 | 84.83 85.31
b3 5591 56.16 | 68.70 69.53 | 75.12 74.53 | 78.44 78.50
on 56.04 56.21 | 6841 69.63 | 75.62 75.52 | 78.23 79.32
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0Ol 02 Ol 02 0Ol 02 Ol 02
b1 90.84 92.66 | 93.89 94.52 | 95.22 9547 | 96.26 97.55
0% 90.82 9297 | 9355 94.45 | 94.83 9542 | 96.33 9741
b3 88.95 88.75 | 92.03 93.65 | 92.96 94.04 | 94.01 96.87
b4 88.59 88.74 | 92.62 93.09 | 92.81 93.69 | 93.95 96.19

Table 5.6: Performances (in %) for overlapped windows with the LDA classifier and recordings of the

proposed EEG device.
(a) Accuracy for oE
Transform Delay D — d(s)
4 6
0Ol 02 (0] 02 (0] 02 Ol 02
b1 86.40 87.97 | 86.39 87.89 | 85.61 88.32 | 86.80 87.82
0% 86.39 88.07 | 86.53 88.16 | 85.51 88.16 | 87.41 87.62
b3 80.77 82.79 | 81.50 83.30 | 79.69 81.28 | 80.95 83.95
b4 81.05 82.32 | 81.84 83.33 | 80.05 81.48 | 81.63 83.88
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0Ol 02 0] 02 (0] 02 0Ol 02
b1 96.78 97.87 | 96.87 97.76 | 96.89 97.45 | 97.21 97.62
105 96.73 97.68 | 96.63 97.69 | 96.58 97.19 | 97.07 97.55
b3 95.82 9721 | 9558 97.41 | 95.51 96.58 | 95.92 97.55
on 95.54 97.13 | 9541 97.18 | 95.51 96.38 | 95.71 97.62
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Table 5.7: Performances (in %) for non-overlapped windows with the LDA classifier and OpenBCI

Cyton recordings.

Table 5.8: Performances (in %) for overlapped windows with the LDA classifier and OpenBCI Cyton

recordings.

(a) Accuracy for oE

Transform Delay D — d (s)
4 6
0] 02 o1 02 0] 02 (0]} 02
03] 64.89 64.52 | 75.25 77.21 | 80.05 82.76 | 84.42 86.94
h2 63.78 64.93 | 76.15 77.31 | 80.20 83.35 | 84.01 87.07
b3 52.87 54.60 | 65.55 6625 | 72.61 75.67 | 75.99 79.25
oy 54.06 5498 | 64.55 65.65 | 71.67 7542 | 77.89 81.56
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0] 02 o1 02 0] 02 o1 02
h1 89.15 89.05 | 92.29 91.86 | 93.65 92.51 | 9592 92.99
o2y 89.03 88.57 | 91.99 91.63 | 93.55 92.61 | 9524 92.59
b3 87.77 87.54 | 91.46 89.93 | 93.50 91.43 | 93.47 91.90
oz 87.36 87.01 | 90.96 89.10 | 92.56 91.53 | 92.65 91.22

(a) Accuracy for oE
Transform Delay D — d(s)
4 6
0Ol 02 (o)} 02 (0] 02 o1 02
o1 84.99 88.26 | 84.86 88.03 | 8536 88.42 | 86.05 88.44
0%y 85.44 88.47 | 85.51 88.10 | 85.77 88.47 | 85.71 88.30
b3 78.78 82.58 | 79.63 83.10 | 79.08 82.96 | 81.02 82.65
P4 78.62 8227 | 78.74 82.11 | 78.93 81.89 | 80.27 81.56
(b) Accuracy for cE
Transform Delay D — d (s)
4 6
(0] 02 o1 02 0] 02 (0} 02
1 96.21 9532 | 96.36 9544 | 97.35 95.20 | 96.33 95.24
h2 95.92 9527 | 9595 9534 | 96.63 9520 | 95.51 95.31
b3 95.89 94.66 | 96.53 95.17 | 96.28 95.56 | 95.92 95.10
P4 95.11 9435 | 96.16 9497 | 95.82 9531 | 9571 94.56
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Figures 5.11 and 5.12 show the accuracy and standard deviation obtained for each subject
employing 2s and 4s as decision delays and data recorded from channels Ol and O2,
respectively, from the proposed EEG device. A window size of D = 10s and overlapped
windows were used. It can be seen that the results of cE are significantly better than those
obtained for oE, specially for ¢; and ¢, where only one subject does not exceed an accuracy
of 90 %. On the contrary, in the open eyes state, only three subjects are above 90 %.
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Figure 5.11: Classification accuracies and standard deviation with the LDA classifier and data from the
O1 channel and the proposed EEG device: (a) oE with decision delay of 2s; (b) cE with decision delay
of 2s; (c) oE with decision delay of 4 s and (d) cE with decision delay of 4 s.
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Figure 5.12: Classification accuracies and standard deviation with the LDA classifier and data from the

J/

02 channel and the proposed EEG device: (a) oE with decision delay of 2s; (b) cE with decision delay
of 2s; (c) oE with decision delay of 4 s and (d) cE with decision delay of 4 s.

5.3.3 Results from the SVM-based Classifier

The same experiments as before have been developed in order to test the performance of the
SVM classifier. Tables 5.9 and 5.10 show the obtained results for cE and oE applying the four
proposed transforms of Section 5.2 when the R ratio is extracted considering non-overlapped or
overlapped windows, respectively. We can appreciate that, for short delays and non-overlapped
windows, the threshold-based classifier offers significantly higher results for oE. However,
SVM outperforms it in the cE case. Conversely, for overlapped windows, both classifiers offer
similar accuracies for both eye states and all the delays. From Tables 5.11 and 5.12, we can also
appreciate that the results achieved by the Cyton board are comparable to those achieved by the
proposed EEG device.
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Table 5.9: Performances (in %) for non-overlapped windows with the SVM classifier and recordings of

the proposed EEG device.
(a) Accuracy for oE
Transform Delay D — d (s)
4 6
o1 02 0Ol 02 o1 02 0Ol 02
b1 79.10 79.93 | 86.64 89.20 | 89.66 92.12 | 91.22 93.61
105 77.82 79.74 | 88.07 89.34 | 89.36 91.03 | 91.16 92.59
b3 67.49 65.81 | 79.17 83.26 | 84.98 86.35 | 85.92 88.50
on 66.86 67.31 | 80.37 81.73 | 83.25 8522 | 86.26 88.37
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0Ol 02 Ol 02 0Ol 02 Ol 02
b1 85.44 87.77 | 89.53 90.17 | 92.12 92.32 | 93.33 94.15
0% 86.91 87.60 | 88.11 88.74 | 92.17 92.56 | 94.35 94.35
b3 83.05 82.63 | 88.41 87.38 | 89.56 89.21 | 90.95 91.56
b4 84.27 82.69 | 88.01 87.74 | 90.15 89.80 | 91.43 9143

Table 5.10: Performances (in %) for overlapped windows with the SVM classifier and recordings of the

proposed EEG device.
(a) Accuracy for oE
Transform Delay D — d(s)
4 6
0Ol 02 (0] 02 (0] 02 Ol 02
b1 93.84 9578 | 92.89 95.17 | 92.55 95.10 | 93.13 94.15
0% 93.24 9571 | 92.04 9520 | 92.14 95.77 | 92.31 93.13
b3 90.65 92.86 | 90.54 93.10 | 90.36 93.01 | 88.98 92.31
b4 90.59 92.75 | 90.20 93.44 | 88.78 92.86 | 88.16 91.36
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0Ol 02 0] 02 (0] 02 0Ol 02
b1 93.67 94.54 | 93.81 94.80 | 93.93 94.64 | 95.51 94.90
105 93.58 94.30 | 93.37 94.39 | 93.32 94.23 | 95.37 95.51
o3 90.57 9299 | 91.60 93.23 | 90.46 93.42 | 92.52 92.99
on 91.36 9299 | 91.22 93.57 | 91.58 93.37 | 92.72 94.22
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Table 5.11: Performances (in %) for non-overlapped windows with the SVM classifier and recordings
of the OpenBCI Cyton board.

(a) Accuracy for oE

Transform Delay D — d (s)
4 6
0] 02 o1 02 0] 02 (0]} 02
03] 7747 7424 | 86.81 85.71 | 89.80 90.69 | 91.29 91.50
P2 7578 73.92 | 8598 84.55 | 90.05 90.39 | 90.14 91.63
b3 60.85 61.79 | 77.38 73.39 | 81.82 84.04 | 86.53 82.52
oy 61.90 62.27 | 75.78 76.08 | 80.79 84.53 | 85.65 84.69
(b) Accuracy for cE
Transform Delay D — d(s)
4 6
0] 02 o1 02 0] 02 o1 02
h1 82.20 84.07 | 86.54 87.57 | 90.49 89.56 | 93.13 90.82
o2y 83.42 83.99 | 88.04 87.84 | 89.80 89.85 | 91.22 90.95
b3 84.12 83.56 | 84.45 85.61 | 86.26 86.31 | 87.82 88.71
oz 82.50 82.78 | 85.85 82.69 | 87.39 87.39 | 88.71 84.63

Table 5.12: Performances (in %) for overlapped windows with the SVM classifier and recordings of the

OpenBCI Cyton board.
(a) Accuracy for oE
Transform Delay D — d(s)
4 6
0Ol 02 (o)} 02 (0] 02 o1 02
o1 9294 9291 | 9272 92.86 | 91.99 9235 | 91.77 92.24
0%y 9272 93.10 | 9241 91.60 | 91.17 92.14 | 91.63 91.56
b3 88.93 88.35 | 87.41 88.06 | 89.44 87.81 | 87.41 87.62
b4 87.83 88.80 | 86.60 87.93 | 87.40 87.30 | 86.53 85.78
(b) Accuracy for cE
Transform Delay D — d (s)
4 6
(0] 02 o1 02 0] 02 (0} 02
1 94.04 9155|9439 9279 | 95.10 91.33 | 93.88 92.79
h2 94.04 92.58 | 93.88 93.06 | 95.36 9347 | 93.27 93.27
b3 9222 9139 | 92.86 91.56 | 92.81 93.37 | 92.31 89.59
P4 9227 9138 | 9296 91.73 | 92.50 92.50 | 92.38 90.95
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5.3. Experimental Results

Figures 5.13 and 5.14 show the accuracy and standard deviation obtained for each subject
employing 2s and 4s as decision delays and data recorded from channels Ol and O2,
respectively, from the proposed EEG device. A window size of D = 10s and overlapped
windows were used. We can appreciate that similar results are achieved for both eye states,
where 4 of the 7 subjects present a mean accuracy above 90 % for most of the transforms.
However, significant differences can be seen among subjects. For example, subjects 1 and
3 achieve high classification accuracies close to 100 % and short deviations. Conversely,
subjects 2, 4 and 6 show lower results (below 90 % for most of the cases) and larger deviations.
Furthermore, we can observe that the ¢; and ¢, transforms offer, for most subjects, the highest
results.
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Figure 5.13: Classification accuracies and standard deviation with the SVM classifier and data from the
O1 channel and the proposed EEG device: (a) oE with decision delay of 2s; (b) cE with decision delay
of 2s; (c) oE with decision delay of 4 s and (d) cE with decision delay of 4 s.
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Figure 5.14: Classification accuracies and standard deviation with the SVM classifier and data from the
02 channel and the proposed EEG device: (a) oE with decision delay of 2s; (b) cE with decision delay
of 2s; (c) oE with decision delay of 4 s and (d) cE with decision delay of 4 s.

5.3.4 Results from the Application in an IoT Environment

This section presents the integration of the previously explained classification system with an
IoT environment, where the classifier estimation will be translated into control commands for
external devices located in a smart home.

For the proposed architecture presented in Figure 5.4, referred to as Architecture 1, the BCI
application running on an ESP32 is the first publisher client of the IoT ecosystem. It is in charge
of sampling the signal, detecting the eye state of the user and, making use of the built-in Wi-
Fi module, publishing the extracted information to the broker. The MQTT broker deals with
the messages received from the BCI application and forwards it to interested subscribers. The
transmitted data correspond with one byte of information, which represents the ocular state of
the user. The broker is deployed in a Raspberry Pi 2 model B and implemented using Eclipse
Mosquitto [217], an open source and lightweight MQTT broker.
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The data transmission in the MQTT protocol is performed through the exchange of a series
of MQTT Control Packets (CPs). These CPs consist of up to three parts: 1) a fixed header,
which is always present in all CPs; 2) a variable header and 3) a payload, both existing in some
CPs. This final part of the packets is employed by the application to publish the information
extracted by the system. Moreover, the protocol allows CPs sizes up to 256 MB [218].

Therefore, once the signal has been captured, the features have been extracted and the eye
state of the user has been detected, it is sent to the IoT environment, so the connected devices
can react to this information. For this purpose, the BCI application will publish this eye state
in a general topic (e.g. “home”) where the interested devices are subscribed and listening. The
payload of this published message will be only one number which represents the ocular state,
i.e., the number “0” represents cE while the number “1” represents oE.

An alternative architecture, termed as Architecture 2, consists of running the BCI application
in a control unit, like a Raspberry Pi or a PC. In this case, the ESP32 transmits the captured
samples directly to that control unit, which is in charge of processing and classifying the signal.

For applications oriented to control IoT devices, it is important to consider and assess the
response delay. We have shown in previous sections the results obtained for delays of 2 and 4 s.
Table 5.13 shows the payload size of each packet and the number of packets sent during one
minute for different architecture configurations. The first two rows show the data transmitted
using the Architecture I with delays of 2 and 4 s in that minute. In this case, the payload of each
packet will only contain one byte, which represents the user’s eye state. Hence, the method with
a response delay of 2 s sends the double of packets than the method with 4 s, since it publishes
the double of messages. On the other hand, the other three rows show the amount of data
transmitted using the Architecture 2, so each packet would contain the users’ raw brain activity.
For this purpose, two scenarios have been assessed. The first one is the transmission of each
sample captured by the EEG device, so the external devices can monitor in real-time the user’s
EEG data. Each sample is encoded in three bytes, so the system sends 36 000 bytes/minute for
a sampling rate of 200 Hz. The second scenario corresponds to the transmission of chunks of

recorded data related to the non-overlapped slots (for delays of 2s or 4 s).

Table 5.13: Payload size of each packet and number of packets sent during one minute for different

architecture configurations.

Architecture Method Payload (bytes) Packets
1 Eye state (25s) 1 30
1 Eye state (45) 1 15
2 Samples 3 12000
2 Samples (2s) 1200 30
2 Samples (4 s) 2400 15
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5.3.5 Discussion

In this chapter, we have proposed an open EEG device that captures the brain activity of the
subjects using a reduced number of sensors. Several algorithms have also been proposed and
compared in order to analyze the captured data and determine the ocular state, i.e., cE or oE. In
addition, this system has been integrated into an IoT environment for smart home control. We
have defined several requirements for the final system:

* The oE detection is usually more important to guarantee comfort.

* The accuracy must be high to avoid undesired situations in which devices turn on/off

needlessly.

* Robustness against environment changes and the user’s brain activity.

* Ready-to-use application, with short training times that facilitate its usability and

integration in our daily life.

The system is trained using two minutes for each eye state and tested with three minutes per
state. Tables 5.1 to 5.12 show the results obtained with both overlapped and non-overlapped
windows for the calculation of the R ratio. According to those results, it can be observed that
the utilization of overlapped windows significantly improves the system accuracy, especially
for short delay times. Moreover, from those transform comparisons, we can conclude that ¢,
and ¢, are the most suitable transforms for eye state identification. However, for the case of
overlapped windows or large delays with non-overlapped ones, all the transforms offer similar
results, so any of them may be adequate for the classification. The performances achieved by
the ¢, transform are very similar to those obtained by the ¢, transform, although with a lower
computational cost (see Section 5.2). Moreover, the success rates provided by the ¢3 and ¢,
transforms are not as high as for the first two transforms, but they reduce the computational
needs even more.

From Figures 5.9 to 5.12 we can observe that the threshold-based classifier performs notably
better for the oE state than LDA, in which with the ¢; transform only 3 of 7 subjects achieve an
accuracy above 90 %. Conversely, the results obtained by LDA for cE show higher accuracies
and shorter deviations than the threshold-based method, but these differences are smaller
than those of the oE experiments. Therefore, we can say that our proposed threshold-based
classifier provides greater robustness for decision making, so it will be preferable for the system
implementation.

On the other hand, Figures 5.13 and 5.14 show that the SVM classifier achieves similar
results to those with the threshold-based classifier for both eye states, channels and delays.
However, the implementation of this algorithm and its training for a correct classification require
a higher computational cost than the threshold-based classifier, since the decision hyperplane is
obtained after solving a complex optimization problem (see Section 4.2.2).

Moreover, Tables 5.1 to 5.12 show that the device proposed in this work achieves
performances that are, at least, similar to those of a widely-known commercial device such

as the Cyton board, offering in the majority of the cases slightly higher results.
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Furthermore, the proposed BCI application has been integrated in an IoT environment for
smart home control. The detected eye state is translated into a control command and, through
the MQTT protocol, transmitted to the interested devices. Table 5.13 shows the packets sent
by two different architectures. We can see that Architecture 1, which only sends the detected
ocular state, uses few packets per second with a minimum payload, so it does not imply a high
load on the network or the devices. Conversely, Architecture 2, which sends the captured raw
samples, will imply a higher load, since it employs a higher number of packets or a larger
payload. Therefore, the election between both architectures will depend on the purpose of the
final system. Architecture 2 will be more appropriate if we want to monitor the ocular activity
of the user, while Architecture 1 will be better if we only want to control home devices and not
analyzing or transmitting the raw data.

We can appreciate that, for a delay of 2s with overlapped windows, the threshold-based
method obtains an accuracy greater than 90% for the majority of the subjects in both eye states.
This means that the system could correctly perform in non-critical applications which does
not require short response times. However, for certain environments, this delay could produce
user disagreements or artifacts, and therefore it should be mitigated in future developments. In
addition, better success rates must be achieved for those subjects with lower accuracies, since
the wrong estimation of the eye state can lead to incorrect performance of the system and turn
on/off external devices needlessly.

Besides, taking into account the results presented above, it can be seen that the performance
of the system is highly dependent on the subject. That is, for each subject, there is an optimal
configuration of channel, transforms and delays that achieves the best results, but it is not shared
by other users. For example, from Figures 5.9 and 5.10 it can be seen that subject 7 achieves
better results with data of O1 channel, while subject 4 clearly improves his/her accuracy and
standard deviation for O2 channel. This indicates that it is not possible to take a general criterion
that correctly works for all the subjects, but for each of them it would be necessary to find
the optimal parameters for the proper classification of the eye state. This makes difficult the
implementation of a BCI based on this system, so the next chapter tries to mitigate this issue,

combining the data of both channels to extract the features and train the classification algorithm.

5.4 Conclusions

In this chapter, we have presented an architecture for integrating a BCI application in an IoT
environment for home automation. For this purpose, we have developed a low-cost open-
source EEG device which acquires EEG signals from two input channels. We employed
this prototype to determine the state of open and closed eyes. To this end, we proposed a
threshold-based algorithm that uses the ratio between powers of both alpha and beta bands for
feature extraction. We compare the performance obtained for different transforms and classifiers

applied on overlapped and non-overlapped windows. The obtained results show the advantages
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of using the proposed threshold-based classifier and overlapped windows to reduce decision
delays and increase robustness. In this sense, we have reached high accuracies for both cE
and oE detection independently of the used transform, although for some subjects the Discrete

Fourier Transform (DFT) and its binary representation exhibit better results.
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Chapter VI

EEG Eye State Detection Using Two
Sensors

As presented in Chapter 5, detection of a subject’s ocular state can be performed with
Electroencephalography (EEG) recordings from a single channel placed over the occipital area
of the scalp. However, each subject requires a particular configuration of delays and channels
to achieve his/her optimal classification rates. Therefore, in this chapter, in order to mitigate
this issue, the data of both channels, i.e., channel O1 and O2, are employed to build a two-
dimensional feature set that may provide higher and more robust results. For this purpose, the
methods for feature extraction already applied in Chapter 5 are compared with other strategies
commonly used in Brain-Computer Interface (BCI) applications, such as Discrete Wavelet
Transform (DWT). This study is an extension of the system presented in [202], [203].

6.1 Feature Extraction with Two-Sensor Data

As presented in Section 5.2, the alpha band plays an important role in detecting the user’s
eye state, while beta shows no significant difference between both states. Therefore, the value
determined from the ratio between the mean powers of each band is used as a feature to train
and test the classifiers.

In this section, we will briefly introduce the methods for extracting the features from the

data captured from two channels.

6.1.1 Sliding Transforms for Two-Sensor Data

Remember the transforms introduced in Chapter 5 as follows,

¢1(wi,n) = e 7" = cos (wxn) + jsin (wgn), (6.1)

¢o(wr,n) = sign(cos (wgn)) — jsign (sin (wgn)) & =0,...N — 1, (6.2)
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Figure 6.1: Flow chart for experiments based on feature extraction from STs.

referred to as ¢, and ¢, respectively. As was explained, these transforms exhibited the most
efficient results. Therefore, for the experiments performed in this chapter, Sliding Transforms
(STs) ¢ and ¢- will be the transforms to be applied on the recorded EEG data for the extraction
of the features for each channel. They are applied to compute the alpha and beta bands and,
according to the mean power of each band, the R ratio is obtained. Then, in accordance to this
information, the user’s eye state is predicted by a previously trained classifier. Figure 6.1 shows

the flow chart of this process when these STs are applied for the feature extraction.

6.1.2 Discrete Wavelet Transform

Wavelet Transform (WT) is a popular technique for the analysis of non-stationary signals,
particularly it has been widely applied for denoising EEG signals, stroke detection and feature
extraction in BCI applications [219]-[221]. As explained in Section 4.1.3, wavelets are quickly
vanishing oscillating mathematical functions with good localization both in time and frequency
[151].

The DWT algorithm based on multi-resolution analysis can be implemented as a simple
recursive filter scheme composed by a pair of digital filters, high- and low-pass filters, whose
their coefficients are determined by the wavelet shape used in the analysis. Therefore, as
depicted in Figure 4.2, it decomposes the input signal into a set of Approximation (A)
coefficients, which represent the output of the low-pass filter, and Detail (D) coefficients, which
are the output of the high-pass filter. The features extracted from these wavelet coefficients
at different levels can reveal the inner characteristics of the signal. Hence, both the selection
of a proper mother wavelet and the number of decomposition levels are of critical importance
for the analysis of signals using DWT [222]. For this purpose, in this experiment, different
types of wavelets, already used in previous works for EEG analysis and BCI applications, are
evaluated and compared [149], [151], [219], [221], [223]—[225]. In particular, nine types of
wavelets are tested: db2, db4, db8, coifl, coif4, haar, sym2, sym4, and sym10. The number of
decomposition levels is based on the dominant frequency component of the signal. Therefore,
the levels are chosen such that those parts of the signal that correlate well with the frequencies
needed for signal classification are retained in the wavelet coefficients [222]. In this experiment,
the number of levels of decomposition is selected to be 4. Hence, the signal is decomposed into
four detail levels D1-D4 and one final approximation level, A4. Table 6.1 shows the wavelet
coefficients and their EEG rhythms equivalence.

According to the decomposition levels presented in Table 6.1 and their equivalent EEG
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Table 6.1: Wavelet coefficients and EEG rhythms equivalence.

. Decomposition
Coefficient Frequency band (Hz)  EEG rhythm
level

D1 50 - 100 Noise 1

D2 25-50 Beta — Gamma 2

D3 12.50 - 25 Beta 3

D4 6.25-12.50 Theta — Alpha 4

A4 0-6.25 Delta — Theta 4
. Wavelet Extracted Predicted
EEG signals coefficients PDg ratio Classification | eve state

—{ DWT >» R = > .

PD14 algorithm

Figure 6.2: Flow chart for experiments based on feature extraction from DWT.

rhythms, D3 and D4 detail coefficients are employed to calculate the R ratio as feature to
train and test classification algorithms. In this case, instead of the ratio between alpha and beta
average powers, it is calculated between the D3 and D4 average powers. Let PDj3 be the average
power of wavelet coefficients at D3 and PD, the corresponding for the wavelet coefficients at
D4. Therefore, the ratio is computed as R = PD3/PD,. Figure 6.2 shows the flow chart for
experiments based on feature extraction from DWT.

6.1.3 Feature Classification

In order to classify the extracted features, two widely used algorithms in the development of BCI
applications, such as Linear Discriminant Analysis (LDA) and Support Vector Machine (SVM),
are applied for the detection of the user’s eye state.

As described in Section 4.2.1, LDA is a linear classifier that seeks to minimize the variance
within each class and maximize the distance between the means of these classes. It assumes a
normal distribution of data and uses hyperplanes to separate data corresponding to different
classes. Similarly, SVM also employs hyperplanes for data separation, although the main
difference between them is that SVM seeks for an optimal hyperplane that maximizes the
distance between itself and boundary points of each class, i.e., Support Vectors (SVs). SVM
achieves a higher generalization for classification, thus becoming more robust. Conversely,
LDA has lower computational requirements and faster classification rates, which makes it
suitable for the development of online BCI systems [17], [172]. For a more detailed description

of both classifiers, please see Section 4.2 of the Chapter 4.
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6.2 Experimental Results with Two-Sensor Data

In this section, we show the results obtained when the two schemes for feature extraction
described in the previous section are applied on two-channel data combined with LDA and
SVM for feature classification. The same EEG recordings presented and used in Chapter 5 are
also employed in the experiments conducted in this chapter. These recordings are composed
of 10 minutes of brain activity of 7 different subjects, where 5 minutes correspond to open
eyes (oE) state and the remaining 5 minutes to closed eyes (cE) state. EEG data is acquired
from two electrodes located at O1 and O2 positions. In this case, only the data recorded by the
proposed EEG device is employed. For more detailed information about the practical procedure
and the EEG recordings, please consult Section 5.3.

The two schemes presented in Sections 6.1.1 and 6.1.2 for feature extraction are assessed
and compared using overlapped windows with a duration of 10s and a delay of D — d = 2 for
all of them.

An essential feature of our proposed system is its ease of use and the users’ comfort.
Therefore, short training periods must be provided. To this end, as was done in the experiments
with one sensor (see Section 5.3), 4 minutes are employed for the training step, where 2 of them
correspond to the oE state and 2 to the cE one. Thus, the remaining 6 minutes of the recordings,
composed by 3 minutes of each eye state, are employed for the test step. From this data, R
ratio is extracted for each channel and each window, and used to train and test the classification
algorithms.

With the goal of avoiding classification bias, each experiment has been repeated ten times,
each time implementing a cross-validation process i.e., a different combination of training and
test recordings is implemented for each of them. For example, the first execution uses recordings
1 and 2 of each eye state for classifier training purposes, and recordings 3, 4 and 5 for testing;
the second execution uses recordings 1 and 3 for training and 2, 4 and 5 for testing and so on,
until all training combinations are reached. Therefore, the results shown throughout this work
correspond to an average of all these executions.

Additionally, for the training step, an inner 5-fold cross-validation is performed for tuning
the hyperparameters of the classifiers, which is carried out by the Bayesian optimization
algorithm [216].

6.2.1 Results from Sliding Transforms for Two-Sensor Data

Figure 6.3 shows the mean accuracy and the standard deviation achieved by LDA and SVM for
each user and eye state when the STs are applied on raw EEG data of both channels for feature
extraction. The first row of this figure, i.e., Figures (a) and (b), depicts the results obtained by
LDA for oE and cE states, respectively, while the second row, i.e., Figures (c) and (d), shows
the results achieved by SVM. As can be seen, the LDA classifier does not achieve a good
performance for oE state, where 4 of the 7 subjects are below 90 %. The subject 6 obtains
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Figure 6.3: Mean classification accuracies and standard deviation per user obtained from STs applying
¢1 and ¢ as feature extractors on raw EEG data: (a) oE with LDA; (b) cE with LDA; (c¢) oE with SVM
and; (d) cE with SVM.

a specially low classification rate with a mean accuracy of 70.12% and 71.08 % for ¢; and
¢4, respectively. However, for the cE state its performance is significantly higher and more
accurate, where all the subjects but one (subject 2), exhibits a mean accuracy higher than 95 %.

On the other hand, we can appreciate that SVM offers more robust results, since the subjects
achieve similar accuracies for both eye states. In addition, only one subject, subject 6, is below
90 % for both eye states, which obtains a mean accuracy using ¢; of 89.04 % and 89.40 % for
oE and cE, respectively. Subject 2 is below 90 % only in the cE case. Both subjects present
large standard deviations values, with their maximum at 11 % for subject 6, oE state, and ¢»
transform. All other subjects present high classification rates that exceed a percentage of 94 %
and reduced standard deviations.
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Table 6.2: Comparison of the classification accuracy (in %) as a function of wavelet type. Bold values

indicate the best result for each classifier.

Open Eyes Closed Eyes

Wavelet | SVM  LDA | SVM  LDA

db2 71.57 72.63 | 83.96 86.39
db4 80.50 79.28 | 86.63 89.00
dbs8 87.06 83.22 | 88.71 91.64
coifl 77.68 72.56 | 84.04 88.30
coif4 | 87.38 83.77 | 88.04 91.76
haar 7735 69.83 | 80.79 87.56
sym2 | 78.14 72.67 | 82.82 86.27
sym4 | 8291 77.76 | 83.89 88.62
syml0 | 86.85 81.86 | 88.62 93.80

6.2.2 Results from Discrete Wavelet Transforms for Two-Sensor Data

Table 6.2 shows the mean classification accuracies obtained as a function of wavelet type for
all the subjects and both eye states. It can be appreciated that, for the oE case, the performance
achieved by each pair of wavelets and classifier is low, since none of them exceeds an 88 % of
average accuracy. Slightly better results are achieved for the cE state. However, most of them
remain below a percentage of 90 %. It can also be seen that the best results are achieved by
three wavelet types, particularly coif4 offers the highest accuracies in the oE case, while db8
and sym10 are the wavelets that best perform for the cE state.

For robustness analysis, Figure 6.4 shows the results obtained for each subject, eye state,
wavelet type and classifier. The first row depicts the results obtained by LDA, while the second
one shows those obtained by SVM. It can be seen that the three types of wavelets and both
classifiers offer similar results, with large standard deviations and accuracies below 90 % for
most of the subjects, especially for the oE state. For the cE case, slightly better results are
achieved, especially by the LDA classifier. It can also be appreciated that there are significant
differences in the accuracy obtained for each subject. Subjects 1 and 3 show high accuracies
and short deviations for both eye states. Conversely, subjects 2 and 5 show lower results,
particularly for the oE case, where none of them exceeds 86 % and, for example, subject 5
achieves accuracies close, and even below, to 60 %.

6.2.3 Comparison between Results for One-Sensor and Two-Sensor Data

As previously described, one of the main features of the proposed system is to guarantee its
ease of use and user’s comfort. In order to achieve these goals, there are two main aspects that

the system must fulfill. On the one hand, the system should offer good performance levels by
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Figure 6.4: Mean classification accuracies and standard deviation per user obtained from three different
types of wavelets as feature extractors on raw EEG data: (a) oE with LDA; (b) cE with LDA; (c¢) oE with
SVM and; (d) cE with SVM.

using short training periods. This reduces its setup time and facilitates its use, otherwise, the
user may lose his/her interest in the system if it requires long configuration and start-up times.
On the other hand, the system should be operated with as few electrodes as possible to provide
high performance. This will affect the usability of the BCI and the comfort of the user, since
wearing electrodes may be cumbersome and uncomfortable.

In this section, this latter issue is analyzed comparing the results obtained using one and two
sensors data for classifying user’s eye states. In this regard, all the feature extraction methods
as well as the classification algorithms, including threshold-based classifier, are assessed.

Tables 6.3 and 6.4 show the average accuracy per subject obtained for each classifier from
¢1 and ¢ STs applied on raw EEG data from one and two channels. It can be appreciated that
LDA is not reliable for open eyes detection, since it presents low mean accuracies and high
standard deviations (see also Figures 5.11, 5.12 and 6.3). Conversely, the SVM classifier offers
high accuracy results for both eye states, regardless of the number of channels used. We can
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Table 6.3: Comparison of the classification accuracy (in %) using one and two sensors and the ¢;

transform. Bold values indicate the best accuracy per subject.

(a) Accuracy for oE

Two Sensors One sensor
Threshold classif. LDA classif. SVM classif.
Subject | SVM  LDA 01 02 01 02 0O1 02
1 99.52 97.71 | 99.40 99.52 97.47 97.59 | 99.64 99.76
2 90.96 88.43 | 88.92 93.98 85.54 88.80 | 88.43 94.82
3 99.88 95.90 | 96.99 98.67 93.37 95.06 | 99.40 99.88
4 9795 89.40 | 91.20 96.63 82.53 8590 | 93.13 97.35
5 96.63 96.51 | 97.11 98.55 96.51 93.49 | 96.99 97.83
6 89.04 70.12 | 84.58 88.55 67.47 71.57 | 83.13 88.55
7 9470 83.98 | 93.37 93.49 81.93 83.37 | 96.14 92.29
Mean | 95.52 88.86 | 93.08 95.63 86.40 87.97 | 93.84 95.78
(b) Accuracy for cE
Two Sensors One sensor
Threshold classif. LDA classif. SVM classif.
Subject | SVM LDA o1 02 o1 02 01 02
1 100.00 100.00 | 100.00 100.00 | 100.00 100.00 | 100.00 100.00
2 87.83 89.88 85.06 89.04 89.16  91.08 86.27 88.19
3 100.00 100.00 | 100.00 100.00 | 100.00 100.00 | 100.00 100.00
4 97.71 98.92 85.18 99.28 95.54 100.00 | 88.67 98.31
5 96.02 98.43 96.63 92.89 97.95 98.55 95.30 93.61
6 89.40 96.51 87.35 89.88 9482 97.59 87.83 91.20
7 96.27 100.00 | 99.04 89.64 100.00 97.83 97.59 90.48
Mean 9532 97.68 93.32 94.39 96.78 97.87 | 93.67 94.54

appreciate that SVM using only one channel obtains similar accuracies and, for some subjects,
higher than those achieved with two channels. However, the channel that offers the best results
is not always the same. For example, for cE and ¢, subject 4 obtains greater accuracy with
channel O2 than with O1 or both channels together. However, subject 7 achieves higher results
with O1.

The same phenomenon occurs if we compare two-channel SVM with the threshold-based
algorithm. SVM from two sensor data offers better results than the threshold classifier for most
of the subjects, but not in all of them. Subjects 5 and 7 with ¢; transform, for example, achieve
higher classification accuracies for cE state using the threshold-based classifier and channel
O1 than using the SVM algorithm, obtaining a percentage of 96.63 % and 99.04 % versus
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Table 6.4: Comparison of the classification accuracy (in %) using one and two sensors and the ¢9

transform. Bold values indicate the best accuracy per subject.

(a) Accuracy for oE
Two Sensors One sensor
Threshold classif. LDA classif. SVM classif.
Subject | SVM  LDA 01 02 01 02 Ol 02
1 100.00 9795 | 99.64 100.00 | 97.83 97.23 | 100.00 100.00
2 90.48 89.04 | 88.67 94.10 85.30 89.76 | 87.83 95.54
3 100.00 95.30 | 96.99 99.16 92.65 94.46 | 99.64 99.76
4 9795 89.64 | 91.57 96.87 82.80 85.78 | 90.60 98.07
5 96.99 96.87 | 97.11 98.19 96.27 93.73 | 96.99 97.47
6 86.99 71.08 | 84.10 89.88 67.83 72.17 | 82.65 87.59
7 95.30 83.25 | 93.73 93.25 81.93 83.37 | 94.94 91.57
Mean 95.39 89.02 | 93.12 95.92 86.39 88.07 | 93.24 95.71
(b) Accuracy for cE
Two Sensors One sensor
Threshold classif. LDA classif. SVM classif.
Subject | SVM LDA 01 02 01 02 01 02
1 100.00 100.00 | 100.00 100.00 | 100.00 100.00 | 100.00 100.00
2 86.39  89.64 84.22 88.19 89.40  90.72 86.51 87.11
3 100.00 100.00 | 100.00 100.00 | 100.00 100.00 | 100.00 100.00
4 97.11 98.80 84.82 99.28 95.06 100.00 | 88.55 98.80
5 95.06 98.55 96.02 93.49 98.19  98.67 95.06 92.77
6 89.76  95.66 86.27 88.43 9446  96.99 86.75 90.84
7 96.87 99.76 98.80 89.16 100.00 97.35 98.19  90.60
Mean ‘ 95.03 97.49 92.87 94.08 96.73 97.68 93.58 94.30

96.02 % and 96.27 %, respectively. Subject 2 also presents higher results with the threshold-
based classifier, although for the oE state and with the O2 channel data. As can be seen, the

threshold classifier outperforms SVM in very specific cases, for a particular channel and eye

state.

Table 6.5 shows the average accuracies per subject obtained by the different classifiers using

one and two sensor data and the coif4 wavelet for the signal decomposition into detail and

approximation coefficients. It can be appreciated, again, that LDA offers high, and in most of

the cases, the highest accuracies for cE state. However, its performance for oE state is poor. The

same behavior is presented by LDA with one and two sensor data. Moreover, it can be seen that

the threshold-based classifier with channel O2 presents the best mean accuracy for the oE case,
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and a higher mean accuracy than the two-channel SVM for cE. Nevertheless, its performance
with subject 5 for cE state is the lowest, with an accuracy below 70 %. On the other hand, both

one- and two-channel SVM, although in some cases it does not offer the highest accuracies, it

shows stable results between both eye states for all the subjects.

Table 6.5: Mean classification accuracies (in %) per subject obtained by different classifiers using one

and two sensor data and the coif4 wavelet for signal decomposition. Bold values indicate the best

accuracy per subject.

(a) Accuracy for oE

Two Sensors One sensor
Threshold classif. LDA classif. SVM classif.
Subject | SVM  LDA 01 02 01 02 0Ol 02

1 98.55 94.58 | 97.71 97.95 93.37 91.81 | 98.67 98.31

2 81.81 81.20 | 83.13 83.37 78.43 80.24 | 83.73 81.81

3 9747 96.02 | 97.47 97.47 91.93 96.27 | 98.80 97.71

4 85.30 82.77 | 79.64 86.02 7470 80.96 | 77.11 84.46

5 70.00 66.51 | 68.19 70.00 65.30 62.77 | 66.51 59.88

6 93.25 84.58 | 90.60 91.93 79.64 86.87 | 91.93 94.58

7 85.30 80.72 | 79.40 88.55 73.01 84.10 | 79.04 86.39

Mean | 87.38 83.77 | 85.16 87.90 79.48 83.29 | 85.11 86.16

(b) Accuracy for cE
Two Sensors One sensor

Threshold classif. LDA classif. SVM classif.

Subject | SVM  LDA 01 02 o1 02 01 02
1 98.43 100.00 | 99.52 98.31 100.00 100.00 | 98.55 97.95
2 77.83 82.89 | 79.04 80.00 83.25 82.89 | 79.64 80.72
3 98.67 100.00 | 99.28 100.00 99.88 100.00 | 97.11 99.76
4 86.02 91.81 | 77.59 91.45 83.61 96.27 | 78.80 92.65
5 76.87 79.64 | 71.45 69.40 7446 7892 | 72.17 81.69
6 94.22 98.19 | 96.63 97.59 98.55 98.55 | 9446 96.99
7 84.22 89.76 | 75.54 87.83 86.39 89.76 | 67.59 87.95
Mean | 88.04 91.76 | 85.58 89.23 89.45 92.34 | 84.04 91.10

6.2.4 Discussion

In this chapter, we have proposed an extension of the BCI application presented in Chapter 35,

by using two EEG channels instead of one, for controlling household devices in a smart home
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environment. For this purpose, we have compared different classification algorithms and feature
extraction methods to estimate the eye state of the subjects using data acquired from both EEG
electrodes. At this point, it is important to remember the requirements we have considered for

the implementation of the final system:

* The oE detection is usually more important to guarantee comfort.

* The accuracy must be high to avoid undesired situations when devices turn off/on
needlessly.

* Robustness against environment changes and the user’s brain activity.

* Ready-to-use application, with short training times that facilitate its usability and
integration in our daily life.

The system is trained using two minutes for each eye state and tested with three minutes
per state. Figures 6.3 and 6.4 show the mean accuracy and the standard deviation obtained
for each subject when using STs and the DWT as feature extraction techniques, respectively.
From these figures, we can observe that DWT is the method that offers the worst results. In this
regard, it is important to note that alpha and beta frequency ranges, defined by the detail levels
of the wavelet decomposition, do not match those used by the STs algorithms. In particular, the
frequency band used in this technique for beta rhythm is significantly wider than the one used by
the other techniques. Moreover, the frequency range used for alpha band, which corresponds to
the detail coefficients of level 4, also includes frequencies that belong to the theta EEG rhythm
(see Table 6.1). Thus, these factors may influence the ratio calculation and its subsequent

classification, which provides less accurate results.

Table 6.6 presents the mean accuracies obtained from each classifier and feature extraction
technique for both eye states and data from both channels. In this case, ¢; was employed as
ST and coif4 as wavelet for the DWT. From this table, and also from Tables 6.3 to 6.5, we
can appreciate that SVM offers significantly better results than LDA for the oE case but slightly
lower for the cE state. For this reason, we can conclude that the use of SVM is preferable, since
it presents more stable results with high accuracies for both eye states.

On the other hand, Tables 6.3 to 6.5 present the comparison between the results achieved
by SVM and LDA using two-sensor data and the threshold-based classifier, LDA and SVM
using only one-sensor data. According to these results, it can be appreciated that the threshold-
based classifier and SVM using one-dimensional data outperforms SVM with two-channel data
in specific cases, for a particular channel and eye state, so it is not possible to find a general
solution that properly works for all of them. Moreover, as was already explained, LDA, for
both one- and two-sensor data, offers high results for cE that, in some cases, outperforms SVM,
but its bad performance for oE states makes it a bad solution for the implementation of a BCI.
Therefore, the use of SVM with two-sensor data, although in some cases it does not offer the
best accuracy, is a suitable option for the implementation of a BCI application, since it presents
a general solution that offers a high performance for all the subjects and eye states. However, it
is also important to highlight that the threshold-based classifier and the one-channel SVM offer
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Table 6.6: Mean classification accuracies (in %) obtained from different feature extraction methods and

classifiers for both eye states. ST ¢1, coif4 wavelet and data from both channels are employed.

Open Eyes Closed Eyes

Technique | SYM LDA SVM  LDA

STs 95.52 88.86 9532 97.68
DWT 87.38 83.77 88.04 91.76

good results for most subjects and would also be an adequate solution for the implementation

of the BCI if the minimum number of electrodes has to be used.

6.3 Conclusions

The integration of BClIs into Internet of Things (IoT) environments is an emerging and
promising area. In this chapter, the low-cost EEG device proposed by the authors is employed
to capture the brain activity of the subjects and to detect their eye state. For this purpose, in
order to properly estimate the eye state, we compare several feature extraction methods, such
as STs or DWT, and classifiers, such as SVM and LDA. Moreover, data extracted from one
and two channels are also compared to prove if high system performances can be achieved
using the minimum number of electrodes. The obtained results show that STs, such as the
Discrete Fourier Transform (DFT) and its binary representation, applied on two-sensor data,
and combined with the SVM classifier, are the most suitable solutions for the implementation
of the BCI, since they offer high accuracies and robust results for both eye states. However,
the threshold-based and the SVM classifiers applied on one-electrode data also achieve high
performances for most subjects, so both of them could be an adequate solution if the minimum
number of electrodes has to be used.
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Chapter VII

EEG and EOG Human-Machine
Interfaces

During the last decades, several brain signal patterns have been assessed and employed in
different Brain-Computer Interfaces (BCIs) as control signals, where Motor Imagery (MI)
synchronization/desynchronization, Steady-State Visual Evoked Potential (SSVEP) and P300
Evoked Potential (EP) are the most common approaches [18] (see Section 3.4). In this chapter,
we present a P300-based single-channel BCI for controlling home devices and compare it with
a Human-Machine Interface (HMI) based on Electrooculography (EOG) .

As described in Section 3.4.3, the P300 EP is a positive deflection located in the parietal
area of the cortex that occurs in the Electroencephalography (EEG) brain activity 300 ms after
an infrequent or surprising auditory, visual or somatosensory stimuli [4], [126], [132]. The
most common way to employ the P300 EP in the BCIs is through the “oddball” paradigm and
visual stimulation, where the different elements which the user can interact with are, usually,
randomly presented on a screen. The user must focus its attention in one of these infrequent
elements, so that when it appears, it will elicit the P300 potential that the BCI can detect and
execute the associated action.

As we analyzed in Section 2.3, numerous works can be found in the literature of recent years
proposing the use of the P300 for building assistive systems in order to facilitate communication
and environmental control for patients with severe motor and neurological damages [18]. For
instance, the P300 speller proposed by Donchin and Farwell [4] is a well-known BCI for
communications purposes, where a virtual keyboard that contains the letters of the alphabet and
also 1-word command are displayed on a screen. The user can select these commands and spell
words through the P300 EP. Following this speller approach, several works have been presented
in order to improve the performance of the system. For example, different configurations
of the characters were proposed, such as region-based or checkerboard paradigms [50], [59].
Moreover, several preprocessing techniques were assessed to improve the P300 detection [226].
Xu et al. [144] proposed an algorithm based on Independent Component Analysis (ICA) for
EEG decomposition and a reconstruction of the signal according to spatio-temporal patterns that
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enhance the P300 peak. They achieved 100% accuracy for the dataset IIb of BCI Competition
2003. Donchin et al. [227] assessed a P300-based BCI over ten subjects employing the Discrete
Wavelet Transform (DWT) with Daubechies wavelet and four level of decomposition. Their
results indicate that, using a bootstrapping approach, an offline version of the system can
achieve a communication rate of 7.8 characters per minute with an 80 % accuracy. Several
classification algorithms have been also applied for P300 detection, such as Stepwise Linear
Discriminant Analysis (SWLDA) [227], Linear Discriminant Analysis (LDA) [228] or Support
Vector Machine (SVM) [135], [176], among others [226], [229].

Furthermore, although the original P300 Speller proposed by Donchin and Farwell [4]
consisted of only one input channel, it was discovered that the use of multiple channels
improved the classification accuracy [230], therefore most modern spellers employ several
recording electrodes. A large number of channels require complex and expensive EEG
recording devices, where each electrode must be individually placed and calibrated. Such
conditions represent a limitation for home users and daily BCIs. However, reduced works
using single-channel P300 systems have been developed. Xie et al. [231] propose a single-
channel single-trial P300 detection with a new method, Extreme Machine Learning (EML).
Their algorithm is tested on 8 subjects and an average accuracy above 85 % is obtained. In this
regard, a single-channel and single-trial P300 detection algorithm is also proposed in [232]. In
this work, DWT and ICA algorithms are combined to extract the features on the dataset II of
the BCI Competition III, which is based on the P300 speller paradigm. Their results show an

average accuracy of 65 % in single trial P300 detection.

Moreover, the matrix-based paradigm for stimuli presentation introduced by the speller has
been widely applied in the P300-based BCIs for environmental control [135]. In this case, both
the letters of the alphabet and the 1-word commands of the speller are replaced by device icons
of the user’s environment which are associated to a control function. So, instead of selecting
a character to write, the user chooses an action to be executed in the selected device. For
example, Carabalona et al. proposed a P300-based BCI for disabled people in a real smart home
environment [133], [134]. In the study, they presented a 6 x 6 matrix with icons corresponding
to the smart home devices and compared its performance with the standard-character speller.
Their results reported lower accuracy for the icon tasks than for the character tasks, possibly
due to cognitive effort in using icons. Aloise et al. [233] proposed an asynchronous P300-based
BCI for home devices control such as DVD player or phone calls, among others, which were
presented in a 4 X 4 matrix. They introduce a threshold-based classification approach that allows
the interface to understand user’s intents when the user is engaged in another task or is distracted
by the surrounding events, avoiding false positive selections. In a more recent study, Corralejo
et al. [234] propose an assistive tool for operating electronic devices at home through a P300-
based BCI. The interface is tested in a real scenario with 15 severely impaired subjects, which
could manage 8 real devices by means of 113 control commands. Ten out of the fifteen subjects

achieved an accuracy higher than 75%, and eight out of them an accuracy above 95%. Schettini
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et al. [235] presented a P300-based BCI for Amyotrophic Lateral Sclerosis (ALS) patients
to manage communication and environmental control applications. The results showed that the
BClI could be used as an assistive technology with no significant reduction of usability compared
to other communication interfaces such as screens or buttons. In a recent work, Kim et al. [135]
developed an online BCI for home appliances control such as the TV channels, electric lights
and a digital lock system. They propose to present the stimuli employing a Graphical User
Interface (GUI) that jointly displays a control icon and a real time image of corresponding
appliances to verify if the proposed GUI correctly works in a P300-based BCI even with the
introduced distractions due to the live image of the appliances. For this purpose, the P300 and
N200 potentials were analyzed to overcome visual distractions. The results show that healthy
participants could control the appliances via BCIs with an accuracy ranging from 78.70% to
83% on average. Moreover, different stimuli configuration and flashing methods have been also
applied in the P300-based BCI for environmental control. For instance, Hoffman et al. [228]
presented a BCI where home appliances images flashed one at a time to elicit the P300 potential
or Aydin et al. [236] proposed an internet-based asynchronous P300 BCI for environmental

control applying a region-based paradigm instead of using the standard row-column paradigm.

On the other hand, voluntary eye movements such as blinking, saccades or fixation have
been also used as control signals in different HMIs. The electrical signal produced by the
eye activity can be measured using the EOG technique which, like EEG, is a non-invasive,
portable, easy to use and affordable technology [12]. EOG signals are stronger in amplitude
than the EEG ones, so they are easier to detect and more stable across subjects [237], which
could be an advantage to improve the accuracy of the interface. Consequently, several HMIs
have been proposed employing blinking movements as control signals [14], [237]. The eye can
be modelled as a dipole with its positive pole at the cornea and its negative pole at the retina
[12]. Therefore, when closing and opening the eyelids, i.e., blinking, a vertical movement is
produced in the eye, which causes a change in the dipole orientation and a subsequent change in
the electric potential field measured by the EOG. As a consequence, a blink presents a specific
pattern in the captured EOG signal, characterized by two consecutive large peaks, one of them
a negative peak and another one positive, corresponding to the closing and opening of the eye.
These two large peaks are easily recognized in the recorded signal, so HMIs can detect them in

order to execute the associated actions.

Several HMIs based on EOG and eye movements have been proposed in recent years. In
this regard, He et al. [14] present a single-channel EOG-based HMI that allows users to spell by
only blinking. Forty characters were displayed to the subjects, which were randomly flashed.
In order to select a character, the subject should blink as the target character is flashed. The
results showed that eight healthy subjects achieved an average accuracy of 94.40% for selecting
a character in synchronous mode and 93.43% in asynchronous mode. Deng et al. [13] proposed
a multi-purpose EOG-based HMI where different eye movements (horizontal and vertical) were

detected by the system to control, for example, a TV view by shifting the channels or adjusting
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the volume. The authors claim that the precision of the system after adjustment can get above
90%. Also employing eye movements and the generated EOG signal, Barea et al. [15] designed
a system for controlling and guiding an electric wheelchair. The users of the system could adjust
the direction and speed of the wheelchair only by the movement of their eyes. The study showed
successfully results with reduced learning and training times. In a recent study, Guo et al.
[238] presented a single-channel HMI that recorded the EOG activity using a patchable sensor
designed by the authors. Captured eye movements were converted into computer commands
including scroll up, scroll down, and close. Eight subjects were trained to use the system,
which was capable of making continuous controls with an average accuracy of 84 %. Heo et
al. [239] also designed a wearable forehead EOG measurement system for HMIs. In this case,
vertical and horizontal movements of the eye were detected. The system was tested in three
applications: a virtual keyboard using a modified Bremen BCI speller, an automatic sequential
row-column scanner, and a drivable power wheelchair. The results showed a typing speed
of 10.81 and 7.74 letters per minute for the BCI speller and the row-column scanner, and an
accuracy of 91.25 % and 95.12 %, respectively. For the wheelchair experiment, the user drove
through an 8-shape course without collision with obstacles.

The use of EEG and EOG signals for interaction with home elements is a current challenge.
Some previous work developed multi-sensor systems to capture the brain or eye activity and
detect user’s intentions [133]-[135], [228], [233], [236]. However, multi-sensor recording
devices are usually large and cumbersome, which becomes a problem when using it for several
hours a day. Therefore, single-channel solutions have been also proposed in order to overcome
this issue by reducing the complexity of the system [14], [231], [232], [238]. As have been
shown in Chapters 5 and 6, low-cost systems with reduced input electrodes are really useful for
developing Internet of Things (IoT) applications in a smart-home environment [203]. Keeping
up with this idea, in this chapter we present and compare two systems oriented to the interaction
between the user and home elements. The first system is based on the P300 EP while the second
system uses eye blinks as control signals. For this purpose, we developed a GUI where home
elements are displayed in a matrix-form and presented using two different paradigms: 1) home
elements are presented one-by-one or; 2) the elements of the same row-column are presented
together. Our objective is to determine which system and paradigm offer the best performance

in terms of accuracy and time delay. The proposed system has been presented in [240].

7.1 Proposed Architectures

Two different systems have been developed in this study. Figure 7.1 depicts the architecture
of the EEG control system based on the P300 potential and Figure 7.2 shows the EOG system
based on eye blinks. It can be seen that both systems are made up of 4 main parts. A GUI for the
presentation of the stimuli, a hardware device for the recording of EEG/EOG signals, the HMI
that analyzes the captured signal and converts it into an action command and, finally, household
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devices that execute this action. The following sections describe each of these components.

Stimuli EEG HMI Smart home
presentation recording devices
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Figure 7.1: Proposed EEG system based on the P300 potential.
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Figure 7.2: Proposed EOG system based on eye blinks.

7.1.1 Graphical User Interface

As depicted in Figures 7.1 and 7.2, in both developed systems, the objects that the user can
interact with are presented on a laptop screen using a GUI. This stimulation program was
designed and developed in Python employing the PsychoPy package [241].

Figure 7.3 shows an example of the GUI, composed by a 3 x 3 matrix containing 9 images
describing the objects and control functions that the user can execute. The first two rows
correspond to home devices such as the TV, digital house lock or electric lights, among others,
which the user can switch its state (e.g., on/off or up/down) by selecting them with the HMI.
The last row is composed of three possible phone calls. The first one is the emergency call,
i.e., SOS call, while the last two calls would be related to the user’s favourite contacts in his/her
phone-book. Two stimulation paradigms were assessed in the experiments.

In the first paradigm, each element of the matrix is intensified one by one. These
intensifications are randomly performed, but all the elements are intensified the same number
of times. Therefore, all the elements of the matrix present equal probability to be intensified,
p = 1/9. Moreover, the same element cannot be intensified two consecutive times.

In the second paradigm, instead of element by element, each row and column of the matrix
is intensified. These intensifiactions are also randomly performed, and all the rows and columns
are intensified the same number of times. Therefore, the probability of one element to be

intensified is p = 2/6. Figure 7.3 shows both stimulation paradigms: on the left side, the 1-by-1
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paradigm with all the elements intensified and, on the right side, the row-column paradigm with

the second row intensified.

(b)

Figure 7.3: GUI for the two stimulation paradigms. Figure (a) represents the 1-by-1 stimulation
paradigm with all the elements intensified, while Figure (b) corresponds to row-column stimulation

paradigm only with the second row intensified.

The developed application for stimuli presentation is configurable and it can be adapted to
the requirements of each user. However, in order to obtain comparable results, we have selected
the same parameters for all the participants of the study. Figure 7.4 shows the stimulation
procedure for one run of the experiment. It can be appreciated that each run starts with a
preview period of ¢, seconds for all the elements of the matrix, so the user can locate its target
before the instensifications begin. Following this first step, a dark matrix is presented to the user
during ¢, seconds. At this stage, the target must be located and the user must focus its gaze on it
for the rest of the run. Once this preparation ends, the instesification step starts. The duration of
this stage will be conditioned by the selected stimulation paradigm (i.e., 1-by-1 or row-column)
and also by the recording modality (i.e., EEG or EOG) since the number of the intensifications
and times will vary for each of them. The intensifications are randomly performed, i.e., the
user does not know the order in which the object or column/row will be intensified. These

parameters are explained in detail in the following sections.

7.1.2 Hardware

EEG and EOG data were recorded using the OpenBCI Cyton Board [96] with a sampling
frequency of 250 Hz . The Cyton board allows simultaneous recording from 8 channels, but

only 1 of them is employed in this study. For this purpose, gold cup electrodes were placed in
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Figure 7.4: Sequence of steps in the two stimulation paradigms.

accordance with the 10-20 international system for electrode placement [86] and attached to the
subjects scalp using a conductive paste. Electrode-skin impedance were checked to be below
15k(2 at all electrodes. For the EEG recordings, as the objective is to detect the P300 potential,
the electrode for the input channel was located in the Cz position. Conversely, in the EOG
recordings, the electrode was placed at Fp2 in order to detect activity related to eye blinks. Both
recording modalities shared reference and ground electrodes, placed at Right Mastoid (RM) and

left earlobe (A1), respectively. Figure 7.5 shows electrode placement for the experiments.

7.1.3 EEG Recording and Signal Processing

Classical electrode location for P300-based EEG applications generally contains three typical
positions: Fz, Cz and Pz [25], [242], since the P300 potential is maximally recorded from the
midline centroparietal regions [243]. Therefore, the only channel used by the proposed EEG
system, shown in Figure 7.1, is placed at position Cz. The input signal is filtered using a 16th-
order Butterworth infinite response filter between 1 and 15 Hz.

Evoked potentials appear as event-related responses from the brain to sensory stimulation,
such as, for example, the one used in this study: visual stimulation. The main challenge to
overcome when working with these brain responses is that individual EPs present very low
amplitude values, ranging from 0.1 to 10 4V, while the EEG background activity ranges from
10 to 100 1V, and hence, EPs are hidden among this background information. Luckily, EPs
are time-locked to the stimulus, i.e., it usually occurs at the same latency from the stimulus
onset and, conversely, background EEG not related to the stimulus will fluctuate randomly.

Therefore, a widely applied technique to solve this issue is the ensemble averaging, which
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NASION

INION

Figure 7.5: Anatomical electrode distribution in accordance with the standard 10-20 placement system
used during the experiments. The yellow circle represents the input channel for EEG recordings, while
the blue one corresponds to the EOG recordings. Black bordered circles represent reference and ground

electrodes.

consists of averaging all brain responses related to the stimulus presentation. In this procedure,
the activity time-locked to the stimulus onset will remain robust, while the random background
EEG will not, so the Event-related Potentials (ERPs) will clearly appear and the noise will be
cancelled [244], [245].

Consequently, this processing technique is the one chosen in this study to obtain the ERPs
and detect the P300. For this purpose, firstly, the EEG signal is segmented into epochs time-
locked to the stimuli. Following the criteria introduced by Farewell and Donchin in the original
P300-speller [4] which states that the useful data consisted of the recorded EEG for 600 ms
after the onset of each intensification, epochs of this duration are extracted after each stimulus
presentation. Once all the epochs have been extracted, an ensemble average is performed, i.e.,
the average of all the epochs for each stimuli is calculated. That is, the recorded EEG signal, x,
can be segmented according to stimulus, &, to obtain an ensemble of M epochs, which, in the

discrete domain, would be represented by N samples as given

zeg(n), i=1,... M;n=0,....N—1;k=1,..., K. (7.1)

Taking this into account, the ensemble of epochs for the £ stimulus can be represented in a

matrix form, X, where each row vector represents the different epochs and each column vector
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the samples of the recorded EEG in this way

(L‘k71(0) ce $k71(N — 1)
Xy = : : . (7.2)
iL’k7M(O) cee {L'k7M(N — 1)

The size of the resulting matrix will be M x N, where each element zy ;(n) represents the
n'" sample of the i** epoch for the k" stimulus.
At this point, the ensemble average for each stimulus, s;, can be easily calculated by

averaging all its epochs as follows

Xp1 + Xpo+ o+ Xpp
S = M .

(7.3)

Once the ensemble average for each stimulus has been obtained, the P300 potential should
clearly appear in the resulting averaged signal for the target stimulus. Therefore, if the HMI
is able to automatically detect this P300, it would be predicting the user’s will without any
physical intervention. Several methods have been proposed for detecting the P300 potential
[55]. In this study, we define a P300 window that contains and surrounds the potential, the peak
and area of the averaged signal in this window can be used for prediction [144]. Those elements
with the highest area inside the P300 window were considered as the possible targets.

In order to detect the target element, one prediction criteria was applied for each stimulation
paradigm. On the one hand, on the 1-by-1 paradigm, the element with the highest area inside
the P300 window was selected as the target. However, on the row-column paradigm, the row
and column with the highest area were selected, and the target element was identified as the
element at the intersection of the selected row and the selected column.

7.1.4 EOG Recording and Signal Processing

In the EOG system shown in Figure 7.2, the data is captured employing only one input channel
placed on the forehead at position Fp2. This electrode location is selected due to blinking
activity concentrates at frontal regions [237]. Data captured is filtered using a 4th-order
Butterworth infinite response filter between 1 and 15 Hz.

Taking into account that EOG activity and specially blinking movements present consistent
patterns with large potentials, they become easier to detect than EEG brain responses [237],
[246], so there is no need to present the stimulus a large number of times to reduce the
background noise.

The user must blink when its target element is intensified. The purpose of this action
is to communicate the objective element to the HMI so it can execute its associated action.
As a consequence, this voluntary blink is time-locked to the stimulus, since it must appear
right after the intensification onset of the target element and before the onset of the next

intensification. Taking this into account, the recorded EOG signal can be segmented into epochs

95



7. EEG and EOG Human-Machine Interfaces

of 1s according to each intensification. Therefore, an ensemble of the epochs for the stimulus
k can be represented in a matrix form, X, as in Eq. (7.2), where each row vector of the matrix
represents the epoch for stimulus k£ and each column vector the samples of the recorded EOG
signal. Hence, the element z; ;(n) corresponds to the n'* sample of the i’ epoch for the k"
stimulus.

Once the recorded signal has been segmented, the HMI must detect the blinks in the
extracted epochs in order to predict the user’s will and execute the desired action. Fortunately,
blink movements present clear and characterized patterns in the EOG signals with two
consecutive large peaks, negative and positive, respectively, corresponding to the closing and
opening of the eyes. These large peaks can be easily recognized from the background EEG
activity, which presents smaller amplitude values [12], [247]. Consequently, a threshold-based
detection algorithm is proposed in this study. For this purpose, two specific threshold values
are defined, th,,, for the negative peak and, th,, for the positive one. Hence, each epoch can be

analyzed and a resulting vector v can be constructed, where its n'* sample follows this criteria

-1, zgi(n) < thy,
vi(n) = 1, zii(n) > thy, (7.4)
07 thn < xk,z(n) < thpa

which represents the threshold vector for the i’ epoch of the £ stimulus.

According to Eq. (7.4), the observed epochs can be divided into blinking and non-blinking
intervals. Blinking intervals will be those between vy, ;(n) = —1 and v ;(n) = 1, i.e., between
the closing and opening of the eyes, while non-blinking intervals will be those outside these
values. In addition, as average duration for blinking movements ranges from 100 to 400 ms [12],
[248], blinking intervals longer than 400 ms are discarded. As a result, it will be considered that
a blink is produced in a specific epoch when it contains a valid blinking interval, i.e., the closing
and opening of the eyes have been detected in the lapse of 400 ms. Taking this into account,
the BCI can predict the target element by counting the blinks produced on each of its epochs.
According to the stimulation paradigm, two prediction criteria were applied. On the one hand,
in the 1-by-1 paradigm, the element with the same number of blinks as runs of the experiment
will be considered as the target. However, in the row-column paradigm, the row and column
with the same number of blinks as runs were selected, and the target element was determined

as the one that falls on its intersection.

7.2 Experimental Results

The participant group included a total of nine volunteers who agreed to participate in the
research. The participants indicated that they did not have hearing or visual impairments.

Participation was voluntary and informed consent was obtained for each participant in order
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to employ their data in our study. Table 7.1 summarizes the information of each subject that
participated in the experiments.

Table 7.1: Information of each subject that participated in the experiments.

Subject Age Gender

1 26 Male
2 26  Female
3 26 Male
4 50 Female
5 53 Male
6 26 Male
7 26 Male
8 27 Male
9 26 Male

The experiments were carried out in a sound-attenuated room where the participants were
asked to sit in a comfortable chair while focusing their attention on a 15.6-inch laptop screen
where stimuli were presented. Figure 7.6 shows a participant during the P300 recording session,

the electrode placement for both experiments and the recording device.

Figure 7.6: Recording session from one participant of the study, electrode placement for the experiments
and recording device: (a) P300 recording session; (b) electrode locations for blinking experiments
depicted in the upper left corner; electrode locations for P300 experiments depicted in the upper right

corner, and the Cyton board employed for recording the data shown on the bottom.

Recording sessions for each participant were divided into 4 experiments, one per each
stimulation paradigm and recording modality, i.e., one experiment for the 1-by-1 paradigm

and EEG signals, another experiment for row-column paradigm and EEG signals, another for
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EOG signals and the 1-by-1 paradigm and, lastly, one experiment for the row-column paradigm
and EOG data.

As shown in Figure 7.4, each experiment was divided into runs consisting of three stages:
preview, preparation and intensifications. The graphical user interface described in Section
7.1.1 was used to present the stimuli and configured with £, = 5s and ¢, = 2. The duration of
the intensifications stage, ¢, is conditioned by four different parameters:

* The number of possible stimuli (NS), that will be 9 in the 1-by-1 paradigm (one per each
element of the matrix) and 6 in the row-column paradigm (one per each row and column
of the matrix).

e The number of instensifications (NI), i.e., the number of times that each stimulus is
presented to the user.

* The intensification time (IT), i.e., the time that a stimulus remains intensified.

* The inter-stimulus interval (ISI), that is, the elapsed time from the end of stimulus
intensification to the onset of the next one. During the ISI, no element of the matrix
is intensified, i.e., all of them stay dark.

Consequently, f; = NS x NI x (IT + ISI). Table 7.2 summarizes the different configurations
selected for each experiment type. The same parameters were used for all the participants in the
study.

Table 7.2: Parameters selected for each experiment performed during the recording sessions. NS:
number of possible stimuli; NI: number of intensification; IT: intensification time; ISI: inter-stimulus

interval; ¢1: time of the intensification stage.

Recorded  Stimulati
Experiment ecorde Hmuation Runs NS NI IT (ms) ISI(ms) #;(s)

Signal Paradigm

1 EEG 1-by-1 8 9 50 70 130 90
2 EEG Row-Column 8 6 50 100 200 90
3 EOG 1-by-1 8 9 500 500 27
4 EOG Row-Column 8 6 500 500 18

After each run, a rest interval of at least 30 s was allowed. The entire experiment session
lasted approximately 90 minutes. Moreover, as the analysis of the collected data is performed

offline, no visual feedback is provided to the user at the end of each run.

7.2.1 Signal Analysis

Captured EEG signals from all the participants in the study are analyzed and visually inspected
in order to verify that the recordings were correctly performed and that the P300 EP is elicited
when the target element is intensified. As previously described, EEG signal is filtered, epoched
and averaged for this purpose.
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Figure 7.7: Averaged ERPs for the first 5 subjects for both stimulation paradigms. The left column
contains the ERPs for the 1-by-1 paradigm, while the right one represents ERPs for the row-column
paradigm.
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Figure 7.7 shows the averaged ERPs of the first 5 subjects for both intensification paradigms
of one run of the experiment. The left column contains the ERPs for the 1-by-1 paradigm, while
the right one represents the averaged signal for the row-column paradigm.

The P300 potential clearly appears around 300 ms for subjects 1, 2 and 3 when the target
element is intensified, whereas for subjects 4 and 5, although the potential appears, it is more
difficult to distinguish. In addition, it can be observed that the latency, i.e., the elapsed time from
the stimulus onset to the highest value of the P300 potential curve, varies from one participant to
another. For example, for the 1-by-1 paradigm, the first subject (Figure 7.7(a)) reaches his/her
highest value at 264 ms, whereas for the third subject (Figure 7.7(e)) this happens at 360 ms.
For the first subject, the delay also varies for each paradigm, since for the row-column the peak
appears closer to 400 ms (Figure 7.7(b)).

Taking this analysis into account, the P300 window, defined by the BCI for the P300
detection and the subsequent target identification, will depend on the latency of the participants
for each paradigm. Therefore, the BCI must define a P300 window adapted to each participant
and condition, since a general common window would offer poor results.

EOG recordings were also analyzed and visually inspected in order to verify that the data
were correctly captured and that the blinks were well represented in the signals. Figure 7.8
shows data from the first 5 subjects for one run of the blinking experiment and both stimulation
paradigms. The left column contains the signal for the 1-by-1 paradigm, while the right one
corresponds to the row-column one. The blinks, which are represented by two consecutive
large peaks, negative and positive, are clearly distinguishable from the background EEG data
captured by the electrode. These voluntary blinks appear right after the intensification onset of
the target element, so the user is communicating to the HMI the element that he/she wants to
select. It is important to note that the amplitude of these blinks varies for each participant. For
example, for the first subject, blink peaks are above 300 1V, while for the second subject they
appear from 80 to 200 p/V.

Taking this amplitude variation into account, the threshold value employed by the blink
detection algorithm must be subject-dependent. That is, the BCI must define a threshold value

for each participant in order to detect the produced blinks in the epochs.

7.2.2 Classification

High classification accuracy when detecting the element selected by the user is of primary
importance for the correct performance of the HMI. Low accuracies would imply to execute
the wrong action in the user’s environment, which could be frustrating, annoying and, in some
cases, it could be even a risk for him/her, for example, if the user needs to call emergencies
but the interface can not detect the user’s will. Consequently, the accuracy of the classification
algorithms presented in this study is assessed and analyzed in order to determine if their results

are suitable for the implementation of a reliable HMI with practical applications in a smart-
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Figure 7.8

paradigms. The left column contains the signals for the 1-by-1 paradigm, while the right one corresponds

to the row-column paradigm.
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home environment.

Table 7.3 shows the classification accuracy for each subject, stimulation paradigm and both
control signals. This accuracy is calculated according to the number of runs that were correctly
classified by the HMI. An accuracy of 100 % is achieved when the interface is able to correctly
predict each target element in the eight runs of the experiment.

For the P300 experiments, the 1-by-1 stimulation paradigm presents significantly higher
results than the row-column one, with all the participants above 75 % and 5 of them reaching
100 % of accuracy. Conversely, the row-column paradigm offers very poor results, with 5 out of
the 9 subjects below 63 %. In the blinking case, both paradigms achieve similar results, offering
high classification rates with comparable average accuracy.

Table 7.3: Classification accuracy (in %) for each subject, stimulation paradigm and control signal.

P300 Blink

Subjects 1-by-1 Row-column 1-by-1 Row-column

1 100 62.50 87.50 100
2 100 100 100 100
3 100 100 100 100
4 100 62.50 100 87.50
5 87.50 62.50 100 100
6 75 75 87.50 100
7 87.50 100 100 100
8 100 62.50 100 100
9 75 50 100 100
Average 91.67 75 97.22 98.61

7.2.3 Response Time

The response time of the HMI is also an important feature to be evaluated. Long response times
will produce fatigue, frustration and anxiety in the users, which can lead to a bad performance
of the interface and a loss of interest in the system. We must find the shortest response time for
the HMI that does not compromise the classification accuracy. Thus, the time response of each
stimulation paradigm and control signal was assessed.

Figure 7.9 shows the average classification accuracy obtained for each participant as a
function of the number of intensifications performed for each stimulus, which is directly
related to response time. Figures 7.9(a) and 7.9(b) show the accuracy obtained from the P300
experiments. Figure 7.9(a) shows the results obtained from the 1-by-1 paradigm, while Figure
7.9(b) shows those from the row-column paradigm. It is apparent that exists a trade-off between

NI and accuracy of the HMI, i.e., as NI increases the obtained accuracy improves, and vice
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versa. This is due to the fact that a higher number of intensifications implies a larger number
of epochs for the ensemble average and, therefore, the P300 EP becomes easier to detect. As a

consequence, a higher classification accuracy means longer response times.

From Figure 7.9(a) it can be observed that, for the 1-by-1 paradigm, subjects 3 and 5
achieved their highest accuracy with 40 NI at 72s. A significant improvement can be seen
for subject 2, who reaches 100 % accuracy at 27 s with only 15 intensifications, and for subject
8, who achieves a stable 100 % accuracy at 30 NI. Subject 6 also achieves a stable accuracy with
30 intensifications, but with poorer results. Conversely, for subjects 1, 4 and 9, all or almost all
the possible intensifications are needed to achieve a high and stable performance. In the case of
the row-column paradigm (Figure 7.9(b)), lower results are obtained and more time is required
to achieve the best performance. Subject 7 is the only one that shows an improvement over
the 1-by-1 paradigm in short NI. Subject 2 exhibits excellent results, but slower response time
than for the 1-by-1 paradigm. Subject 3 also reaches a good accuracy, but the other subjects do
not show a stable behaviour, since their performance drop even when the elapsed time and the
number of intensifications increase. Therefore, it becomes difficult to determine which specific

response time offers the best accuracy.

Blinking experiments can be also analyzed in order to evaluate the response time of the
system. In this case, the delay in the response is also dependent on the number of intensifications
performed for each stimulus. It should be noted that, for these experiments, every time the target
stimulus is presented, the user must blink in order to communicate its selection to the HMI.
Therefore, the higher the NI, the larger the response time and the number of blinks required
to select the target element. We must take into account that if a very low number of blinks
is employed for this purpose, the false positive rate will increase, since non-voluntary blinks
can be misinterpreted as control signals sent by users. If the number of blinks needed to pick
the target is higher (e.g., 2 or 3 blinks), the interface can employ a double or triple verification
system and non-voluntary blinks will probably not be interpreted as voluntary control signals.
Therefore, for EOG there also exists a trade-off between response time and reliability, since
a large number of blinks for target selection implies a longer response time and a lower false

positive rate.

Figures 7.9(c) and 7.9(d) show the accuracy of the HMI obtained for EOG experiments as a
function of NI and the response time. Figure 7.9(c) shows the results for the 1-by-1 paradigm
and Figure 7.9(d) those corresponding to the row-column paradigm. For both cases, some
subjects achieve their highest accuracy with 1 and 2 intensifications and no improvement is
produced when using the maximum NI. However, it can be observed that for 1 intensification
(i.e., only 1 blink for target selection), several subjects show a lower accuracy due to non-
voluntary blinks mistaken as control signals. Therefore, 2 intensifications seems the most
suitable option, since mistakes produced by non-voluntary blinks can be avoided and the

response time of the system is kept low.
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Figure 7.9: Accuracy obtained for each participant as a function of the elapsed time from the start of
the intensifications. Figures (a) and (b) correspond to P300-based experiments while Figures (c) and (d)
correspond to blink-based experiments. The left column (Figures (a) and (c)) shows the results for the
1-by-1 paradigm and the right one (Figures (b) and (d)) depicts the results for the row-column paradigm.

7.2.4 Discussion

In this study, we have developed an HMI for environmental control using a single-channel
recording system. The P300 potential and eye blinks are compared as control signals in order to
determine which one offers the best performance in terms of accuracy and response time. The
home elements to be controlled are displayed in a GUI following a matrix-form and presented
to users using two different stimulation paradigms: 1) home elements are intensified one by
one or 2) all the elements of the same row/column are jointly intensified at the same time.
Both interfaces, either the P300-based interface or the blink-based interface, employ only one
input channel of the same EEG device to capture the brain/eye user’s activity. In addition, the
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GUI to show the stimuli is fully configurable and able to implement both paradigms. Thus,
both interfaces exhibit similar cost and complexity for their respective implementations in real

environments.

Practical and real applications of the HMIs will differ among users according to their degree
of muscular control. The P300-based HMI does not require voluntary muscle activation for
controlling and communicating with external devices. Thus, their immediate users will be
those who suffer a complete locked-in state with a loss of all motor control or whose remaining
control is easily fatigued or otherwise unreliable. This user group includes totally paralyzed
patients due to, for example, terminal stages of ALS or brainstem stroke, or users suffering from
movement disorders that abolish motor control caused by, for example, cerebral palsy [18]. For
these patients, even the most simple HMI for turning on/off a home device is a valuable tool
[126]. However, most potential users have better conventional options for communication. For
example, those who retain control of only a single muscle, such as the eyelids, can use it to send
control signals in a faster and more accurate way than that provided by EEG-based HMIs [126].
The results presented in this study agree with this statement, as shown in Table 7.3 and Figure
7.9, where it is apparent that the blink-based interface offers shorter response times and similar
or higher accuracy in classification than the P300-based HMI.

The subjects of this study, all able-bodied with no motor disabilities, indicated their
preference for the blink-based interface since it is not as mental-demanding and time-consuming
as the P300-based interface. Moreover, they also pointed out they felt with greater control over
the system when using blinks as control signals, by marking the target element with voluntary

and conscious actions.

From the EEG recordings, depicted in Figure 7.7, it is apparent that the latency of the P300
potential varies for each subject. As has been already studied [249], individual differences
on the P300 latency are related to mental function speeds and cognitive capabilities, such that
a shorter latency corresponds to a higher cognitive performance [250], [251]. Moreover, the
P300 latency is reduced with children and increases with normal aging [249], [252], [253].
It can also be observed in Figure 7.7 that the P300 potential clearly appears with the 1-by-1
paradigm, especially for the 3 first subjects, while for the row-column experiments the P300
curve generated by the target stimulus does not show big differences with respect to other
stimuli. A possible explanation for this behaviour is the human perceptual error produced by
targeting adjacent rows and columns [59]. According to this phenomenon, when rows/columns
adjacent to desired elements are intensified, they also elicit a P300 potential, which can be
confused with the one elicited by the target element. As a consequence, as shown in Table 7.3,
the row-column paradigm offers a classification accuracy significantly lower than that obtained
by the 1-by-1 paradigm, where all the participants achieve an accuracy above 75 %. Notable
differences can also be observed between both paradigms regarding time responses, shown in
Figure 7.9, in which the 1-by-1 paradigm shows a more stable behaviour and, with 45 s, 5 of the
9 subjects are above 70 %. All of the subjects were above 70 % for 81 s.
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On the other hand, for the blink detection experiments, the results achieved by both
stimulation paradigms are very similar, only varying for three of the subjects and with a close
average accuracy of 97.22 % for the 1-by-1 paradigm and 98.61 % for the row-column paradigm
(see Table 7.3). Moreover, since the number of possible stimuli for the row-column paradigm
(6) is lower than for the 1-by-1 (9), the response time for row-column will be shorter, as shown
in Figure 7.9. This response time can be further reduced if we analyze the reaction time of each
participant, i.e., the elapsed time from the presentation of the target element to the corresponding
user blink. In our experiments, the time between the onset of the intensification of one element
and the onset of the next one is fixed to 1s (see Table 7.2). However, if the reaction time of a
particular subject is faster, the period between two consecutive intensifications can be reduced
and, consequently, the final response time of the system will be shorter. Figure 7.10 shows a
box plot of the reaction times for all the blinks performed by the subjects across all the blinking
experiments. On each box, the average response time is marked as the central red line and
the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the maximum and minimum reaction time not considered as outliers. The
outliers are individually plotted using the ‘+’ symbol. The mean response time for all the
subjects is below 0.55s, and no blink exceeds 0.85s, so the period between two consecutive
instensifications could be reduced by at least 0.15s, which would also decrease the overall
response time of the system.

The proposed HMIs should be implemented in an IoT environment for smart-home control
using the shortest response times while providing a high reliability of the system. Practical
applications of an HMI and their implementation in real environments are strongly conditioned
by their response times and accuracies [126]. Table 7.4 shows the shortest response time for
both stimulation paradigms and control signals while keeping an average accuracy higher than
80 %. Note that, for the blink-based experiments, although the results achieved by the minimum
number of blinks are higher than 80 %, they are not taken into account due to their sensitivity
to non-voluntary blinks, which could badly influence the final performance of the HMI. Both
stimulation paradigms offer a similar accuracy, but shorter response times are achieved for the
row-column paradigm, so it is the most suitable option for a blink-based HMI. Conversely, for
the P300 experiments, the row-column paradigm does not achieve an 80 % of accuracy, so the
1-by-1 paradigm, with a response time of 63 s and an accuracy of 80.36 %, is the preferable

option.

The proposed HMI systems can be used for non-critical applications where short response
times are not required. The objective of these interfaces is to control basic functions of home
devices, such as on/off switching of lights or raising/lowering window blinds. Thus, ensuring

that the system performs the correct action is more important than providing a fast response.
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Figure 7.10: Box plot of the reaction times for all the blinks performed by the subjects across all the
blinking experiments. On each box, the average response time is marked as the central red line and the
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend
to the maximum and minimum reaction time not considered as outliers. The outliers are individually

plotted using the ‘+’ symbol.

Table 7.4: Response time for both stimulation paradigms and control signals that provides an average
accuracy higher than 80 %. For the blink-based experiments, the minimum number of blinks are not

taken into account due to their sensitivity to non-voluntary blinks.

P300 Blink

I-by-1 row-column 1-by-1 row-column

Accuracy (%) 80.36 No value 97.22 98.61
Response time (s) 63 No value 18 12

7.3 Conclusions

We have developed an environmental control HMI using a low-cost and open-hardware
recording device that captures EEG and EOG signals from one single input channel. For this
purpose, eye blinks and the P300 potential are assessed and compared in order to determine

which is the most suitable control signal for the HMI implementation. A fully configurable GUI
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has been developed for stimuli presentation and two stimulation paradigms were evaluated: the
elements to be controlled are intensified one by one, or all the elements of the same row/column
are jointly intensified at the same time. The obtained results show that the blink-based HMI
using the row-column paradigm offered the best performance in terms of accuracy and response
time. However, this interface requires voluntary muscle activation for controlling the eyelids
movement, which could be a limitation for some potential users of the interface. In this case,
the P300-based HMI using the 1-by-1 stimulation paradigm proved to be the most reliable and
suitable option. The analysis of the response times obtained by each system shows that the
proposed HMIs can be used for non-critical applications where short response times are not

required.
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Chapter VIII

Conclusions and Future Work

The main objective of this work is to contribute to the Brain-Computer Interface (BCI) research
field by proposing new developments based on open solutions including both hardware and
software in order to make this technology accessible to anyone who needs it for improving
its quality of life. We have shown that open and low-cost recording devices can be employed
for implementing new interfaces for controlling elements of a smart-home environment. At the
same time, we have exhibited that reliable results can be achieved when using a reduced number

of electrodes that guarantees the user’s comfort.

8.1 Summary of Contributions

We started by introducing the Human-Machine Interfaces (HMIs) and the variety of biological
signals that can be employed for the interaction with this kind of systems. We focused on
one particular type of HMI, BCI, which captures the biological signals produced by the neural
activity of the user’s brain and translates them into control commands for external devices. For
this purpose, we examined and studied the anatomy and physiology of the human brain, the
different areas where this technology can be applied and the general architecture of a BCI,
which is composed by three main elements: signal acquisition, signal processing and actuator
device.

Based on this architecture design, we analyze the first component, signal acquisition.
Particularly, we study the most used technique for capturing the brain activity of the users in
the BCI systems, the Electroencephalography (EEG) technique. EEG is a widely-known non-
invasive technique for neuroimaging that captures the electric fields produced by the activity of
the neurons and their synapses from outside the brain. In this regard, we review the composition
of the EEG devices and compare several commercial and low-cost devices presented over
the last years. Additionally, we study the EEG brain rhythms, the possible artifacts that can
occur during the EEG recordings and the most popular control signals used in BCI systems for

interacting with external devices.
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Brain signals captured with EEG devices need to be processed for their posterior translation
into commands. Therefore, we analyze the techniques that can be applied for this purpose in the
second component of the BCI architecture, signal processing. To this end, we study different
feature extraction methods in several domains, such as time, frequency and time-frequency
domains. Later, we analyze the most common classifiers employed in the BCI systems for
feature classification.

Based on the previous studies, we present an architecture for integrating a BCI application
in an Internet of Things (IoT) environment for home automation. For this purpose, we have
developed a low-cost open-source EEG device that acquires EEG signals from two input
channels. Using the EEG data of only one channel, we propose and compare different
feature extraction algorithms based on Sliding Transforms (STs) techniques for determining
the user’s eye states, i.e., open eyes (oOE) or closed eyes (cE). The algorithms include
different configurations oriented to provide accurate results with a low computational burden.
Firstly, we compare real-valued and complex-valued transforms. Secondly, we consider sliding
windows with overlap instead of using the traditional approach with non-overlapped windows,
thus reducing the delay time between acquisition and decision. Then, we compare three
classification approaches, one based on a threshold classifier and another two that implement
the well known Linear Discriminant Analysis (LDA) and Support Vector Machine (SVM)
algorithms. The obtained results show the advantages of using the proposed threshold-based
classifier and overlapped windows to reduce decision delays and increase robustness. In this
sense, we have reached high accuracies for both cE and oE detection independently of the used
transform, although for some subjects the Discrete Fourier Transform (DFT) and its binary

representation exhibit better results.

After that, we extended the study to the situation where the data captured by both channels
is employed together in order to build a two-dimensional feature set that may provide higher
and more robust results. To this end, we compare the previously analyzed feature extraction
techniques with other strategies commonly used in BCI applications, such as Discrete Wavelet
Transform (DWT). At the same time, results obtained with one and two channel data are also
compared. We show that STs, such as the DFT and its binary representation, applied on two-
sensor data, and combined with the SVM classifier, are the most suitable solutions for the
implementation of the BCI, since they offer high accuracies and robust results for both eye
states. However, the threshold-based and the SVM classifiers applied on one-electrode data
also achieve high performances for most of the subjects, so both of them could be an adequate

solution if the minimum number of electrodes has to be used.

Finally, we devoted the last chapter to present an HMI for environmental control using a
single-channel recording system. The P300 Evoked Potential (EP) and eye blinks are compared
as control signals in order to determine which one offers the best performance in terms of
accuracy and response time. For this purpose, we developed a Graphical User Interface (GUI)

that presents the home elements the user can control. Two stimulation paradigms are compared:
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one of them where the elements are presented one by one and the another one where the
elements of the same row/column are presented together. The results show that the blink-based
HMI using the row-column paradigm achieved the best performance in terms of accuracy and
response time. However, this interface requires voluntary muscle activation for controlling the
eyelids movement, which could be a limitation for some potential users of the interface. In this
case, the P300-based HMI using the 1-by-1 stimulation paradigm proved to be a reliable and
suitable option. The analysis of the response times shows that the proposed HMIs can be used
for non-critical applications where short response times are not required.

Taking into account the developed research and the obtained results, we can conclude that
HMIs and specially BCIs are emerging technologies that, combined with IoT environments,
can end up in useful solutions with great potential for users with severe motor and neurological
damages. We have shown that such interfaces can achieve accurate and reliable results when
using a reduced number of electrodes and low-cost and open devices. This can help the
technology to spread and be employed by a greater number of users who need it.

8.2 Results

The work and results presented in this thesis led to the publication of several co-authored

publications. The following sections detail them.

8.2.1 Journal Papers

The results presented in this dissertation have been published in several international journals:

1. Francisco Laport, Adriana Dapena, Paula M. Castro, Francisco J. Vazquez-Araujo, and
Daniel Iglesia, “A prototype of eeg system for iot”, International journal of neural
systems, vol. 30, no. 07, p. 2050 018, 2020.

2. Francisco Laport, Daniel Iglesia, Adriana Dapena, Paula M. Castro, and Francisco J.
Vazquez-Araujo, “Proposals and comparisons from one-sensor eeg and eog human-
machine interfaces”, Sensors, vol. 21, no. 6, p. 2220, 2021.

3. Francisco Laport, Paula M. Castro, Adriana Dapena, Francisco J. Vazquez-Araujo, and
Oscar Fresnedo, “Eye state identification based on discrete wavelet transforms”,
Applied Sciences, vol. 11, no. 11, p. 5051, 2021.

Note that all the journals appear in the Journal Citation Reports (JCR). The impact factor

(IF), position and quartile are summarized in Table 8.1.

8.2.2 Conference Papers

The results presented in this thesis resulted in the publication of the following co-authored

conference articles:
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Table 8.1: Impact factor of journals.

Journal Year IF Category Position Q.
International Journal COMPUTER SCIENCE,

2020 5.866 28/140 1
of Neural Systems ARTIFICIAL INTELLIGENCE
Sensors 2020 3.576 INSTRUMENTS & INSTRUMENTATION  14/64 1

Applied Sciences 2020 2.679 ENGINEERING, MULTIDISCIPLINARY  38/91 2

1. Francisco Laport, Paula M. Castro, Francisco J. Vazquez-Araujo, Adriana Dapena, and
José Juan Lamas-Seco, “Extraccion y clasificacion de caracteristicas a partir de
sefiales eeg”, Proc. of XXXIII SIMPOSIUM NACIONAL DE LA UNION CIENTIFICA
INTERNACIONAL DE RADIO (URSI 2018), Granada, Spain, 2018, pp. 1-4.

2. Francisco Laport, Francisco J. Vazquez-Araujo, Paula M. Castro, and Adriana Dapena,
“Brain-computer interfaces for internet of things”, Proceedings, vol. 2, no. 18, p. 59,
2018.

DOI: 10.3390/proceedings2181179.

3. Francisco Laport, Francisco J. Vazquez-Araujo, Paula M. Castro, and Adriana Dapena,
“Estudio de la dft deslizante para clasificacion de estados oculares con bajo
retardo”, Proc. of XXXIV SIMPOSIUM NACIONAL DE LA UNION CIENTIFICA
INTERNACIONAL DE RADIO (URSI 2019), Sevilla, Spain, 2019, pp. 1-4.

4. Francisco Laport, Francisco J. Vazquez-Araujo, Daniel Iglesia, Paula M. Castro, and
Adriana Dapena, “A comparative study of low cost open source eeg devices”,
Proceedings, vol. 21, no. 1, p. 116, 2019.

DOI: 10.3390/proceedings2019021040.

5. Francisco Laport, Francisco J. Vazquez-Araujo, Paula M. Castro, and Adriana Dapena,
“Hardware and software for integrating brain—computer interface with internet
of things”, Proc. of Understanding the Brain Function and Emotions, José Manuel
Ferrandez Vicente, José Ramén Alvarez-Séanchez, Félix de la Paz Lépez, Javier Toledo
Moreo, and Hojjat Adeli, Eds., Cham, Springer International Publishing, 2019, pp. 22—
31, 1SBN: 978-3-030-19591-5.

6. Francisco Laport, Adriana Dapena, Paula M. Castro, and Francisco J. Vazquez-Araujo,
“Comparison of sliding transforms and discrete wavelet transforms to detect eye
states”, Proc. of XXXV SIMPOSIUM NACIONAL DE LA UNION CIENTIFICA
INTERNACIONAL DE RADIO (URSI 2020), Mélaga, Spain, 2020, pp. 1-4.

7. Francisco Laport, Paula M. Castro, Adriana Dapena, Francisco J. Vazquez-Araujo, and
Daniel Iglesia, “Study of machine learning techniques for eeg eye state detection”,
Proceedings, vol. 54, no. 1, p. 168, 2020.

DOI: 10.3390/proceedings2020054053.

In addition, the work proposed in [240] was presented in the Maker Faire Galicia 2021,
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where it obtained the third prize of the industry conferences.

8.3 Future Work

The results obtained throughout this work meet the expectations and objectives initially set.
However, there are some future lines that we could explore to improve our work as well as its
contribution to the BCI and HMI fields.

Regarding the work carried out for the detection of the ocular state of the users (Chapters 5
and 6), we can appreciate that the proposed system offers high results for a 2 s delay. This means
that the system response time is suitable for the implementation of non-critical applications.
However, for certain environments, this delay could produce user disagreements or possible
artifacts and, therefore, should be reduced in future developments. In addition, better success
rates must be achieved for those subjects with accuracies below 90 %, since the wrong
estimation of the eye state can lead to incorrect performance of the system and turn on/off
external devices needlessly.

The same improvement should be studied in the HMI proposed in Chapter 7. The interface
provides good results, but with slow response times. This problem should be mitigated in future
developments or, on the contrary, users could end up tired of the system and giving up not using
it. For this purpose, it would be interesting to record EEG signals using more than one input
sensor. For example, we could employ the three electrodes located in the midline of the scalp:
Fz, Cz and Pz. This would not imply a great hassle for the users and can help to detect the P300
EP from different brain areas. In addition, the system needs to be configured for each subject,
which can be inconvenient for its usability. Therefore, an automatic detection algorithm would
be a desirable solution, where users only have to connect the interface and, with a short training
period, they calibrate it without the need for external intervention. This could be implemented
using machine learning techniques, extracting relevant features from the control signals, e.g.,
pick-picking or sum of values, and popular classification algorithms such as LDA or Stepwise
Linear Discriminant Analysis (SWLDA). Moreover, different stimulation paradigms, such as
the region-based paradigm, could also be tested in order to mitigate the human perceptual error
that may be produced in the row/column paradigm for the EEG recordings.

Furthermore, we recognize that both the BCI for ocular state detection and the HMI for
home automation control, need to be evaluated in a larger population sample. In particular, it
would be of great interest to assess the performance of these systems in subjects with mobility
disorders. Additionally, these experiments should be conducted in real scenarios to study their

performance under real-life conditions.
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Appendix I

Resumen de la Tesis

Una casa inteligente puede definirse como una residencia equipada con una red de
comunicacion, sensores, dispositivos y electrodomésticos que los residentes pueden controlar,
acceder y monitorizar de forma remota para satisfacer sus necesidades de la vida diaria.
Representa un sistema sensible al contexto que, utilizando tecnologias como Internet de las
cosas (IoT) y técnicas de inteligencia artificial, puede detectar, anticipar y responder a las
actividades en el hogar. Los hogares inteligentes ofrecen herramientas utiles para las personas
mayores o para las que padecen problemas motrices, ya que estos sistemas se pueden programar
facilmente para encender o apagar las luces, controlar las puertas o ajustar el termostato sin
grandes movimientos y esfuerzos fisicos.

Con el objetivo de mejorar la calidad de vida de aquellas personas afectadas por
enfermedades motrices, a lo largo de los ultimos afnos se han propuesto diferentes Interfaces
Hombre-Maquina(HMI) basadas en sefiales bio-eléctricas. Estas interfaces ofrecen nuevos
canales de comunicacién que permiten a sus usuarios interactuar con dispositivos de su
entorno empleando las sefiales bioldgicas provenientes de diferentes partes de su cuerpo como
comandos de control. Es decir, las senales producidas por el cerebro, los misculos o los 0jos,
por ejemplo, pueden emplearse para controlar dispositivos externos, como una silla de ruedas,
teclados virtuales o la prétesis de una extremidad, entre otras aplicaciones. Por lo tanto, resulta
una tecnologia de gran utilidad para pacientes con discapacidades motrices severas o lesiones
graves en sus extremidades, ya que les permite interactuar con su entorno o controlar partes
dafiadas de su cuerpo sin necesidad de grandes movimientos fisicos.

Una amplia variedad de sefiales biol6gicas pueden ser empleadas para interactuar con las
HMI. El uso de cada una de ellas dependera del objetivo de la interfaz y de las capacidades
motrices que posea el usuario. Los tres tipos mds comunes de sefiales bioldgicas son:
musculares, oculares y cerebrales. En las interfaces basadas en sefiales musculares, la actividad
eléctrica producida por la contraccién de los musculos del usuario es capturada empleando
técnicas como la Electromiografia (EMG). Dicha actividad es procesada y analizada vy,
posteriormente, traducida a un comando de control sobre un dispositivo externo. De una forma

similar, las interfaces basadas en las sefiales oculares capturan la actividad de los ojos del
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usuario, como los parpadeos, a través de técnicas como la Electrooculografia (EOG). Dicha
actividad es también procesada y analizada y, posteriormente, traducida a un comando de
control. Ambas interfaces, muscular y ocular, requieren que el usuario posea cierto grado de
control muscular, aunque sea minimo, como por ejemplo, los parpados, mandibula o misculos
del cuello. Sin embargo, las interfaces basadas en sefales cerebrales no requieren ningtn tipo de
control muscular, ya que la interaccidn con la interfaz se realiza a través de la actividad neuronal
del usuario. Son, por lo tanto, las interfaces con mayor potencial, ya que abarcan a todo tipo de
usuarios, independientemente de sus capacidades motrices. Por esta razon, centramos nuestro
trabajo en el estudio y desarrollo de nuevas interfaces basadas en sefiales cerebrales, también
conocidas como Interfaces Cerebro-Ordenador (BCI).

Las interfaces BCI pueden definirse como la combinacién de hardware y software de un
sistema de comunicacién que monitoriza la actividad cerebral del usuario y traduce ciertas
caracteristicas, correspondientes a las intenciones del usuario, a comandos de control sobre
dispositivos externos. Estas interfaces presentan un nuevo canal de comunicacion sin involucrar
nervios y musculos periféricos, donde los usuarios pueden interactuar con su entorno sin

ninguna actividad fisica, solo usando sus pensamientos.

La poblacion objetivo de las aplicaciones BCI se puede dividir en tres grupos principales. El
primer grupo estd compuesto por pacientes que han perdido todo el control motor y presentan
un estado de bloqueo completo. El segundo grupo incluye a pacientes con un estado de bloqueo
parcial, que solo conservan movimientos motrices residuales, como parpadeos, movimientos
oculares o pequefios movimientos de los labios. El grupo objetivo final estd compuesto por
personas que padecen ciertas discapacidades motrices, pero que atin conservan funcionalidades

motoras importantes, como el habla o los movimientos de las manos.

Esta tecnologia puede ser empleada en una gran variedad de dominios, pero su aplicacion
mas relevante es la de proporcionar herramientas y soluciones utiles a personas con
enfermedades motrices severas, como por ejemplo, pacientes con esclerosis lateral amiotréfica,
amputaciones o deformaciones musculares. En estos casos, la comunicacién directa con
dispositivos externos, como un teclado o un ratén, no es posible, por lo que la BCI proporciona
hardware y software especifico para reconocer los pensamientos e intenciones del usuario que
permitan la interaccidn con el dispositivo. Ademads, representan un fuerte apoyo para los
cuidadores y familiares del paciente, ya que permiten reducir las tareas y gastos derivados del
cuidado. En concreto, estas interfaces han sido empleadas en dreas como la comunicacién
humana, donde las BCI permiten a los usuarios comunicarse con su entorno a través de, por
ejemplo, un teclado virtual, donde el sujeto selecciona cada una de las letras que componen
el mensaje final que quiere transmitir y, posteriormente, el sistema se encarga de enviar o
reproducir dicho mensaje. Asimismo, las BCI han sido utilizadas para el control del entorno,
donde a través de la interfaz el usuario puede manejar elementos de su hogar, como por ejemplo,
la television, el termostato o la alarma de su casa. También han sido empleadas en aplicaciones

para el transporte y la locomocion de sus usuarios, permitiendo que estos se muevan en su
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ambiente mediante el control de medios de transporte como, por ejemplo, las sillas de ruedas.
Ademads, se han utilizado también en 4reas del entretenimiento, donde los usuarios pueden

interactuar con videojuegos a través de su actividad neuronal.

Diferentes técnicas de neuroimagen
pueden ser empleadas para capturar la actividad cerebral de los usuarios, como por ejemplo,
Electrocorticografia (ECoG), Magnetoencefalografia (MEG) o Electroencefalografia (EEG),
entre otras. Esta ultima, la EEG, es la técnica més popular para el desarrollo de interfaces
BCI. Esta preferencia se basa en su cardcter no invasivo, su bajo coste, su alta portabilidad y
resolucion temporal asi como su facilidad para emplearla y su bajo riesgo para los usuarios.
Este método emplea un conjunto de electrodos colocados sobre el cuero cabelludo del usuario

que captura sefiales de electroencefalografia de diferentes partes del cerebro.

La actividad neuronal capturada por los dispositivos EEG se compone de un conjunto de
senales que se pueden dividir segin su frecuencia y amplitud en distintos ritmos cerebrales.
Dichos ritmos se corresponderdn con estados mentales concretos y con una distribucién espacial
especifica en el cuero cabelludo del usuario. Estos ritmos se conocen como: Delta (por debajo
de 4Hz), Theta (entre 4Hz y 7Hz), Alpha (entre 8 Hz y 12 Hz), Beta (entre 12Hz y 30Hz) y
Gamma (entre 30 Hz y 100 Hz).

Ademads, existen distintos tipos de sefales cerebrales que los usuarios pueden modular para
emplearlas como sefiales de control sobre la interfaz BCI. Un gran nimero de sefiales han sido
estudiadas y analizadas en las ultimas décadas, pero entre las mas empleadas encontramos, por
ejemplo, los Potenciales Evocados Visuales (VEP), los cuales aparecen en la corteza visual
como la respuesta del usuario a la estimulacion visual externa. Una BCI basada en VEP puede
identificar el objetivo al que estd mirando el usuario tras analizar las sefiales de EEG registradas.
Cada uno de los objetivos esté representado por una secuencia de estimulacion tnica que, a su
vez, también evoca un patrén de potenciales VEP tinicos. Por lo tanto, el objetivo que el usuario
desea seleccionar puede identificarse analizando las caracteristicas del VEP generado. Los
Potenciales Corticales Lentos (SCP) también han sido utilizados como sefales de control. Estos
son potenciales de baja frecuencia producidos en la parte central y frontal de la corteza cerebral
que pueden ser modulados por el usuario para controlar la interfaz BCI. Ademas, el Potencial
Evocado P300 es otra de las respuestas cerebrales que han sido ampliamente empleadas como
sefales de control. Este potencial es una respuesta que aparece como una desviacién positiva
en la sefal EEG tras 300 ms de producirse un estimulo visual, auditivo o somatosensorial poco
frecuente o sorprendente. Las BCI basadas en este potencial se encargardn de detectar dicha
desviacion para identificar las intenciones del usuario. Por dltimo, los ritmos sensoriomotores
pueden ser modulados por el usuario cuando realiza tareas de imaginacién motora (MI), es
decir, cuando el usuario se imagina que realiza un movimiento pero, en realidad, no se realiza
ningin movimiento fisico real. De esta manera, el usuario puede realizar dicha modulacién

para comunicarle sus intenciones a la interfaz.

La técnica de EEG ha sido tradicionalmente empleada para el desarrollo de aplicaciones
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médicas, por lo que los dispositivos empleados para este fin son de un precio elevado y constan
de un gran nimero de electrodos, lo cual no favorece su uso en aplicaciones domésticas. Sin
embargo, los recientes avances producidos en tecnologias biomédicas, integracion de circuitos,
sensores y técnicas de andlisis de datos, han llevado al desarrollo de nuevos dispositivos
portétiles de EEG que pueden utilizarse tanto en aplicaciones clinicas como no clinicas. La
reduccién del coste, su mayor facilidad de uso, la menor necesidad de intervencién humana
experta y su menor mantenimiento, han propiciado que estos nuevos dispositivos se empleen
fuera del laboratorio y utilicen esta tecnologia en entornos reales como hogares y escuelas.

Durante los tultimos afios se han presentado diferentes dispositivos comerciales de EEG.
Dos de los dispositivos de bajo coste mas conocidos son Epoc + y MindWave que, aunque
requieren el uso de software y hardware propietario, han sido evaluados en numerosos trabajos
de investigacion y aplicaciones BCI. Por otro lado, también se han propuesto dispositivos
de software y hardware abiertos para capturar sefales cerebrales. En este caso, las placas
presentadas por la empresa OpenBCI (placas Cyton y Ganglion) son soluciones abiertas
muy conocidas, también empleadas en diferentes trabajos de investigacién y aplicaciones
domésticas.

A pesar de todos estos avances logrados en los ultimos afios, la tecnologia BCI debe
enfrentar y resolver varios desafios para convertirse en una herramienta mas util y confiable para
los usuarios. Dichos desafios incluyen aspectos relacionados con la necesidad de reducir los
periodos de entrenamiento, probar las aplicaciones en entornos no controlados o el desarrollo
de dispositivos listos para usar que puedan monitorizar la actividad cerebral del usuario sin
necesidad de conocimiento experto y sin causar molestias al usuario. Por lo tanto, en el trabajo
realizado en esta tesis nos centramos en el desarrollo de nuevas interfaces BCI, basadas en
dispositivos de bajo coste y abiertos, que puedan ser empleadas de forma fiable por los usuarios
y con un numero reducido de electrodos para el control de elementos de una casa inteligente.

Dos arquitecturas y sistemas distintos han sido propuestos, los cuales se detallan a continuacion.

A.1 Deteccion del Estado Ocular

Como primera propuesta, presentamos una arquitectura que integra una aplicaciéon BCI en un
entorno de IoT para el control de una casa inteligente. Para este propdsito, hemos desarrollado
un dispositivo EEG abierto y de bajo coste que captura sefiales cerebrales de dos canales
de entrada. Haciendo uso unicamente de un canal, proponemos y comparamos distintos
algoritmos de extraccion de caracteristicas basados en Transformadas Deslizantes (ST) para
determinar el estado ocular del usuario, es decir, ojos abiertos (oE) u ojos cerrados (cE). Los
algoritmos incluyen diferentes configuraciones orientadas a proporcionar resultados precisos
con baja carga computacional. En primer lugar, comparamos transformadas reales y complejas.
Posteriormente, consideramos ventanas deslizantes con solapamiento en lugar de emplear el

enfoque tradicional con ventanas no solapadas, reduciendo asi el retraso entre la adquisicién de
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la sefial y la toma de decision. Ademds, comparamos tres algoritmos de clasificacion diferentes:
uno basado en umbrales, y otros dos basados en el Andlisis Discriminante Lineal (LDA) y en
las Méquinas de Vectores de Soporte (SVM).

Para el desarrollo de este sistema, hemos definido varios requisitos que han de cumplirse en
la implementacion final:

» La deteccion de ojos abiertos es, por lo general, mds importante para garantizar el confort
del usuario.

» La precision del sistema debe ser elevada para evitar situaciones indeseadas en las que los
dispositivos del hogar se apagan o encienden de manera innecesaria.

* Robustez ante cambios en el entorno y en la actividad cerebral del usuario.

* Aplicacidn lista para ser usada, con tiempos de entrenamiento cortos que faciliten su uso

e integracion en la vida cotidiana del usuario.

El sistema ha sido probado sobre siete sujetos, los cuales accedieron voluntariamente a
participar en el estudio. La actividad cerebral de cada uno de estos voluntarios fue recogida
empleando el dispositivo de EEG desarrollado asi como con la placa Cyton de la empresa
OpenBCl, con el objetivo de comparar el rendimiento de nuestro dispositivo con uno comercial.
Todos los experimentos se llevaron a cabo en un entorno controlado. Los participantes fueron
sentados en una silla cémoda y se les pidié que estuvieran relajados y concentrados en la tarea,
tratando de evitar cualquier distraccién o estimulo externo. Los experimentos se compusieron
de dos tareas: la primera, 60s de ojos abiertos, y la segunda, 60s de ojos cerrados. Para
simular una situacion de la vida real, los sujetos podian mover libremente la mirada durante las
tareas con los ojos abiertos, sin necesidad de mantenerla en un punto fijo. El procedimiento se
explicé convenientemente con antelacion, lo que permitié a los participantes sentirse comodos
y familiarizados con el entorno de la prueba. Se registraron de forma continua un total de 10
tareas (es decir, 10 minutos) para cada participante, lo que corresponde a cinco tareas de 0jos
abiertos y otras cinco de ojos cerrados. Cada tarea estaba separada por una alerta sonora, la cual
indicaba al usuario que debia cambiar de estado ocular. Todos los experimentos comenzaron
con los ojos abiertos como estado inicial. Las grabaciones fueron monitorizadas y analizadas

para detectar artefactos o ruidos introducidos en las sefiales.

El sistema propuesto es entrenado con 2 minutos para cada estado ocular y probado con 3
minutos por estado. Los resultados obtenidos muestran que las ventanas deslizantes ofrecen
precisiones mdas elevadas que las no deslizantes, sobre todo cuando se requieren tiempos
de respuesta cortos. Ademads, las cuatro transformadas propuestas para la extraccion de
caracteristicas ofrecen buenos resultados para ambos estados oculares, siendo la Transformada
Discreta de Fourier (DFT) y su representacion binaria las que mejores precisiones alcanzan.

En cuanto a los algoritmos de clasificacion, el clasificador basado en umbrales y SVM
ofrecen resultados similares, obteniendo un rendimiento alto para ambos estados oculares. Por
el contrario, LDA obtiene altas precisiones para los ojos cerrados, pero significativamente mas

bajas para los ojos abiertos, por lo que no es una opcién adecuada para la implementacién
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final del sistema. Es importante resaltar que el funcionamiento del sistema es altamente
dependiente el sujeto. Es decir, para cada uno de los sujetos existe una configuraciéon 6ptima de
canal, transformada y tiempo de retraso que consigue los mejores resultados. Sin embargo,
dicha configuracién no es compartida por el resto de usuarios. Esto nos indica que no es
posible obtener una configuracion general del sistema que funcione correctamente para todos
los usuarios, lo cual dificulta su implementaciéon. Con el objetivo de resolver este problema,
proponemos extender la arquitectura inicial para que emplee los datos de ambos canales
de entrada y construir asi un conjunto de caracteristicas mds amplio que permita obtener
precisiones mds altas y un sistema mads robusto.

En esta nueva arquitectura, las técnicas empleadas anteriormente para extraer las
caracteristicas son comparadas con otras estrategias cominmente utilizadas en las aplicaciones
BCI, como la Transformada Discreta Wavelet (DWT). A su vez, se comparan los resultados
obtenidos empleando uno y dos canales. Estos resultados muestran que, una vez mads, la
DFT y su representacion binaria, aplicadas sobre datos de dos sensores y combinadas con el
clasificador SVM, son las soluciones mds adecuadas para la implementacién de la BCI, ya que
ofrecen altas precisiones y resultados robustos para ambos estados del ojo. Sin embargo, los
clasificadores basados en umbrales y SVM aplicados en datos de un electrodo también logran
rendimientos altos para la mayoria de los sujetos, por lo que ambos clasificadores podrian ser

una solucion adecuada si se desea usar el minimo nimero de electrodos.

A.2 Interfaz Hombre-Maquina Basada en EEG y EOG

La segunda propuesta de nuestro trabajo es una interfaz hombre-méquina para el control de
un hogar inteligente empleando un dispositivo de grabacion de sefiales bioldgicas de un tinico
canal. El potencial evocado P300 y los parpadeos son comparados como sefiales de control, con
el objetivo de determinar cudl de ellas ofrece los mejores resultados en términos de precision
y tiempos de respuesta. Los elementos del hogar que el usuario puede controlar con la HMI
son presentados en una Interfaz Gréfica de Usuario (GUI). Dichos elementos son mostrados
siguiendo dos paradigmas distintos de estimulacion: 1) los elementos son presentados uno a uno
0 2) todos los elementos de una misma fila/columna son presentados conjuntamente. Esta GUI
es totalmente configurable, es decir, el usuario puede elegir qué sefial de control y paradigma
de estimulacion desea utilizar, asi como adaptar los tiempos de presentacion de los objetos.

El sistema ha sido probado sobre nueve sujetos, los cuales accedieron voluntariamente a
participar en el estudio. La actividad cerebral y ocular de cada uno de estos voluntarios fue
recogida con la placa Cyton de la empresa OpenBCI. Los experimentos se llevaron a cabo en
un entorno controlado y con los mismos pardmetros de configuracion para todos los sujetos.
Los participantes fueron sentados en una silla comoda y se les pidié que centraran su atencion
en una pantalla de ordenador situada frente a ellos, donde se presentaban los estimulos. Las

sesiones de grabacion para cada participante se dividieron en cuatro experimentos, uno por cada
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paradigma de estimulacion y sefial de control, es decir, un experimento para el paradigma uno
por uno y sefiales EEG, otro experimento para el paradigma fila-columna y sefiales EEG, otro
para sefiales EOG y el paradigma uno por uno y, por ultimo, un experimento para el paradigma
fila-columna y datos EOG. Ademads, cada experimento se compuso de ocho ejecuciones, donde
el usuario debia fijar su atencioén en un elemento especifico a controlar. La interfaz HMI analiza
cada una de estas ejecuciones para determinar las intenciones del usuario y ejercer la accién
correspondiente sobre el elemento seleccionado.

Las aplicaciones préicticas de una HMI variaran entre sus usuarios de acuerdo con su grado
de control muscular. La HMI basada en el potencial P300 no requiere la activaciéon muscular
voluntaria para controlar o interactuar con dispositivos externos. Por lo tanto, sus usuarios
inmediatos serdn aquellos que sufren una pérdida completa del control motor. Para este tipo
de sujetos, incluso un sistema tan simple como una interfaz que le permita apagar o encender
elementos de su casa, se convierte en una herramienta de gran utilidad y valor. Sin embargo, la
mayoria de los usuarios potenciales de una HMI tienen mejores opciones para la comunicacion.
Por ejemplo, aquellos que retienen el control de un tinico musculo, como los parpados, pueden
usarlos para enviar sefiales de control de una forma mas répida y precisa que la proporcionada
por una interfaz basada inicamente en la actividad cerebral. Los resultados obtenidos en este
estudio ratifican esta afirmacion, donde la HMI basada en parpadeos obtiene resultados mds
precisos y tiempos de respuesta mds cortos que los alcanzados con el potencial evocado P300.

En esta interfaz basada en parpadeos, ambos paradigmas de estimulaciéon ofrecen
precisiones similares. Sin embargo, el tiempo de respuesta obtenido por el paradigma de
fila-columna es menor que el de uno por uno, por lo que esta serd la opcion mds adecuada
para realizar la implementacién de la HMI. Como ya se ha explicado, este tipo de interfaces
requieren un control muscular voluntario de los parpados, lo que puede suponer una limitacién
para algunos usuarios. En este caso, la interfaz basada en el potencial P300 empleando el
paradigma de estimulacion de uno por uno ha demostrado ser la opcién més fiable y adecuada.
Ademads, el andlisis de los tiempos de respuesta de ambos sistemas muestra que las HMI
propuestas pueden ser empleadas en aplicaciones no criticas donde no se requieren tiempos

de respuesta cortos.
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Appendix 11

List of Acronyms

AC Alternating Current

ADC Analog-to-Digital Converter
ALS Amyotrophic Lateral Sclerosis
ANN Artificial Neural Network
BCI Brain-Computer Interface

BMI Brain-Machine Interface

BLE Bluetooth Low Energy

cE closed eyes

CAD Computer-Aided-Diagnosis
CLS Complete Locked-In State
CMS Common Mode Sense

CNN Convolutional Neural Network
CP Control Packet

CSP Common Spatial Pattern

CWT Continuous Wavelet Transform
DFT Discrete Fourier Transform
DNN Deep Neural Networks

DRL Driven Right Leg

DWT Discrete Wavelet Transform
EEG Electroencephalography

ECG Electrocardiogram

ECoG Electrocorticography

EMG Electromyography

EOG Electrooculography

EML Extreme Machine Learning
EP Evoked Potential

ERD Event-related Desynchronization
ERS Event-related Synchronization
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ERP Event-related Potential

FES Functional Electrical Stimulation

FT Fourier transform

FFT Fast Fourier Transform

fMRI Functional Magnetic Resonance Imaging
GUI Graphical User Interface

HMI Human-Machine Interface

TAL Incremental Attribute Learning

ICA Independent Component Analysis

IF impact factor

IoT Internet of Things

ISI inter-stimulus interval

IT intensification time

JCR Journal Citation Reports

LDA Linear Discriminant Analysis

LFP Local Field Potential

LIS Locked-In State

LR Logistic Regression

MEMD Multivariate Empirical Mode Decomposition
MEG Magnetoencephalography

MI Motor Imagery

MUA Multi-Unit Activity

MQTT Message Queue Telemetry Transport
NI number of instensifications

NIRS Near Infrared Spectroscopy

NS number of possible stimuli

oE open eyes

PCA Principal Component Analysis

PSDA Power Spectral Density Analysis
PSD Power Spectral Density

RBF Radial Basis Function

RM Right Mastoid

RNN Recurrent Neural Network

ROC Receiver Operating Characteristic
SCP Slow Cortical Potential

SDFT sliding Discrete Fourier Transform
SSVEP Steady-State Visual Evoked Potential
ST Sliding Transform

STFT Short-Time Fourier Transform
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SUA Single-Unit Activity

SVM Support Vector Machine

SV Support Vector

SWLDA Stepwise Linear Discriminant Analysis
TVEP Transient Visual Evoked Potential

TTD Thought Translation Device

VEP Visual Evoked Potential

WT Wavelet Transform
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