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RESUMEN

Objetivo:

El objetivo de esta investigacion es desarrollar un sistema de monitorizacion y analisis continuo
de los factores que influyen en la comodidad y el ajuste de lentes de contacto, a través del
desarrollo de una aplicaciéon para moviles, tablets y ordeandores. El sistema pretende
proporcionar datos en tiempo real para ayudar a los médicos a adaptar las prescripciones de
lentillas en funcidon de diversos parametros, como el comportamiento de parpadeo y las
condiciones ambientales. Mediante el uso de tecnologias accesibles, como videos autograbados
y datos de estaciones meteoroldgicas, la investigacion busca ofrecer un enfoque practico y

escalable para la monitorizacion continua de los usuarios de lentillas.
Materiales y métodos:

Se ha desarrollado una aplicacion moévil hibrida utilizando bibliotecas HTMLS, CSS3,
JavaScript, Angular e Ionic para garantizar la compatibilidad entre plataformas Web, i0OS y
Android. Esta aplicacion se conecta a estaciones meteoroldgicas cercanas de libre acceso para
recopilar datos ambientales, como los niveles de humedad y contaminacion, sin registrar ni
mostrar la ubicacidn del paciente, lo que garantiza la privacidad. La aplicacion también permite
a los pacientes grabar videos de sus 0jos, que luego se analizan en el entorno MATLAB para

evaluar la dinamica de su secuencia de parpadeo y verificar el enrojecimiento ocular.

Las caracteristicas del parpadeo se extraen utilizando un algoritmo disefiado para replicar los
resultados que se obtienen tipicamente con camaras de alta velocidad de cuadros, lamparas de
hendidura y dispositivos de seguimiento ocular, que se utilizan cominmente en entornos
clinicos. Este proceso permite la recopilacion de valiosos datos de parpadeo fuera del entorno
clinico, lo que proporciona mas flexibilidad y acceso tanto para los pacientes como para los
médicos. Las caracteristicas del color de la esclerotica para la deteccion del enrojecimiento
ocular se obtienen utilizando un algoritmo propio que detecta la esclerdtica a partir de los

marcos de los 0jos.

Con los datos obtenidos del algoritmo de parpadeo y la aplicacion desarrollada, se crea una

base de datos de 208 secuencias de video y se analizan mediante técnicas de big data.

Resultados y discusion:

vil
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Los resultados obtenidos a partir de la validacion preliminar de la aplicacion indican que los
factores ambientales, en particular la humedad, desempenian un papel importante a la hora de
influir en la dindmica del parpadeo. El analisis de los videos recopilados de los participantes
ha demostrado diferencias notables en los patrones de parpadeo cuando se llevan lentes de
contacto en comparacion con cuando no se llevan. En concreto, los sujetos que llevaban lentes
de contacto mostraron un movimiento de parpado reducido, velocidades de parpadeo mas
lentas, un mayor nimero de parpadeos incompletos y patrones de intervalo de parpadeo
alterados. Estos cambios sugieren una relacion directa entre la incomodidad de las lentes de
contacto y las modificaciones en el comportamiento natural del parpadeo. Ademas, el aumento
del enrojecimiento ocular, en particular en la regién de la esclerdtica temporal, destaca el
impacto fisioldgico del uso de lentes, posiblemente debido a la irritacion, la sequedad o la

friccidn mecanica.

La capacidad de monitorear y clasificar secuencias de parpadeo mediante videos grabados
directamente por los pacientes tiene el potencial de proporcionar informacién valiosa a los
médicos sobre la adaptacion de lentes de contacto, particularmente entre pacientes con
presbicia. Los resultados indican que los sujetos sin lentes de contacto muestran un patréon de
parpadeo mas uniforme, formando un grupo distinto con el 85% de los datos registrados. En
contraste, las personas que usaban lentes de contacto demostraron una mayor variabilidad,
particularmente los pacientes con presbicia. Esta heterogeneidad estd influenciada en gran
medida por las diferencias de color de esclera en las regiones nasal y temporal, asi como por
variaciones en la dindmica del parpadeo, lo que sugiere un proceso de adaptacion mas complejo
entre este grupo demografico. Estos hallazgos refuerzan la necesidad de estrategias
personalizadas de adaptacion de lentes de contacto para mitigar la incomodidad y el posible

dafo a la superficie ocular.
Conclusiones:

Los hallazgos del estudio destacaron la importancia de desarrollar herramientas digitales
capaces de monitorear de manera continua la dindmica del parpadeo y los cambios en la
superficie ocular en condiciones del mundo real. La implementacion de una aplicaciéon movil
hibrida que utiliza los marcos Angular e Ionic permite una recoleccion de datos eficiente,
integrando variables ambientales sin comprometer la privacidad del paciente. Los resultados

confirmaron que la humedad es un factor dominante que influye en el comportamiento del
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parpadeo, lo que debe tenerse en cuenta en el desarrollo de materiales para lentes de contacto

y estrategias de adaptacion.

Ademas, las diferencias observadas en las caracteristicas del parpadeo entre usuarios de lentes
de contacto y no usuarios indican que la incomodidad inducida por las lentes se puede evaluar
de manera efectiva a través del enrojecimiento de la esclera y las desviaciones de la frecuencia
del parpadeo. La capacidad de clasificar a los sujetos en funcion de la uniformidad del parpadeo
y las caracteristicas del color de la esclera proporciona una nueva via para evaluar la adaptacion
de las lentes de contacto, particularmente en pacientes con presbicia. El estudio también
demuestra la viabilidad de usar camaras de teléfonos moviles para el analisis del parpadeo, lo
que abre posibilidades para la recoleccion de datos a gran escala y aplicaciones de big data en

optometria.

En conclusion, los hallazgos resaltan la necesidad de enfoques personalizados en la adaptacion
de lentes de contacto, especialmente para personas con presbicia que presentan una mayor
variabilidad en la dindmica del parpadeo y la coloracion de la esclera. Se necesitan més estudios
que incorporen tamafios de muestra mas grandes y diversas condiciones ambientales para
refinar estas metodologias y mejorar la toma de decisiones clinicas con respecto a la comodidad
y el ajuste de las lentes de contacto. La integracion del andlisis del parpadeo con los sintomas
oculares informados por los propios pacientes puede proporcionar una evaluacion integral,
mejorando en Ultima instancia los resultados del paciente y la experiencia del usuario de lentes

de contacto.

X



RESUMEN



ABSTRACT

ABSTRACT

X1



Xii ABSTRACT



ABSTRACT Xiil

ABSTRACT

Objective:

The objective of this research is to develop a system for continuous monitoring and analysis of
the factors that influence contact lens comfort and fit, through the development of an
application for mobile phones, tablets, and computers. The system aims to provide real-time
data to help physicians adapt contact lens prescriptions based on various parameters, such as
blinking behavior and environmental conditions. By using accessible technologies, such as
self-recorded videos and weather station data, the research seeks to offer a practical and

scalable approach for continuous monitoring of contact lens wearers.
Material and methods:

A hybrid mobile application was developed using HTMLS5, CSS3, JavaScript, Angular, and
Ionic libraries to ensure compatibility across Web, iOS, and Android platforms. This
application connects to nearby free-access weather stations to gather environmental data, such
as humidity and pollution levels, without recording or displaying the patient’s location,
ensuring privacy. The application also allows patients to record videos of their eyes, which are
then analyzed in the MATLAB environment to assess the dynamics of their blinking sequence

and check the eye redness.

The blinking characteristics are extracted using an algorithm designed to replicate the results
typically obtained with high-frame-rate cameras, slit lamps, and eye-tracking devices, which
are commonly used in clinical settings. This process allows the collection of valuable blinking
data outside of the clinical environment, providing more flexibility and access for both patients
and clinicians. The sclera color features for eye redness detection are obtained using a self

made algorithm that detects the sclera from eye frames.

Jointly with the data obtained from the blinking algorithm and the application developed, a

database is created from 208 video sequences and analyzed using big data techniques.
Results and discussion:

The results obtained from the preliminary validation of the application indicate that
environmental factors, particularly humidity, play a significant role in influencing blinking
dynamics. The analysis of videos collected from participants has demonstrated notable

differences in blink patterns when wearing contact lenses compared to when they are not.
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Specifically, subjects wearing contact lenses exhibited reduced eyelid movement, slower blink
speeds, an increased number of incomplete blinks, and altered blink interval patterns. These
changes suggest a direct relationship between contact lens discomfort and modifications in
natural blinking behavior. Furthermore, the increase in eye redness, particularly in the temporal
sclera region, highlights the physiological impact of lens wear, possibly due to irritation,

dryness, or mechanical friction.

A critical aspect of the study was the validation of the blink characterization algorithm against
high-frame-rate cameras traditionally used in clinical environments. The findings support the
feasibility of using ubiquitous smartphone cameras for blink analysis, thereby facilitating data
collection outside the clinical setting. The ability to monitor and classify blinking sequences
using self-recorded videos has the potential to provide valuable information to clinicians
regarding contact lens adaptation, particularly among presbyopic patients. The results indicate
that subjects without contact lenses exhibited a more uniform blink pattern, forming a distinct
cluster with 85% of the recorded data. In contrast, individuals wearing contact lenses
demonstrated higher variability, particularly presbyopic subjects. This heterogeneity is largely
influenced by scleral color differences in the nasal and temporal regions, as well as by
variations in blink dynamics, suggesting a more complex adaptation process among this
demographic. These findings reinforce the necessity of personalized contact lens adaptation

strategies to mitigate discomfort and potential ocular surface damage.
Conclusions:

The study's findings underscore the importance of developing digital tools capable of
continuously monitoring blinking dynamics and ocular surface changes in real-world
conditions. The implementation of a hybrid mobile application using Angular and Ionic
frameworks allows for efficient data collection, integrating environmental variables without
compromising patient privacy. The results confirm that humidity is a dominant factor
influencing blinking behavior, which should be considered in the development of contact lens

materials and adaptation strategies.

Moreover, the observed differences in blink characteristics between contact lens wearers and
non-wearers indicate that lens-induced discomfort can be effectively assessed through scleral
redness and blink frequency deviations. The ability to classify subjects based on blink
uniformity and scleral color features provides a new avenue for evaluating contact lens fit,

particularly in presbyopic patients. The study also demonstrates the feasibility of using
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smartphone cameras for blink analysis, opening possibilities for large-scale data collection and

big data applications in optometry.

In conclusion, the findings highlight the need for personalized approaches in contact lens
adaptation, especially for presbyopic individuals who exhibit greater variability in blink
dynamics and scleral coloration. Further studies incorporating larger sample sizes and diverse
environmental conditions are necessary to refine these methodologies and enhance clinical
decision-making regarding contact lens comfort and fit. The integration of blink analysis with
self-reported ocular symptoms can provide a comprehensive assessment, ultimately improving

patient outcomes and contact lens user experience.
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1. HYPOTHESES, OBJECTIVES AND
STRUCTURE

1.1 Work Hypothesis

With the use of smartphones, tablets, computers and environmental sensors through internet
connectivity, it is possible to create a system to collect and monitor clinical data, patient-

reported outcomes, and environmental data to characterize the performance of contact lenses.
1.2 Principal Objective

To develop an application for mobile phones, tablets and computers that is capable of collecting
large-scale data on ocular behavior with contact lenses, including objective factors through

blinking and visual characteristics of the eye and subjective data on patient comfort.
1.3 Secondary Objectives

1. Develop a web application to collect objective and subjective data from the patient;
videos of the eye and users’ information, and its environment; temperature, and
humidity.

2. Connect to weather and air contamination stations using geo-localization to access
additional environmental information.

3. Develop algorithms using image processing and artificial intelligence to extract eye
physics parameters from eye videos.

4. Generate an extensive database by automatically connecting the web application and
the workstation used to process the eye videos.

5. Produce preliminary results on a small data set to study the feasibility of the project.
Use big data techniques to statistically analyze the small pilot database generated for
classification, diagnosis, and prediction purposes related to the adaptation of different

types of contact lenses.

After an introductory chapter with a bibliographic review on the subject, the methodology
developed in the doctoral thesis to meet the previous objectives is introduced, consisting of: a
description of the computer development of the application (app) developed, imaging

algorithms for blink characterization with and without contact lenses, color-based imaging
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algorithms for monitoring the impact of contact lens use on the sclera and conjunctiva, and a
method for generating and classifying data for the database to be generated. Finally, the results
chapter details the initial analyses on the generated database, as well as several big-data
algorithms that could be used. The thesis is completed with conclusions, bibliography, and

appendices.
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2. INTRODUCTION

2.1 Main Topic

The framework in which this thesis is presented is given by the participation of 3 institutions,
Alain Afflelou Portugal, Mark'ennovy England, and the Complutense University of Madrid, in

a European Project that aims to solve the problem of presbyopia in a way personalized.

This project is based on the premise that presbyopia is an ailment that affects the entire
population from an advanced age that we can place at 50 years. Because the European
population in general is one of the oldest and has a very high life expectancy (1), it can be

stated that this population lives and will live a large part of its life with presbyopia (2).

However, although presbyopia has been the effect of several studies and there are also
numerous techniques that provide a partial solution to this defect, currently there is no method
that can provide an ideal solution to this problem that involves the restoration of correct vision

at any distance (3).

The objective of this European project can finally be summarized as offering a therapeutic
solution for presbyopia based on the particularities of each patient. The proposed solution is
the use of new contact lenses, which means taking into account all personal characteristics and
particularities, including the environment in which each person develops and the activities they
practice daily. The proposed solution includes two different objectives. On the one hand, the
development of new contact lenses that have the characteristics more personalized to the
presbyopia population, which can be split into two different objectives. The first is the
development of new optical designs with superior quality and the second objective is the
development of new materials to limit the discontinuation of the tear film layer and reduce its
early evaporation (4). On the other hand, the second main objective is the development of new
technological tools to predict the best contact lens for each patient and monitor the fitting
process beyond the optometrist’s consultation room, which is divided into three different tools.
The first tool consists of a Patient Reported Outcome (PRO) instrument, a computer adaptive
system (CAT) with better precision and sensitivity to obtain subjective information from the
patient for further clinical diagnosis. The second tool consists of a computer model to simulate
the interaction of the contact lens with the eye, predicting the response of the eye and the
adaptation of the new developed contact lenses. The third objective consists of the developed

and proposed thesis and aims to develop tools to collect data.
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Each one of the objectives stated above will be achieved in two steps. The first one consists of
the development of new technology, and the second one is a validation in a clinical trial of the
method or the obtention of new information that will measure the improvement of the

therapeutic solutions proposed.

Finally, the work developed in this thesis consists of collecting all the possible information that
allows us to identify and monitor the meteorological and air pollution conditions in the
environment of the presbyopic patient, as well as the clinical parameters and subjective results

provided by the patient about the use and comfort of contact lenses.

To carry out this work, first we investigate with an explanation the phenomenon of presbyopia
to subsequently identify all objective parameters related to the environment and air pollution,
as well as signs of discomfort or relevant clinical parameters. Patient adaptation to new contact

lenses.

2.1.1. What is Presbyopia?

The normal behavior of the accommodation of the eye occurs when the ciliary muscle contracts
to make the lens thicker, decreasing the lens focal length and increasing the lens power, to see
clearly near objects. When the ciliary muscle is relaxed, the lens becomes thinner, increasing
the lens focal length and decreasing the lens power; so far, objects are clearly visible. Eye
focusing is the ability to see clearly an image at a certain distance because of the correct

recollection of its light rays and is intrinsically related to the lens focal length.

Ciliary muscle
contracted

Ciliary muscle
relaxed
Suspensory

Suspensory ligament relaxed

ligament taut
Lens thickens
Lens thins

(a) Distant vision (emmetropia) (b) Near vision (accommodation)
Figure 2-1

Figure 2-2: Accommodation of the lens with distant and near vision. This work by Cenveo is licensed under a Creative

Commons Attribution 3.0 United States (http.//creativecommons.org/licenses/by/3.0/us/).

Presbyopia is the physiological inability of the ciliary muscle and lens system to focus on a
target near the target (5). Inefficacity in accommodation is associated with aging of the eye that

results in progressively worsening ability to focus clearly on close objects. With age, the ability
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to restore focus from near to far is also affected. Presbyopia is due to lens atrophy and its
inability to change shape and change lens focal length through mechanically applied changes

in zonular tension (tension due to ciliary muscle contraction) (3,6).

To restore the accommodation, different methods are available very different from each other
that where tested and have their own advantages and disadvantages (3,4). Their focus is related
to dry eye symptoms and symptoms due to aging and predisposition to suffer from this disease
(7). From the methods stated, special attention was paid to the cost-effective techniques stated
in the literature, which are spectacles lenses and contact lenses. Furthermore, both techniques
have not suffered sufficient changes during the last decades, and innovation on quality of vision
has barely improved, and no additional patents or methods have been implemented to reach

continuous improvement by adapting the solution to each unique human eye condition (8).

In terms of quality of life improvements and optical limitations due to the relative position of
the lens provided by spectacles (3), and in the same line as concluded in the study (9) which
aims to determine the health-related quality of life associated with presbyopia, the justification
for the study of the contact lens is made. Furthermore, from a study performed to compare the
preferred vision correction, it was concluded in both cases that patients with presbyopia will

prefer the contact lens solution if comfort and visual quality are reached (10).

2.1.2. Contact lens fitting. Main issues and variables of influence retrieved from

literature.

In addition to improving quality of life and, specifically, better appearance and fewer
restrictions on activity, the adjustment and fitting of contact lenses for a particular use for each
specific patient becomes tricky. Contact lens use, especially for presbyopic patients, can be
associated with many complications (11), ranging from induced dry eye and discomfort (12),
to mucine ball, corneal neovascularization, keratitis, among others that cause discontinuation
of use. Several studies have investigated the use of contact lenses by patients to study factors
that affect discontinuation of use. The main factors of abandonment are the appearance of

ocular symptoms. The main ones as cited above, are dry eye and discomfort (11-14).

As the principal objective of the contact lens in presbyopic patients is to correct the vision, and
it is the first requirement imposed by the patient, the optical design is an important aspect to
consider. A recent study involving presbyopic patients has been conducted using different

optical designs, going from spherical designs to multifocal designs (15). It shows that the
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multifocal designs are penetrating the market for this age group and the main daily problems
encountered can be easily solved by additional counselling and instruction. This is in
accordance with the following review (16) that enlighten us with the principal visual problems
found while fitting multifocal lenses allowing the patient to have the best visual acuity in the

different vision ranges (near, intermediate and far).

Another key factor to the fitting of contact lenses related to comfort is the material type and
the frequency of replacement. We can find different contact lens types going from soft to rigid
ones. In particular, the soft contact lenses group is composed of silicone contact lenses or non-
silicone contact lenses (17). Additionally, different disposal liquids for contact lens care are
available that are intrinsically related to the type of material and the frequency of renewal. All
the different aspects related to material and the care products of contact lenses are there to

provide the best experience for the final user and adapt to each different patient’s eye.

Considering the results of the small review literature related to contact lens fitting, we approach
the next chapter of this thesis considering a further and deeper study on the main variables to
obtain from the eye patient and environmental conditions and the illnesses related to discomfort
and contact lens discontinuation for the purpose stated on the objective of this thesis and this

introduction chapter.
2.2 Telemedicine and optometry

The use of informatic technology in the field of medicine plays a crucial role in improving the
healthcare system. Well-structured information about patients and easy access to these data
provided by the use of Information Technology (IT) plays a crucial role in the efficiency of
patient attention and the efficacy of the proposed treatment that results in improved health and
satisfaction of patients(18). In the healthcare field, mobile apps are used to prevent, diagnose,
and treat patients. The use of mobile applications by patients in a medical environment aims to
expand patients’ knowledge of his health and to provide different tools to improve his quality

of life, to obtain medical resources and assistance in real time.

The World Health Organization (WHO) defines eHealth as the cost-effective and secure use of
information and communications technologies in support of health and health-related fields,
including healthcare services, health surveillance, health literature, and health education,
knowledge, and research (19). The mHealth concept defined also by the WHO and is related to

the use of mobile phones in healthcare will be the topic of this brief introduction.
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Mobile apps are being used in many fields of medicine nowadays in all 3 differentiated stages
that a patient goes through while facing a disease. Examples of different mobile phone apps for
healthcare will be shown related to the main medical fields that involve the diseases related to

the leading risk of global death (20).

Related to the chronic diseases of aged patients we can find eCAALY X ® as an example of an
app. It is a remote monitoring system for the elderly who have various chronic diseases. This
application (monitoring system) acts as an informed intermediary between the sensor worn by
the patient and the web accessible by clinicians. This system, on the one hand, alerts the
clinician once the measurement and location of the sensor (geographical position of the subject)
has been collected, also notifying the patient. This system also performs a small analysis of the
patient's health status through the data collected, detecting anomalies in the functioning of the
cardiovascular system (tachycardia) or respiratory deficiencies related to respiratory infections.
In addition, there is a graphical interface for the patient/user that allows viewing medical

reports, collected data, and contacting health professionals (21).

One of the leading risks of the chronic disease and an important factor in global death is obesity
(22). An example of a study implying mobile phones is ‘My Meal Mate’ (23). The design of an
app to help patients lose weight that self-monitors physical activity, diet, and weight and gives
feedback via text messages. It has a large database of UK-branded food products. The use of a
smartphone implies that the patient is more likely to continue with the good habits of health
and have access to this information easily and trustfully as the videos of good habits related to

weight loss were validated (24).

Related to the disease of young patients, the resources and information of the patient are crucial.
An effective management of chronic disease allows the patient's health to increase, and it
avoids hospitalization. The integration of the smartphone into our daily life made it possible to
assess patients about their disease allowing a better understanding of the action that needs to
be taken to increase the health status of patients. This pilot study intends to design and test the
implementation of a Telemanagement diabetes system involving healthcare professionals,
patients, and patient's family members as the diabetes type 1 illness affects children. This study
implemented a system to make the patients change is behavior by acting on their treatment
protocol and lifestyle to improve their health based on the data collected on blood glucose

levels (25).
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Related to mental health diseases, smartphone devices offer diverse opportunities for
enhancing mental health care, such as collecting dense and varied data for diagnosis and
monitoring, utilizing machine learning for personalized insights, and connecting users to
clinical care, peer support, emergency services, and innovative therapies beyond the app itself.
In this field, there are two types of data, active and passive. Active data typically involves
smartphone-based surveys like symptom monitoring or ecological momentary assessment,
offering insights into patients' clinical course. Passive data, automatically collected through
sensors, offer insights with reduced patient burden, enabling understanding of mental health
experiences in context. An example of this type of data is the location of the patient to
understand the life journey (26). The following article (27) shows all the results of the current
studies where smartphone-supported psychological interventions reduce anxiety. Another
example of use related to mental health is the Woebot (28): The study demonstrates that a text-
based conversational agent designed to mirror the therapeutic process has the potential to offer

an alternative and engaging method of delivering CBT (Cognitive Behavior Therapy).

In addition to mobile apps, wearable devices use 9DoF sensors (accelerometer, magnetometer,
gyroscope) for sports fitness and health monitoring. The following review (29), covers motion
tracking devices (e.g., MotionNode Bus, Opal) and wrist-worn commercial devices (e.g., Fitbit
Flex, Withings Pulse) for fitness tracking accuracy and ease of use, addressing challenges and

solutions in comprehensive health monitoring.

Following the thesis purpose, many apps have entered the marketplace and are accessible to
the general public on ophthalmology. The development of tele optometry holds innovative
promise for the future; Its purpose is to prevent, diagnose, and treat in time, to provide timely
attention to any kind of visual disability (30). In the review cited, the following applications

have been studied by the three differentiated purposes.

Regarding the prevention of diseases, numerous applications have been found in the market
mainly related to facilitating the interaction of patients with eye problems and visual disabilities
with different electronic devices such as computers, mobile phones, and tablets to facilitate the
performance of tasks such as reading messages, learning processes, or simply making calls.
Furthermore, in these same applications and others, services have been found, such as primary
care, information on ocular pathologies related to systematic diseases such as diabetes,

hypertension, or thyroid. Numerous apps have also been found related to educating patients
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about preventive eye care and correction systems, such as contact lenses, to prevent or help

monitor and evaluate ocular pathologies.

Related to diagnosis, the apps that can be found on the marketplaces and or take part in clinical
studies, focus on acuity, perception, and the visual field. These applications seek to clearly and
precisely analyze and identify the ocular problem or pathology that must be treated. Examples

of applications are stated in the next paragraphs that were reviewed on the literature.

SmartOptometry and Peak Acuity are two apps to measure visual acuity without the need for a
clinician or a consultancy room or neither clinical knowledge. Both apps includes several tests
to be done by the patient in an easy way that offers acceptable correct visual acuity estimation
results. The methodological study to furthermore validate these 2 applications concluded that
the use of these applications were feasible and accurate to estimate near and distance visual
acuity although more extended clinical studies involving more patients will be needed to

validate the results (31).

VisionApp is an app for telemedicine that provides their users with booking an ophthalmic
teleconsultation but also provides through diverse tests the best corrected visual acuity. This
application self-testing has been studied for validation as it proposes an innovative way to test
the best corrected visual acuity through smartphone and it is intended for a pediatric use. For
the results of 30 participants the study concluded that the results obtained with the proposed
method agrees with the classic clinical measurements but further validation studies were

needed to propose this innovative telemedicine solution to the children. (32)

Applications in the field of ophthalmology to treat patients, in the literature, 3 types have been
found: firstly, a digital tool designed to support users of contact lenses in adapting, controlling,
and monitoring; secondly, apps aimed at enhancing patients' comprehension of cataract surgery
procedures and improving their satisfaction; and thirdly, apps intended to oversee the treatment

progress of individuals with glaucoma.

The success of applications in the ophthalmic field, focusing on the patient, is intrinsically
related to a good eye care routine and can be translated to the mobile app domain to generate a
promotional approach in self-care activities based on visual health, with visual screening,
detection of visual alterations and ocular pathologies. The final purpose of mobile phone
technology in medicine for the clinician is to be able to assist in real time, personalizing medical
care options and monitoring the progress of the disease, to expand patient knowledge and

support physician-patient communication, which contributes to improving treatment (30).
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2.2.1. State of the art

In the optometry field, more related to the final aim of the work of the developed thesis, 12
apps will be summarized to make an idea of the current state of the art. These apps are the most

used in the optometry and ophthalmology fields.

The Eye Handbook app offers different features for ophthalmologists and eye care workers.
The features proposed go from educational videos for patients, evaluative tools to make eye
tests, reference, and educational tools for physicians and optometrists’ calculators, and other
other-office-based tools. The features proposed are immense from near vision cards and color
vision plates, passing by a huge dataset including eye diagrams and eye movies among high-
resolution images to illustrate anatomy and all different pathologies to patients, translation of
commonly used ophthalmic terminology, a list of diagnoses as a color-coded diagram of retinal
drawings, questionnaires for commonly encountered ophthalmic diseases, and a summary of
benchmark studies in ophthalmology, dry eye calculators, ocular trauma score calculator, age
to bifocal add among others. A forum is also available where all the users (physicians,
optometrists, and ophthalmologists) can interact with patients' cases and media features are
present to learn about the latest techniques used in the field. At the moment the application has
been downloaded more than 4.18 million times and already accounts for more than 60.18
thousand registered users with more than 22 thousand average active users per month, and 1
million total unique user devices. The app entered the marketplace in 2009 and was developed

by Cloud Nine Development (33-35).

Eyedock(36) is a user-friendly design app designed by optometrists for optometrists. It’s a
resource with all the information related to eye care. It includes data related to treatments for
ocular disease, contact lens brands or drugs, and tools to calculate CL (Contact lens) power. it
is regularly updated to help the optometrist find information. To unlock all the features
proposed, a monthly membership payment is required. The additional features are advanced
contact lens parameter search, rigid gas permeable and specialty contact lens database with lens
detail and fitting guides available, additional ocular conditions database where are available
200 ocular conditions with symptoms, signs, differentials, workups, treatments among other
information, ICD-10 codes database explained including diabetic retinopathy coding widget
and finally advanced tools and calculators as oblique cross cylinders, Parks 3-step utility,
Plaquenil Risk, and Meridian power calculators. The app was released on 11 February 2010

and was developed by Todd M. Zarwell OD, FAAO.
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By the same developer as Eyedock, the Eyescholar(37,38) web app a tutorial for Optometrists
doctors reached the internet on May 29, 2020. With a yearly subscription fee, you can access a
tool that helps optometrist practitioners enhance their skills in refractive error measurement
with refracting instruments and retinoscopy with trial lenses without the need for the instrument

or the patients.

In addition to the Eyescholar and the Eyedock Apps Todd M. Zarwell OD, FAAO also
developed a very used application called the Parks Three-Step Test(39) (also known as the
Parks-Bielschowsky Three Step Test as well as the Parks-Helveston 3 Step test). It is used in
the ophthalmic field to isolate a paretic extraocular muscle in acquired vertical diplopia or
double vision. It is not effective for use in assessing horizontal diplopia and it is not reliable in
patients with prior strabismus surgery. The test is more reliable with recent onset diplopia.
Because of the spread of concomitance, eventually, the muscle actions that the test relies on
become more difficult to isolate. By calculating the vertical deviation in the primary gaze, left
and right gaze, and right and left head tilt, Park's Three-Step Test can eliminate each muscle's
primary field of action. Eventually, the affected muscle will be the only one remaining. It was

released on April 29, 2014.

OpTranslate is a mobile phone app that helps optometrists conduct eye exams on non-English
speaking patients. Developed by ocular media, it has translation in 12 languages including
Hindi, Mandarin, and Farsi among others to help train eye care professionals into competent
multi-lingual practitioners, expanding their range of practice and enhancing the doctor-patient
relationship through improved communication. Its final purpose is to train practitioners to
extend their knowledge without the limitation barriers of languages. The app includes a full
comprehensive eye exam, contact lens exams, binocular vision testing, and pre-written
diagnoses. It has also an educating the patient module that includes helpful written explanations
and diagrams to enhance the patient's knowledge of the problem suffering the patient to get a
better result on the communication behavior between eye care professionals and patients.
Furthermore, an Educating the Doctor module to enhance the language of the clinician on
foreign language terms with quizzes and tests to enhance the doctor's capabilities and
communication with patients who only speak a foreign language. Finally, a podcast in French
and Spanish to accompany the written lessons in this translation guide is also included. At this
moment the application is free for usage and doesn’t need any payment to unlock the full
features provided. It links to additional tools as Google Translate to help patients and

optometrists. I'T was released on July 25 2018 and it was developed by Dmitry Richter (40).
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EPOCRATES is a web service and mobile application used by healthcare professionals. First,
started as a pharmacology reference but furthermore, expanded to include a variety of medical
reference materials and tools such as calculators from reference tables. It is also used as a
clinical decision-support system because it has features such as history and exam findings,
diagnostic confirmation and treatments, and many references and calculators. The final purpose
differs if used as a free or paid tool. The free access version provides reliable, comprehensive,
and easily navigable service for looking up information about medications uses, dosing
contradictions, reactions, interactions, pregnancy, pharmacology, and more. For the
professional version, decision support tool, including disease information, support for
alternative medicines, infectious disease treatment and laboratory panels, and normal values.
The information is accessible through the search taskbar and appears as bullet points or other
shorthand. The information is displayed on three or four pages depending on if it is used as a
free or professional app. The app was released on January 14 2009 and it was developed by
Epocrates (41).

GoodRx is an App for healthcare professionals that promotes awareness, access, and
adherence. It helps the clinician to compare savings across pharmacies, classes, and
manufacturer copay cards, confirm brand drug is covered by patient insurance, and help the
patient save without being part of the brand advertisement. It proposes patients discover
affordable alternatives by easily comparing brand and generic options, along with other drugs
in the same class. Its purpose is to help the patients with the financial aspect, proposing to the
clinician a tool to check the insurance coverage of the patient and to share coupons with
discounts on the drugs needed, and easily compare brands and generic medication among
pharmacies in an area through zip code. The final goal is a way for consumers — insured or
not — to sort through our confusing, frustrating, and expensive healthcare system. And find
the treatment they need at a price they can afford. To access the app a paid membership is

required. The app was released on August 10, 2016, and was developed by GoodRx (42,43).

OCTaVIA(44,45) (Optical Coherence Tomography Visual Atlas) is a collection of OCT
(Optical Coherence Tomography) images and reference information for multiple ocular
diseases and retinal conditions. Its purpose is to help the clinician to diagnose 100 different
ocular diseases from the use of OCT images. It includes a dataset of OCT reference images to
aid in patient diagnosis and care. The images can often reveal retinal disease conditions before
the patients become symptomatic. Additionally, information related to disease descriptors of

OCT images is available and links to other additional information are available. The app
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focuses on retinal diseases. The app targets optometry and ophthalmology students and
practitioners to easily get OCT images with specific diseases to train and enhance the diagnosis
stage. The date of release was October 31, 2018, and it was developed by Elena Biffi, OD,
MSc, FAAO.

ICD10 Consult is an app that proposes an easy way to understand electronic medical records
without the need for extensive research. Includes more than 10,000 acronyms and synonyms.

The features available are:

e Deep code analysis allows easy handling of laterality, encounter, and staging codes,
letting the app do the work of finding the perfect code

e Add your custom notes to any code which will appear seamlessly within search results

e Tens of thousands of medical acronyms and synonyms are transparently cross-
referenced to let you search using the terms you are used to; e.g. "MI" to "Myocardial
Infarction"

e Search term flexibility understands that, for example, 'vertebrae' matches 'vertebra' and
'ovarian' matches 'ovary'

e ICD-10 tabular and alphabetical indexes integrated and simultaneously accessed to
maximize results

e Instant linkage within code descriptions

e Coding guidelines as well as section and chapter instructions tightly integrated

e Know a glance if a code is valid for reimbursement or if more specificity is needed

e Browse diagnoses by chapter, section, and subsection; search within specific
hierarchies

e Favorites list allows quick access to your most common codes, with groups to organize
them

e Convert ICD9 codes to ICD10 by name or by code number

The app was released on March 4, 2010, and was developed by Evan Schoenberg.

9 Gaze (46) is an easy, quick, and efficient way to document eye motility and strabismus in the
9 cardinal positions of gaze. The app provides an on-screen guide for eye positioning to assist
with image consistency through all 9 photographs. 9Gaze app automatically creates a

composite image of the 9 photographs for easy exporting. Its purpose is to assist the clinician
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in the diagnosis step by providing a tool to document eye motility and strabismus in the 9
cardinal positions of gaze. Related features are:

e Ability to use the selfie cam (iOS (iPhone Operating System) only)

e Formatted for "notched" iPhones (iOS only)

e On-screen guide for placement of eyes

e Automatic creation of the composite image of all 9 positions of gaze

e Ability to skip gaze directions

e Re-take any picture

e Turn the flash on or off

e Landscape and portrait modes

e Ability to document name, medical record, date of birth, and date of composite

e iPad and Android compatible
It was released on March 20, 2017, and was developed by See Vision, LLC.

Eyetube (47) is a video-sharing ophthalmology Platform where you can find high-quality
ophthalmic surgical videos, educational series, spotlights, etc. Eyetube’s mission is to foster an
engaging physician community across all of the eye care, powered by user-generated content.
Its feature is an organized video-sharing platform where it is possible to connect with a global
community to advance patient care and promote innovation. More than 135,000 members
around the world watch 2,500 videos on Eyetube every day. It was released in March 2008 and
was developed by Fyra Digital.

Feyenally (48) is a camera-based eye test for remote eye examination app. MDR (Medical
Device Regulation) and FDA (Food and Drug Administration ) regulations certification has
been submitted for further acceptance. Its purpose is to obtain the eye refractive error of patients
remotely and automatically through a mobile phone app to make this task less resource-
demanding to reach the population that can’t afford professional eye care services. Features
and solutions included in the app are eye refractive error verification with a mobile device. It
is a unique combination of objective methods used to define the refractive error of the eyes.
The test takes just a few minutes and requires nothing more than your mobile device so, there
is no need to visit the specialists in public places while taking the test. It was released on

January 4, 2024, and developed by Gepetto Sp. z o.0.

Not far from describing the most important apps in the market for optometry, an important

study of visual acuity apps found in the i0os market in 2021 concluded that neither of the current
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applications were able to be used in a telemedicine purpose even if some of the applications
were accurate and reliable to many different mobile versions(49). The fact is that the technology
needed cannot be still reached as the amount of pixels displayed on the screen is not enough to
develop a test able to produce a low average mean error at small distances (35-50 cm). The
only application that was able to produce an accurate result needed a distance of 4 meters
between the mobile phone and the user. Additionally, most of the applications had randomized
letters as targets for their tests and this will not make possible to corroborate the results by the

clinician in a teleconsultation.

In summary, despite the quick rise of eye care apps, there's a noticeable lack of professional
engagement in their development and a deficiency of peer review post-publishing. This
underscores the necessity for adopting evidence-based guidelines and standards in app creation
within this evolving field of modern eye care, aiming to enhance the quality of future mobile

health applications (50).
2.3 Digital Image processing

In 1920 the first image was sent through a transatlantic wire using telegraph codes. In the first
stage the image only had 5 levels of grey that 1929 they were able to improve to 15 levels. The
use of the transatlantic wire reduced the time to of travel of an image between the two

continents basically, to be able to publish news with pictures in a faster way.

The first digital image is released in 1957, is a picture of a baby with 176 pixels in one side.
The first manipulation of an image is related to 1964 when the reception of images from the
Ranger 7 spacecraft from the Ranger Program that successfully transmitted to earth the first
pictures of the moon. Due to the system used for image transmission, 3 different important
image correction were performed with the use of computers. The first one was to solve the
distortion caused by the differences of image scanning of the vidicon in the spacecraft and the
cathode ray-tube used to reconstruct the image. The second one was due to the irregular
response of the cathode ray-tube and the third one due to interferences of the TV signal caused

by the spacecraft electronic systems.
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Figure 2-3: The first digital image © Walden Kirsch, CC BY-NC-SA4 2.0

Three different type of image processing exists and solved different types of problems during
the late XX century. In 1990, Hubble telescope was launched to stratosphere to perform
different missions that were related to expand the knowledge about space bodies such as
galaxies and pluton planet. As first, it was found that the lens suffered from spherical
aberrations but indeed the quality of the image obtained was slightly better than the best
planetary telescope. The images tried to be enhanced with computers (digital processing) but
in the 1993, optical processing was performed reaching the telescope and correcting the
aberrations of the lenses. The last processing technique is the analogic, and this one is better
understood as the different options for enhancing the quality of the images of TV changing the

contrast or the luminosity intensity from the TV menu and performed with electronic devices.

In fact, a digital image is the one consisting of a two- or three-dimensional matrix array that its
values are discrete. A sample is an image consisting of a matrix array with continuous values
that correspond to the integral of the radiation during the exposure time of the electromagnetic
sensor for example, an image from a television. A very good example of an optic image

correction is the use of current lenses or contact lenses to enhance the visual quality.

Digital image processing considering the definition stated on the paragraph below, the analysis
or processing of an image is the numerical representation, actions and operations with the
numerical information to obtain a transformed image. The elements of the numerical
distribution of a digital image are called pixels and the values usually are related to the intensity

of gray level.

Digital image processing is a cross discipline in nature. Knowledge needed to process images
are vision science, computational science and numerical computation among others and a

minimum information related to the domain is going to be applied. Different fields are used to
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produce valuable information from digital image analysis that goes from medicine and its
different branches through automative and robotics, military defense and any other field were
images are involved and valuable information could be extracted. In addition, digital image
storage in computers are done in a certain way to enhance the efficiency conserving the amount
of information the discrete image is proposing. To understand better the image and video

formats intrinsically connected to their properties, the storage system needs to be explained.

As we already know, the image display can be analogic or digital depending if the brightness
value obtained from the sensor has been discretized or displayed based on a 3 2-dimensional
function continuous to continuous. When the values are discretized for computational analysis,
the discretization in grey level (most common) is done according to 256 values that is the
number of levels that can be labeled with 8 bits (or 1 byte) that goes from black 0000 0000 to
white 1111 1111. It is known that gray level images are 8 bits deep. With this explanation we
can relate the computer science to the image processing as it is very known nowadays that
capacity and storage of different devices are measured in megabytes, gigabytes and terabytes.
An example of storage devices nowadays most used are the computer hard disks that typically

have hundreds of gigabytes.

The image processing follows the next flowchart where the steps are clearly differentiated in
the next subchapters. We have to consider that this process includes a collection of hardware

(equipment) and software (computer programs).

2.3.1. Image acquisition system

It can be different types of systems depending on the sensors used and type of rays captured.
Most common image acquisition systems are related to electromagnetic spectrum and captures
visible lights as photography. Radiofrequency, microwaves, infrared wavelengths, X-rays and
gamma rays produce respectively magnetic resonance imaging, radar imaging, thermography,
medical or astronomical or industrial imaging and nuclear medical or astronomical
observations. Additionally acoustic waves can be captured for geological exploration or
echography depending on if it is high or low frequency sounds. Electrons can also be captured
for microscopy and synthetic images nowadays can be created using Generative Adversarial

Networks a machine learning framework.
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2.3.2. Image storage

This is possible after converting the continuous image using an analog-to-digital converter
(ADC) to store the digitalized image. The image can be stored temporarily on the RAM
(Random Access Memory) of the computer or permanently on the different optic storage
devices. Different software available in the market can organize the image set in an efficient

way in mobile and desktop devices.

2.3.3. Image analysis

In this step, once the image is obtained and stored, processing software is needed to manipulate
the image. Examples of image processing software are OpenCV, Lightroom, Matlab, ImageJ,
Photoshop, GPUImage, Pytorch, Keras among others. The software selection is considerably
related to the hardware characteristics available for this purpose. The use of mobile phone for
image processing is different from the use of a Personal Computer with a dedicated graphic

card, as the computational resources available are higher in that case.

The optimum choice hardware - software is intrinsically correlated with the final analysis
purposes, as the different techniques for image transformation require different equipment and
software. To understand better the needs, it is very important to know the objectives and the
capabilities of the resources available. There are five different classes of image processing
techniques that are image enhancement, image restoration, image analysis, image compression
and image synthesis. Each one of these classes will be developed in the next paragraphs with

examples of different techniques.

2.3.3.1. Image enhancement

Image enhancement in other words is to make the image look better for the observer or to be
in better shape for further image processing techniques as for example image feature extraction.
The types of image enhancements mostly used are contrast adjustments, histogram

equalization, denoising, image filtering and decorrelation (to enhance color differences).

2.3.3.2. Image restoration

In comparison to imagen enhancement, image restoration uses probably the same techniques
but for an objective purpose, to eliminate and correct all the different degradation suffered
through the digitalization process. It includes very important phenomenon called noise. The
noise in an image is a variation of brightness or color information. The identification of the

noise type and the cause of the noise can be case of study. In general, the most common
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differentiation of noise studied are the spatial domain noise model and the frequency domain

noise model with the exception of the sinusoidal noise functions.

The spatial noise are random numbers characterized in general by a probability density
functions or similar and by the cumulative distribution functions. Specific functions in different
image processing software are used to simulate noise but in general, with the application of
random functions to generate random matrices to assign values for some pixels of the entire or
part of the digital image to corrupt it are the most common technique. For example, assigning
a value of 0 (dark pixel) to some random pixel of the image is called pepper noise and if we
assign the value 1, it is known as salt noise. An image containing white pixels in dark areas
and black pixels in bright areas is called salt and pepper noise and it is due to analog-to digital

converters error.

Gaussian noise is another spatial domain noise that arises during the acquisition of the digital
image. Here the noise follows a gaussian distribution and it is due to the sensor used for the
acquisition. The principal causes are the interferences produced by electronic circuits and the
temperature. Shot noise is due to photons reception variation due to sensor characteristics that
varies at a level of light intensity. Compared to the gaussian noise shot noise follows a Poisson
distribution. Lastly the mapping to convert a sample into a digital image is called quantization

and produces uniform noise.

In the frequency domain and spatially dependent noise, a typical example is the periodic noise.
This is found when the image is captured with electrical interferences. It is spatially dependent
because we can observe the results of the noise applied to the entire image following a spatial
pattern. As this noise repeats in the same way and equally spaced pixels, in the frequency
domain after the application of the Fourier transforms to histogram of intensity levels, the
visualization of the noise can be characterized as a spike. The periodic noise is usually visible
in the image and can be corrected if it is characterized (peaks detection) in the frequency

domain function or if there is enough knowledge about the frequency of the interference.

To restore the image and reduce the noise effects, for the spatial domain noises, there are
different filters to apply and can be classified as linear, non-linear and order-statistic filters.
Average, median, maximum and minimum, erosion and dilatation filters are an example of
spatial denoising. In addition, adaptative spatial denoising, a more complex filtering resulting
in a better outcome, can reduce noise effectively and the output of the filter changes not only

due to the transfer function (average, median, maximum value) but also depending on the
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parameters set as a threshold (the variance of noise distribution) or a change in the window
size depending on the value of the reference pixel in comparison of the median, minimum and

maximum value.

For the images affected by periodic noise, three types of filters using frequency domain are
used (band reject, band pass and notch). As the noise can be characterized as a peak in the
frequency domain using for example, the Fourier Transform function, the objective in this case
is to isolate periodic interference. The most used is the notch filter and it consists of modifying
the Fourier transform of an image and then computing the inverse transform to obtain the
processed result in the spatial domain. To understand the effect of the notch filter first it is
important to know that low frequencies in the transform function are related to slow varying
intensity components in an image while high frequencies are caused by sharp transitions in
intensity, such as edges and noise. In general, a low-pass filter will attenuate high frequencies
while passing low frequencies resulting in an image blur. In contrary a high-pass filter will
enhance sharp details but cause a reduction in the contrast. In this way notch filters transfer
function is similar to high-pass filter transfer function whose centers have been translated to

the centers of the notches, meaning that a rejection of the periodic noise frequency (51).

2.3.3.3. Image analysis

The principal purpose of image analysis is to measure objects inside an image. To perform the
process, generally, the first step consists of segmenting the image to isolate to object to measure
furthermore. The principal techniques for segmenting and feature extraction are edge detection,

thresholding and color image processing.

Edge detections techniques (52,53) are based on the pixel intensities discontinuation detection
using first and second order derivatives to separate objects on an image that meet this
requirement. For the first derivatives a threshold is needed to locate all the important gradients
of intensities that are more significant than the threshold given. For the second derivative, the
edges are detected when the value of the second derivative has a zero crossing. From the edges
detected, geometrical forms can be located using the Hough transform function. The purpose
of its use is to link edges that can be discontinued by the noise available in the image and to
detect geometrical features like circles and rectangles to extract features from images. An
example of Hough transform use, is to extract the iris from an eye image using ellipse or

circular Hough transform to find the best candidate to segment the image (54).
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Thresholding (55) is a technique used to select intensity values from the histogram of an image
(pixel intensity versus the number of pixels available in the image). The identification of
separated valleys in a threshold signifies that there are 2 regions with different intensity values
that will probably segment the image into two different objects (generally separating the object
of study for its background). When the histogram doesn’t have a bimodal with a wide and deep
valley, optimized thresholding can be used to segment the image taking the histogram as an
input. The Otsu method (56), optimize the threshold considering the value that maximizes the

between-class variance. This value is obtained using the 0 and first cumulative function.

Adaptative thresholding (57) is a method that consists of the selection of a dynamic threshold
that it value will be different depending on the neighbor pixels. The adaptative thresholding is
used considering that a small region is less likely to suffer from non-uniformity of light
intensities or shadowing that will alter the results of the final thresholding misclassifying the

object region from the background.

The use of the color space is also possible for image segmentation to separate the different
features from an image that their main characteristic differentiation can be from the color

channel (58).

Additionally, to region segmentation can also be done using K-Means clustering, a machine
learning technique. This technique also can be used for color image processing segmentation.
In the following machine learning chapter, a more extensive explanation of the algorithm is

developed.

Gabor filter (59) is used for image segmentation. In the image restoration subchapter, we
studied spatial and frequency domain denoising filters. For the segmentation purpose, we
highlight the gaussian kernel and the sinusoidal kernel that are part of the output Gabor filter

function.

2.3.3.4. Image compression

In this step, the purpose is to optimize the memory required for image storage. The images tend
to have redundant information and are more likely to be sent electronically from a device to
another one. To have an idea of the memory needed a 512x512 pixels image is the same size

as a 40 pages text document.

To optimize the amount of data required to represent an image, it is important to understand

that the most used technique to represent digital image by given a value of intensity of each
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pixel of the image is not optimal for storage. The redundancy of information found in this
system has the following types: coding, spatial and temporal, and irrelevant information. To
store using computational language, the 8-bit codes have more bites than the needed to
represent the different intensities. The correlation between the different pixels intensities
spatially located and between previous and posterior frames (temporal domain), can be used to
simplify the image storage and eliminate redundant pixel information. The use of information

of images that are not detected by the human eye visual system can be eliminated.

Considering the different types of redundant information, different coding are available to
reduce the image storage needs by eliminating information or optimizing the storage by
simplifying or reducing the data. Two different compression types are loss less and lossy

predictive coding.

The Huffman coding are the most used techniques nowadays by software developers because
it is optimized considering the probability of use of certain symbol (intensity value or intensity
mapping) and the number of bits needed to code. This is done by creating a map of the
probabilities of use of each for example, pixel intensity value, and the code length of each
symbol that is translated furthermore to 0-255 intensity value will have a number of bits inverse
proportional to its appearance probability. This results generally in a final compression rate

above one without loss of information, which leads to obtaining the same image quality.

2.3.3.5. Image synthesis

The image synthesis is the creation of new images from the information available of analyzed
image or the data obtained from the analysis. Image synthesis is a more complex concepts and
it involves some or all the different steps seen before it is basically the obtention of knowledge
from the extracted features from one or different images, the measurement of an object from
the image obtained or the classification of all the images available in a set further feature
recognition. One of the most important image synthesis models used nowadays is the obtention
of information for a machine learning model to predict and classify the objects available in the
images. In the next chapter, the different machine learning models will be explored and the

relation between image synthesis and the purposes of machine learning will be highlighted.

2.3.4. Human eye visual system and artificial vision

To understand the image processing, the human eye vision system should be explained. The
final purpose is to achieve automatically, using computers, an analysis of images to obtain the

same knowledge and information as humans do with the observation of the world.
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The human eye vision system depends on the eyes in the same way as the brain. The eyes
receive light rays and basically transform patterns into images. The light rays bounce on an
object that reflects the light on the eyes. The light ray enters through the eye by the cornea and
goes through the pupil that its main function is to let the correct amount of light intensity.
Behind the pupil is located the lens of the eye to focus the light on the eye that helps to see the
object as a clear sharp image. On the back of the eye, in the retina, there are tons of tiny cells
around (130 000 000) that are sensitive to light that turns the light received into electrical
signals. The optic nerve function is to transport the electrical signal to the brain. In the retina,
a rough image is formed upside down of each eye, but the brain turns both slightly different
images to the correct position and combines them into a unique image. The brain additionally
adds a lot of details to observe complex shapes, movements, depth and many colors. In

addition, the recognition of the object is performed in the brain.

Having considered how the human visual eye system works, the image analysis can be divided
into 3 types of processes. In this sense, the division in levels of artificial vision can be also a
clear understanding of the deepness of the process. In the first low level vision class, it includes
all the transformations related to the acquisition software and hardware used to transform the
object into a digital image and prepare it (pre-processing) for further transformations. The
second level, corresponding to the intermediate vision class, includes all the functions and
transformations for the segmentation purposes. In this step we look forward to separating the
different textures, color or forms. It is usually the second step processing for furthermore
interpretation or automatic detection of specific objects corresponding to the high-level vision.
The last class is the nearest one to human vision, as the algorithms can interpret the object

requested.

2.3.5. Display the image

Finally, the transformed image needs to be displayed generally on a computer or television. In
this step the image is again transformed to continuous analog signal intensity, and it is possible

due to the use of the ADC for video display.

2.4 Machine Learning

Machine learning is commonly used nowadays for the purpose of predicting and clustering
data to obtain additional information to make decisions. It is used in the medical field to

diagnose stock trading to predict the market fluctuation, in the power plants to regulate the



28 2 INTRODUCTION

energy load based on the electricity consumption and for weather forecasts among others. The
main objective of machine learning is to learn from experience to recreate a model to predict
the future in an accurate and precise way. To obtain a model with the characteristics stated, it
is very important to have a huge and varied dataset. The model will improve as the information

given is more important and increases regularly to predict the future tendencies.

The use of machine learning with the raise of big data, has been developed in almost every
field from computer finance to image processing passing by manufacturing, transportation,
agriculture and natural language processing among others. This is because there is no need of
a function or formula to explain the phenomenon to be studied at it is based on the experience,
in other words, in the availability of data. The information available for the study of phenomena
usually is divided onto 2 groups or types, the prediction variables and the response data or in
other words, the information that can be measured or determined of a phenomenon and the
resulting or class expecting that will result from the object of study. If only information related
to the prediction variable and the class or group is not known, the model is classified as non-
supervised machine learning. If the variables from the experience can be classified or
continuous variable response can be obtained, for example, the prediction of the age of a patient
from the analyzed face feature (previous data of face features “predictive variables” and age of
the patient “response variable” are already known), the model is classified as supervised
learning. The supervised learning models depend on the characteristics of the response
variables. If the response expected by the model is a class, in other words, the variable is
discrete, for example, instead of predicting the age of the user we predict the generation where
he belongs, it 1s known as classification model. If the exact age of the user is giving in number

of years, it is known as a regression model.

The choice of the use of machine learning algorithms is intrinsically related to the amount of
information available for the study but also if the variation on the response doesn’t follow any
function or scientifical model, or if all the variables are not available and the error rate can be
neglected and won’t affect the system. Another important case to consider machine learning is
when the phenomenon is constantly changing and there is a need to consider a variability if the
response while using more recent data and in general the significant variable of interest is not

already recognized.

The first case, and an important accomplishment related to the understanding of epidemiology

through the information obtained from data was accomplished in 1854 by a prestigious doctor
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from London that helped to determine the cause of cholera. The use of maps to account the
deaths caused as a consequence of cholera in the south of London was used principally to find
the deaths cause (60). It was furthermore found that in the North of London there were no
deaths because the water was not contaminated and the popular belief that the transmission was
airborne was found erroneous. Nowadays numerous authors study the data using artificial

intelligence to create models

From Taiwan covid-19 consequences were less dramatic for their citizens among there are very
near to the city of Wuhan were the epidemic started. With their past experience of SARS
(Severe Acute Respiratory Syndrome) virus happened on the 2003 in China, they were
prepared to give a quick and accurate response to restrict the contamination. We must highlight
that population of Taiwan is somehow 27 million and almost 5% lives and works in China.
Additionally, the pandemic started near a holiday period (new lunar year on February 5 2020)
were it was expected that most people travels from and towards Taiwan for a short period of
time. The creation of a new institution related to public health on 2004 after the pandemic of
SARS, allowed a quick reaction that was translated into a rapid sharing of information between
the immigration custom and the public health insurance to create big data analytics to identify
possible cases, instore a plan for quarantine to reduce and prevent the spreading. The set up of
emergency protocols and specially for data information sharing is crucial to allow that the
concerned teams for prevention and diagnosis of patient will be able to proceed with the last
updated knowledge (obtained from current time data analysis using big data techniques and
machine learning models) to perform the best measures. This was the case for Taiwan where it
was expected that this island will be one of the highly affected regions due to it closeness to
the main source of covid-19 and being one of the nearest and preferred vacation region by
Chinese on the holidays, in fact didn’t suffer the dramatic consequences as it was expected.
The fast response, before most countries on the world considering that the World Health
Organization was informed of the first cases of “pneumonia of unknown cause” on 31
December 2019, in Taiwan they already started to monitor the patient coming from Wuhan.
On 5 January, travelers having visited Wuhan in the past 14 days and had symptoms were
quarantined and tested for 26 different viruses, including the Middle East Respiratory
Syndrome and SARS, on 10 January, it was found that the virus was related to these respiratory
syndromes. In the same case, in another study completely different but related to the data and
public health is the importance of rapid share of new genome discovers to enhance the

possibilities of stopping the spread and to allow patients to recover from ebola (61).
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2.4.1. From raw data to model training

The main challenges found in big data analysis are the amount of data available, the different

variations of types of data, and the speed of the data transmission are the main concern.

Handling big volumes of data can be challenging, as nowadays, a computer has a limited
storage source. The data is usually stored in the cloud, which is split into parts and stored in
different platforms so that servers can be located in various countries. Nowadays, there are
small regions dedicated only to the storage of big data, where they have buildings of servers
and also the primary system to perform all the conditioning to make the servers work

adequately.

The different variations of data available in the market can cause the system to work partially
if it can analyze the videos, the signal, and the dictionaries in the same way or to extract the
information needed as data from the signals and the videos. As we saw in the previous chapter,
the improved knowledge of digital image processing will enable us to analyze the videos and
synthesize the information needed. This step of adapting all the information to the model for
analysis is known as preprocessing, and it can be from the image but also related to the signals
it was explained in the previous chapters. The obtention of the localization of signal peaks that
can have immense importance can be stored as an array, and the signal synthesis would have

been performed. The knowledge obtained can be stored in a structured database.

Speed has been enhanced with new technologies related to 5g and optical fiber for internet
connectivity. When a large amount of data is stored on different servers, speed is important
when the model needs actual real-time data to improve the prediction and obtain an accurate

result.

In summary, the complexity related to the three different concepts or challenges found in
machine learning, the selection of the model to consider the different types of data, the amount
of data to be analyzed, and if it will be automatically retrained to consider the last data available

can be the main challenge for machine learning analysis.

2.4.2. Types of machine learning models

Different types already exist depending on the data available and the preprocessing techniques
used to adapt the information and knowledge stored in the database and on the purposes that
we intend to reach with the implementation of the model. They are famous and present in the

literature. Three types of machine learning models can be differentiated considering the
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purposes and output: Classification, regression, and clustering. We must assume that the first
corresponds to supervised machine learning models that need to be trained to obtain the desired
results on the same structured database but with new data or, as we will state, the data test. The
clustering models correspond to non-supervised machine learning, and this is because there is
no need for a response variable. After all, the final objective is to find tendencies or clusters in
the data, meaning that we can classify them into different groups depending only on the input

variables.

2.4.3. Unsupervised Learning Techniques

Two different types of models are available: hard and soft clustering. The hard clustering will
separate all the entries (each entry is composed of a set of different predictive variables) into
different groups depending on the value of their predictive variables. In the case of soft
clustering, instead of separating the entries, a value will be given to each one of the entries of
the probability of being part of one or another group, making the separation less clear and

having the possibility of input to be part of 2 different classification groups.

2.4.3.1 Hard clustering models

In hard clustering, we can differentiate four types of typical models: k-means, K-Medoids,

Hierarchical Clustering, and Self Organizing Map.

2.43.1.1. K-Means clustering

K-means clustering is done in the basis of distance in between samples. This means that if we
have an available set with different samples, clustering will be done to calculate the distances.
Each sample will be assigned to the category in which the mean value is closest. Meaning that
n-samples belonging to the same cluster have a mean value that will be the minimum total

distance to all the samples.

This model is used when we have available a large dataset and the number of clusters we want

to group is already known.

2.4.3.1.2. K-medoid clustering

This method is very similar to the k-means clustering but instead the mean value that will be
the center of the cluster it is always a sample (usually the closest sample to the center of the
cluster calculated with the k-means). The main difference between the k-medoid and k-mean
is the center of each cluster will always be a sample of the data in the k-medoid, but in the k-

means technique, the center of a cluster will be the exact center of the cluster (mean value).



32 2 INTRODUCTION

It is mostly used when the number of clusters is known, and a large computational resource is
not needed as the model is fast enough to scale large data sets. It is also recommended for

categorical data, as the center of a cluster will be a category.

2.4.3.1.3. Hierarchical clustering

This method consists of creating a dendrogram and making binary decisions each time the data
can be separated into two groups. The final decision to make different clusters will depend on
the user and will separate the dataset in the number of clusters considered optimal. This
technique is very useful when there is no information about the number of clusters before the
analysis, and in the same way, it proposes a visualization guide to determine the number of
clusters. Generally, considering a small number of clusters will result in a more general model,

while considering a higher number of clusters makes the model more specific.

2.43.14. Self-organizing map

With this model, it is possible to visualize high-dimensional data (more than three variables)
in 2D or 3D. These models allow the topology to be preserved and the data's dimensionality to
be deduced. The output is similar to a honeycomb representation in 2D, showing the shape of

the dataset.

2.4.3.2. Soft clustering models

An example of soft clustering is generally used to analyze gene expression data from
microarrays to understand the genes better. It is commonly used to reveal structures hidden in
large gene expression data sets, as one gene can be involved in several biological processes.
An example is using soft clustering to study the genes involved in diabetes 2. The model
clustered variant-trait associations from publicly available genome-wide association studies for
94 known T2D variants and 47 diabetes-related traits and 5 clusters of T2D loci differentially

enriched for relevant tissue-specific enhancers and promoters (62).

2.43.2.1. Fuzzy c-means

Partition-based clustering is used when data points tend to belong to more than one cluster.
This is especially useful when clusters overlap. It's actually used when the number of clusters

is already known for pattern recognition.

24322, Gaussian Mixture Model

The Gaussian mixture model helps predict the clusters softly, giving each sample a probability

to belong to each cluster. In this model, each cluster is treated as a Gaussian distribution, being
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the samples in the center have a great probability of being part of the cluster, and the further
the sample is to the center, the more likely it is to belong to more than one cluster. This model

1s used when clusters have different sizes and correlation structures.

2.4.4. Improving Models with dimensionality reduction

Dimensionality reduction consists of reducing the number of predictor variables using two
techniques: variable reduction or variable transformation. When the datasets consist of a large
set of variables, most of the characteristics will be correlated or intrinsically dependent. A study
of variable significance is important to consider in order to reduce the computational resources
needed to train and test the classification or regression model. It is considered that the
techniques I will discuss are classified as preprocessing, meaning that it provides processing
of the raw initial data to obtain an optimal result without additional time-consuming. The three
most well-known dimensionality reductions are Principal Component Analysis (PCA), Factor

Analysis, and Non Negative Matrix Factorization.

PCA will transform the variables given in a dataset so that the first new principal variable will
be the most significant of the data set and will be the principal cause of model variability. The
second variable will be the second most important, capturing less variability than the first but

more than the third component.

Factor Analysis's objective is to find the correlation between the different predictive variables.
Factors will give an idea of the linear relationship between the variables observed being those
linear functions of the factors. The variability reduction will be done by representing the factors
more representative of each variable, usually much less than the observed variables, and
representing almost all the information available in the data set. The Factor Analysis it’s the
inversion of the PCA, considering that PCA new variables are created in function of the
observed variables. Physically the explanation of factor analysis will have more significance
as most of the case the factor will represent a new phenomenon that is affecting the observed
variables and can be the reason why some variables are related. PCA in the other hand will
give information of which variables are more significant to the variability of the dataset but

each observed variable will affect more than one principal component.

Nonnegative Matrix Factorization is usually used when the factors needed must be positive,
cause there is a probability that those factors will model physical phenomena or count words
in a linguistic analysis. The purpose of the technique is the same as for Factor Analysis but

with result of positive factors for interpretation of the analysis done.



34 2 INTRODUCTION

The reduction of the data dimensionality and the clustering are most of the time part of the
prediction of the response variable, being this one continuous or discrete (numerical or

categorical).

2.4.5. Supervised Learning Techniques

The principal purpose of supervised learning is to create a model based on the data available,
not only of the observed variables but also of the response obtained in the experience while

considering the value of each of the predictive variables.

As stated before, two types of supervised Learning techniques depend on the response
variable's source. If the variable is discrete, usually the model classifies the different samples,
constituted of the observed values in different categories. Those are known as classification
models. In the other case, if the response variable is continuous, the models are known as
regression models. An example of a continuous response is the prediction of the power
electricity demand at a current time, knowing that it will be different depending on the use at

each moment.

The choice of a supervised learning model depends on the type of response variable and the
time and resources needed to train the model. This often translates into the computational
power required to obtain a high-performing model. The memory needed is also closely related

to the available resources, including data and computational capabilities.

Moreover, the model's accuracy when predicting new data sets is crucial; a robust model will
yield results similar to those seen during the training phase. Typically, using a larger data set

can improve the accuracy of new predictions.

Lastly, the transparency or interpretability of the model is essential and is inherently linked to
the type of model used and the knowledge of the database. If the model is based on a
recognizable function related to a specific phenomenon, the interpretation of the results is

generally clearer.

We can classify the supervised learning model depending on the number of categories. It is
important to understand the response expected and to know if it will be a binary classification
(63) problem or multiclass. Some of the models in this subchapter will work only for a binary
classification problem, but others are more complex and demand more computational resources

but give greater results for multivariant categories.
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2.4.5.1. Common Classification Algorithms

2.4.5.1.1. Logistic Regression

It is used to predict a binary response, and the data will correspond to a class or, if not, to the
other one. It is based on a linear equation when data can be separated using a line. It is mainly
used at the beginning of the analysis because of its simplicity and lowest time consumption
giving a preliminary classification and an idea of the complexity of the dataset (a baseline

method) (63).

2.4.5.1.2. K-Nearest Neighborhood

K-Nearest Neighborhood is done referring to the closest neighbor. This means that if we have
an available set with different samples that already we have clustered in various groups or
clusters and we add a new sample, considering the mapping of two variables “x” and “y” and
“k” as a categorical variable that will account as the group of each one of the variables. The
new sample will have the same category, “k,” as the nearest sample in the dataset. The distance

between the samples can be calculated using different methods; we highlight Euclidean, cosine

and Chebyshev (64).

The explanation given before is straightforward. The model gets more complex when, instead
of providing the new sample the same category as the nearest sample, we use more than one

neighbor to assign a category to it.

It is used when a simple algorithm is needed to establish benchmark learning rules. It is
computationally resource-demanding; it needs a lot of memory, and the processing time is more

than that of other models for data training.

2.4.5.1.3. Support Vector Machine

Support Vector Machine (SVM) classifies data by finding (hyperplane) that separates all data
points of one class from others. To penalize points on the wrong side of the hyperplane a loss
function is used. Kernel transformation on the SVM model is used to transform nonlinearly

separable data into higher dimensions where a linear decision boundary can be found (65).

SVM is used for multiclass classification in addition to binary classification, using error-
correcting output codes. In addition, when there is no clear linear separation of high-
dimensional data, the use of SVM can give an accurate result. The classifier used is simple and

easy to interpret.
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2.4.5.14. Neural Network

The Neural Network model is inspired by the human brain for classification purposes. It has
highly connected layers formed by different neurons that connect in various stages from the
input to the output. In each neuron of each layer or step, a transformation of the input data is
performed. The number of neurons in each layer is related to the predictive variables, and the
number of layers gives an idea of the complexity of the model. In general, the neural network
is very complex; the model cannot be interpreted and requires higher computational resources.
Among its inconveniences, if the data can be constantly added, the model will adapt to the
results of the new input, being this model very flexible to changes in the input and predicted

outputs. It is very used with great results for modeling high nonlinear systems (66).

2.4.5.1.5. Naive Bayes

In the Naive Bayes model, the classifier assumes that the presence of a particular feature in a
class is unrelated to the presence of any other features. It classifies a new dataset depending on
the probability of belonging to a particular class. It is used for small datasets with many
features. Due to its probabilistic nature, the classification is easy to interpret, but also, while
facing new data that involves scenarios not encountered in the training data, the model

prediction won’t suffer from more inaccuracies (67).

2.4.5.1.6. Discriminant Analysis.

Discriminant analysis classifies data by considering the combination of linear features and the
relationship between classes. Every class is regarded as a Gaussian distribution; in this case,
the samples on the border of each class will give information related to the linear combination
of features that will be the boundaries between the different classes. The distribution
parameters can be linear combinations or quadratic functions used to calculate the boundaries.

The model calculates the Gaussian distribution of each class (68,69).

The discriminant analysis is a simple model and easy to interpret. It requires low memory, and

it is used to make fast predictions.

2.4.5.1.7. Decision Tree

The model predicts data following a decision tree. Branching the tree means giving a condition
where the value of a predictor is compared to a trained weight. In other words, if the predicted
value is above a threshold given, the sample is classified in a category, and if the value is less,
the sample has another category. The total number of branches gives an idea of all the

categories that can have a data set (70).
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The decision tree model is easy to interpret and fast to fit. It requires low memory and not high

predictive accuracy.

2.4.5.1.8. Bagged and boosted decision trees

This model uses several decision trees weighted to work as a combined decision tree ensemble.
Each tree is trained separately with bootstrapped data from the training set to furthermore
combine the results by boosting the ensemble, giving different weights to each decision tree to

adjust and eliminate misclassified samples (71,72).

This model is used when there are plenty of computational resources and the time consumption
for training the model is less important. It is used when the input variables are discrete or

behave nonlinearly.

2.4.5.2. Common Regression Algorithms

2.4.5.2.1. Linear Regression

The linear regression model will usually be the first to fit because of its interpretability and low
memory consumption in the training stage. It requires minimum time to fit, will give
information related to the tendencies of the database, and will be the baseline for more complex

regression models (73,74).

The main characteristic of the linear regression model is to describe the linear behavior of the

continuous response variable.

2.45.2.2. Nonlinear regression model

The nonlinear regression model fits the continuous response variable to a nonlinear function.
The nonlinear model is known as parametric because the function supplied needs parameters

that the model will calculate (75).

It is used when data has strong nonlinear trends and cannot be fitted into a linear space, or when

complex models need to be fitted to the data.

2.4.52.3. Gaussian Process Regression Model

It is used to predict the value of a continuous response variable without parameters. It is a non-
parametric model used in the field of spatial analysis for example in geology for level
boundaries or hydrogeological for the prediction of water paths. It is also used in automation
to optimize engine design. It is used when the response variable cannot correctly be fitted to an

equation (76).
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2.4.524. SVM regression

This model is very similar to the Support Vector Machine classification model. Instead of
finding a hyperplane to classify the data, it finds a model that deviates from the measured data
by a value non greater than a small amount, with parameter values that are as small as possible

to minimize sensitivity to error (77,78).
It is used for high-dimensional data, which gives many predictor variables.

2.4.5.2.5. Generalized linear model

It is a special case where linear methods fit nonlinear models. It involves fitting a linear
combination of the inputs to a nonlinear function. The model gives the linking function of the

outputs (79).
It is used when the response variables have nonnormal distributions.

2.4.5.2.6. Regression Tree

This model is very similar to the Decision Tree but adapted for predicting continuous response

variables. It is used for nonlinear prediction response (70).

2.4.6. Feature selection and Hyperparameter tuning

One of the techniques already explained to improve the model is dimensionality reduction. As
stated in the previous subchapter, this dimensionality reduction can be performed by
performing a transformation on the prediction variables or by selecting the most influential
ones to reduce the computational resources and complexity of the model and get to the model

training step faster.

In addition to the techniques stated before, feature selection can be a step for preprocessing the
data to reduce the computational resources needed to make the model work efficiently. The
methods used for feature selection are stepwise regression, sequential feature selection,

regularization, and Neighbor Component Analysis (NCA).

The stepwise regression consists of adding and removing features in the training model step to
obtain a better predictive model accuracy. The model is trained every time with a different
number of predictive variables, and the model with optimal predictive accuracy is chosen to

test the results.
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Sequential feature selection consists of iteratively adding and removing predictor variables and
evaluating the effects of each change on the performance model. It differs from stepwise

regression because the model is tested with different predictive variables.

Regularization consists of using shrinkage to reduce the weight of the less important variables

or the ones that are highly correlated to others to zero.

NCA is a method that provides the weights of each predicted variable for obtaining the
predicted response. It discards the less significant variables to obtain a more efficient model

that is slightly less accurate but much faster.

The feature selection process is usually done before the variable transformation, but it is seen
in this introduction after the supervised model explanation because most of the techniques used
require that the model be selected and already trained in a previous step to learn the weight of

each variable for predicting the response.

Once the model is selected, the features are selected and transformed, and the enhancement of
the model is done by tuning the model's hyperparameters. It is an iterative process that usually
needs to train the model several times to understand and find the best optimal hyperparameter
values. The three methods used to optimize the tunning hyperparameters are Bayesian

optimization (80,81), grid search, and gradient-based optimization.
2.5 Blink detection algorithms, state of the art

Once the cited concepts are studied in the introduction, chapters 3 and 4, an extensive study of
algorithms that use image processing techniques and machine learning models has been done,

covering all the studies published in indexed journal databases over the past ten years.

Several applications of the blinking algorithms have been found that are different from the
purpose of the thesis. Even though the principal features to extract from images and videos
don’t differ much, all these techniques will be useful for developing the blink detection
algorithm stated in the methods chapter. The applications found in the studies covered over the

past ten years can be observed in the Figure 2-4.

Considering that different sciences study the blinking and taking into account all the studies
reviewed, a summary of the principal characteristics and type of blinks that can be useful to
know and also to characterize the blinks are going to be developed as an introduction to the

different types of blinking detection methods.
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Applications of blink detection algorithms

B Human Computer Interaction m Drowsiness detection
B Mental state disorders B Workload and attention
W Not specified

Figure 2-4: Applications for blinking detection algorithms.

2.5.1. What is a blink? Types of blinks and characteristics.

It is essential to understand that the principal functions of blinking are to moisten the surface
of the eyeball and remove dirt, allow alteration to take place in the tension of the ocular muscles
to eliminate early fatigue, protect the eye from injury, and to protect the eyes from continuous

light exposure (82).

Different blinks can be found once the functions of blinks are recognized, depending on the
function performed or the occurrence of the blink cause. First, the blinks can be classified as
voluntary if the user is in a cognitive state, closes his eyes, and opens them just after, and as
involuntary blinks. The involuntary blinks, considering the eyelid functions, can be reflexive
if the blinks occur due to a response to protect from an injury or from continuous light exposure
or spontaneous blinks where the reason can differ. Still, it is more of a transient movement or
unconscious. Additionally, considering the amplitude of the movement, the blinks can be
classified as twitch, incomplete, and complete blink. Twitch blink consists of an eyelid
closeness that covers less than 30% of the eye cornea. Incomplete blinks consist of the same
eyelid movement with cornea covering from 30 to 75%. Complete blinks are considered when

the cornea is covered by the eyelids over 75 %. Considering that incomplete blinks usually play
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a minor role, consider the primary purposes and functions that the blinking performs and the

complications related to dry eye and contact lens discontinuation.

Additionally, if the movement is done only by one eye, it is called a wink. Still, it is not
contemplated further in our cases because it is more of a voluntary movement not generally

related to contact lens accommodation.

The characteristics extracted from the blinks when the blinking is under study are,

independently of the nature or application of the study, the following:

e Blink rate and blink interval.

o Inter blink interval distribution.

Different authors have contributed to measuring this healthy pattern in various studies. It was
found that the value for adults was around 20 blinks per minute (83). This measurement for
healthy participants tends to change during life, going from 6 to 8 blinks per minute to stabilize
during adulthood (84). In addition, considering all the studies analyzed in the following
subchapter to find the best techniques to extract the blink dynamics using event-based video
cameras, it was found that some tendencies affect the blinking interval as the drowsiness state,
that reduces the number of blinks per minute, the mental state disorders that can affect the
occurrence of the blinking or the correlation in between the level of difficulty in a task
performed and the variation of the blinking rate, see subchapter 2.5.2.4. Indeed, different
Factors such as air quality, defensive responses, cognitive processes, situational demands, and

individual differences influence the blink rate (85).

When it comes to studying the blinking rate phenomenon more deeply, it was found that the
inter-blink interval distribution is skewed to the left, with most of the blinks occurring between

0.5 and 2 seconds and a minority occurring above 5 seconds.

e Blink duration.
o Reopening time and closure duration.

o Percentage of eye closure.

Regarding the blink duration, spontaneous blinks are recorded considering different patients to
move from 150 to 400 milliseconds, and the wholly closed eye duration that most of the studies
calculate as a percentage of eye closure during a certain amount of time is considered to last
for 50 milliseconds (85). Studying the duration more in depth, it was found that the reopening

time duration is double the closing time (86). It has to be clear that voluntary blinks are usually
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longer in duration, and reflexive blinks are a bit longer than spontaneous blinks (85) but the
alert state due to visual task demands of the user will decrease the duration value of the blink

(87).
e Blink amplitude.

Concerning the blink amplitude, upward gaze direction has longer amplitudes since the upper
eyelid is pushed upwards before the blink (85). The obtention of the amplitude of the blink
from a signal measure (as occurs when analyzing the frames of an eye video from event-based
cameras), the best approach will be to find the gradient (start of the downward phase) and the
highest point on the curve. From this point, we can obtain the amplitude. (88) uses this for
expressing blink amplitude. Other studies involved in the blinking detection with medical

laboratory equipment,

The measurement of each one of the following characteristics is usually done in milliseconds
for the blink duration and interval, while the blink amplitude, depending on the technique used
for the phenomenon study, will be in millimeters or degrees, representing the last one, the

angular displacement of the eyelid considering the diameter of the sclera.

While the principal characteristics have been stated, extracting the dynamics and cinematics
values from the blink is one of the primary purposes of the thesis. The study of the relative
position of the upper lid is very important to check the expected behavior of the physiological
eye objectively, specifically the interaction between the eyelids and the surface of the eye. The
addition of an external foreign thin layer in between the surface of the eye and the internal layer
of the eyelid can change the dynamic and cinematic of the eyelid movement during the blink,

resulting in a poor accommodation of the eye to the contact lens.

To characterize the blinking phenomenon both dynamic and cinematically, using a signal that
is intrinsically related to the position of the upper eyelid is a good choice for a noninvasive
method. With the obtention of this relative position in a blinking sequence, we can obtain
furthermore, if the framerate of samples is known, essential features as the speed of the
downstroke and upstroke, the maximum and minimum acceleration during the opening and
closing movement, the time at blink completion occurrence (fully closed eye), time at
maximum power developed by the orbicularis oculi (OO) involved in the downstroke
movement, and the levator palpebrae (LP) muscle involved on the opening of the eye. An

example of the obtention of a particular significant timeline point in the blinking sequence is
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done in the study (89) using a high-speed camera and light refraction measurement to obtain

the relative position of the upper eyelid for 20 seconds for 26 subjects.

Once the most used characteristics are known, the different techniques used for each purpose
will be stated in the following subchapter. The principal differences will be highlighted to find
the tendencies, gaps where improvement can be made, and the most used algorithms and

techniques.

2.5.1.1. Blink study justification

To better understand the eye blinking phenomenon, particularly spontaneous blinking, this
thesis aims to study the influence of the external environment and the activities performed
during the blinking process (89-91). One key objective is to obtain objective information
related to patient adaptation to different types of CL and to investigate the influence of CL use,
as seen in studies by (92) and (93). The first study highlights the importance of evaluating
physiological changes and subjective comfort in patients after long-term wear of various
contact lenses. The second compares the behavior of the blink-in contact lens wearers under
two controlled environmental conditions simulating the office building conditions (gentle
conditions) and aircraft cabins during flights (extreme conditions) by checking the blink rate
and the ocular surface conditions. The subjects were wearing two different contact lenses for
comparison purposes, even less the blister properties of the contact lenses were similar. It was
concluded that the tear film osmolarity decreased due to adverse conditions, considering or not
the previous ocular surface state of the patient. This decrease in the osmolarity also was related
to a higher blink rate during the desiccating environment. A decrease in comfort by the patient
resulted from the increase in blink rate and decrease of tear film osmolarity due to the adverse

conditions that resulted in a significant increase in corneal staining and limbal conjunctival.

Given the primary focus on tracking spontaneous blinks, it has been found that there is a
significant relationship between the frequency of lacrimal layer fracture and spontaneous
blinking. Various factors affecting blinking, related to cognitive state, have been studied. A
decrease in corneal sensitivity is recognized as a major factor impacting tear film stability post-
corneal refractive surgery (CRS). Blink rates decrease with reduced corneal sensitivity after
CRS, affecting tear film stability since blinking maintains ocular surface moisture and
contributes to the lipid layer's secretion and distribution (94). Incomplete blinks can lead to
inadequate lipid distribution and increased evaporation, emphasizing the need for further study

on blink patterns and tear film stability after CRS.
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Patient comfort in contact lens wear and continuation of lens use are often hindered by
symptoms of dry eye (12,95). Dry eye symptoms impact contact lens comfort, which has led
to applications in ophthalmology focusing on symptoms and diagnosis of dry eye (30,96).

Special attention to blinking characteristics is crucial for objectively comparing eye videos of
the same patient with and without contact lenses. (92) explored the short-term impact of contact
lens use on spontaneous blink patterns, noting effects on interblink interval, speed, duration,
and palpebral aperture height. The completeness of blinks remained unaffected, indicating that
analyzing spontaneous blink characteristics can provide a sensitive and non-invasive
assessment of contact lens effects on the ocular surface. Various lens types, including spherical
soft, toric soft, and rigid corneal lenses, were studied, showing diverse effects on blink metrics.

Notably, rigid corneal lenses significantly narrowed the palpebral aperture height.

Blinking characteristics are influenced by mental state, attention, activity, ocular surface

exposure, and environmental conditions (94).

A review of techniques for the automatic detection of blinks and the study of blink dynamics
is justified, as patient comfort with contact lenses is closely linked to lens movement on the
eye surface. The alteration of blinking is a primary consequence of using contact lenses (92).
Furthermore, dry eye, caused by insufficient lacrimal thickness, is a primary reason for
discontinuing contact lens use (14). Dry eye results from reduced lubrication, which can be due
to aging (7) or medications affecting the lacrimal layer composition, manifesting as altered

blink dynamics.

2.5.2. Blink detection sequence

The most used steps for the successful detection of an eye blink from an event camera consist
of first, detecting the eye from the face image. This is usually done by a face detection
algorithm with a feature selection to locate the eye. In the next step, when the eye region is
located and isolated, the detection of blink will usually consist of giving a category to each
frame, considering the eye state is open or closed. As we can see, this is the most used
technique, but not the most useful. Once the eye state detection is performed, the results are
shown considering if an image is successfully categorized and if all video blinks have been

detected.

Considering the blink detection algorithm flowchart, six different characteristics of each blink

study will be analyzed for comparison. One of the characteristics has already been stated at the
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beginning of the chapter 2.5 and it is the app location or the purpose of the study, which is
related to the field where the blink algorithm is used.

2.5.2.1. Face and eye detection techniques.

For this step, we can classify the algorithms used considering if they are using machine learning
(see chapter 2.4) or not. If this is the case, as stated in the corresponding chapter, the algorithm
must be trained from an available database. In this case, it will be a set of images where already
it is annotated where the face and or the eye is localized, and the algorithm will predict the
corresponding location by getting the information of the experience (trained dataset) to help to
identify the region of interest (face or eyes). The most used algorithm for this purpose is the
Viola-Jones Algorithm (97,98) for face and eye detection (99)Another algorithm very used for
face and eye detection is based on machine learning models, specifically convolutional Neural
Networks. It is called the DIib library. It is a pre-trained model using Deep learning that is
faster than the Viola-Jones Algorithm.

To enhance the knowledge of both techniques, the differentiation between each one considering
the results is that the first one gives a rectangular region of each one of the features of the face,
and the second one proposes 68 face landmarks that characterize all the face features.
Considering the methodology, the Viola-Jones algorithm uses Histogram Oriented Gradient.
This technique consists of calculating the magnitude and direction of the gradient of the pixels
of an image to obtain furthermore a histogram with the information calculated. Furthermore, a
feature extraction from the histogram is done, and it is compared to one of the models of the
object to see if the gradient features are similar. An SVM model is usually used to corroborate
that the image analyzed is the same object as the one wanted to recognize. Dlib library uses a
convolutional neural network trained directly by the images of faces. As seen in the machine
learning chapter, neural networks can’t be interpreted, and it is very accurate if the dataset is
very large, and this is the case with the Dlib library. Finally, the DIib library has the possibility
to be used with histogram of oriented gradients (HOG) and SVM, making this algorithm very
robust for this task.

Other studies have used algorithms that don’t involve techniques from machine learning but
only image processing. A color threshold was used to classify the skin pixels from non-skin
regions and consider face proportions and eye localization using morphological operation in a

threshold binarized image (100,101). Morphological operations in grayscale images were used
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in conjunction with edge detection and projection of gray vertical intensity to locate the pair of

eyes in a recorded face video (102).

For tracking purposes, once the face is located, several algorithms use techniques to estimate
optical flow and track the pixels’ location of successive frames from a recorded or streamed
video to reduce computational resources. With the Lucas Kanade Method, the user's eyes and

faces can be tracked, and the region of interest is not lost in between frames.

2.5.2.2. Blink detection method

In this step, we will discuss the continuation to the eye detection region to get the final
information about the eye state classification or the quality of the blinks available in a dataset

or recorded video.

The easier-to-understand corresponds to the first block as the algorithm that used the Dlib
software to get the 68 face landmarks to characterize the eye's opening in each frame. In this
case, because 6 of the 68 landmarks characterize one of the eyes, it is easy to measure the
distance between the two eyelids. All the algorithms using this technique will use the Euclidean
distance to obtain a measure of the eye aspect ratio or leave the distance between the eyelid as
a measure of the coverage of the cornea to determine the quality of the blink (complete or

incomplete).

Different techniques are used in each of these studies to make it possible the classification of
the frame eye state possible and have the best accuracy. The image processing techniques,

signal processing, or supervised learning techniques will be stated in the following list:

e Smoothing curve using a moving average filter, furthermore obtaining a two standard
deviation of the signal in a window of Ss as a threshold for eye state classification
(Biondi, Saberi et al., 2023).

e Low-pass filter with a cutoff frequency heuristically set to 3hz and an adaptative blink
threshold chosen as a function of the maximum eye aspect ratio of the filtered signal
(104).

e Selection of the Eye Aspect Ratio (EAR) threshold (105-108).

e Baseline correction of the EAR signal using the asymmetric least squares smoothing
approach (109).

e A support vector machine is applied to the resulting EAR value obtained for eye state

classification(110).
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e After obtaining the Euclidean eyelid distance, signal processing, smoothing, and noise
avoidance using, respectively, the Savitzky Golay filter, median filter, and local peaks
detection and further SVM for eye state classification (111).

e The discrete signal of EAR is filtered between 1 and 3 Hz for noise removal, and a
threshold is calculated as the quadratic mean of the signal among each experimental

condition (112).

Considering the different techniques that didn’t give a characteristic of the eyelid position or
the eye corner, several methods were used with very good results to find the eye state in each

frame.

A technique used by most studies is the Viola-Jones algorithm to find the location of the eye
region using only image processing techniques by determining the skin areas used binarization.
This general technique gives a threshold to the gray-level image to separate the darker areas
from the brighter ones. Even though this technique is very susceptible to the light available
while recording, several studies used it. The technique is general, but the results were different
depending on the author, the morphological operations performed afterward, or the
classification method used for eye state determination. The different techniques used were pixel
counting comparison between the number of significant pixels in the upper and low half of the
eye image (113,114), number of significant pixels plus a threshold for eye state recognition
(100,115-117), determination of eyelid distance using the binarization (101) and also vertical
projection derivative function afterward (101), determination of pupil position using edge
detection (118,119) or determining the iris position with the help of the Hough transform circle
or ellipse (120,121). For the iris or pupil detection, generally, if it is not located, the eye is

considered closed.

The literature also contained original, more elaborate techniques in addition to the image

processing and classification techniques.

For example, (122) describes a pixel motion analysis obtained from comparing each of the
frames of the video eye with a reference frame with an open eye. The optical flow technique,
used to find the pattern of apparent motion of objects, surfaces, and edges in a visual scene
caused by the relative motion between an observer and a scene, is used to detect the motion of
the pixels. The amount and direction of significant motion vectors and the duration of the blink

are three conditions studied to detect voluntary or involuntary blinks.
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Another example is OKOA Vision, a commercial technique used to detect eye movement and
blinks, which produces a waveform motion detected by measuring the opening and closing
distance of the eyelids. Signal processing techniques are performed for further blink detection

are noise filtering and peak detection functions (123).

The interlace technique is also found in the literature that consists of separating an image into
two frames (124,125) of the eye image for blinking detection purposes. An eye blink pattern is
obtained progressively by calculating the opening eye area using color information embedded

in the eye image.

Another specific technique used is to keep the ratio of the palpebral fissure area to the temporal
median iris diameter and propose two thresholds for the classification of complete and
incomplete blinks. The deep learning encoder decoder algorithm is used to obtain the palpebral

fissure area and the diameter of the iris during the eye detection process (126).

In this study, an efficient technique is developed (127). Considering the eye image and the
HSV (Hue, Saturation and Value) color system, considering only the mean value of channel V,
a signal is obtained. Furthermore, with a threshold to the gradient of the signal, blink detection

is performed.

Convolutional Neural Network (CNN)-based methods that automatically obtain the eye state

at the same time the eye region is obtained are also used for blink detection (128,129).

2.5.2.3. Databases are used to train and test the different algorithms

To perform the blinking detection algorithms, a set of images or a video collection needs to be
tested, and if required, the algorithm needs to be trained. Blinking detection from event-based
cameras must be tested in videos or image sets to corroborate the method's efficacy. For
comparison purposes between the different algorithms, a set of videos or images is usually
published for various other authors to enhance the accuracy obtained with the previous
methods. In this subchapter, the different database characteristics found in the literature are

going to be developed.

e The ZJU data set (130) includes 2424 subjects, among which 1192 subjects with eyes
closed and 1232 subjects with eyes open.

e The UBFC-RPPG database created using a custom C++ application for video
acquisition with a simple low-cost webcam (Logitech C920 HD Pro) at 30fps with a
resolution of 640x480 is also used (131).
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e Not that popular, a database of videos of 145 recruited incarcerated males was used in
(132).

e The Eyeblink8 dataset can be found in (111,133) 408 eyeblinks are made on 70992
annotated frames with a 640 x 480 pixels resolution.

e The data set Talking Face consists of images of one subject sitting and talking in front
of the camera. There are 5000 frames captured with 25 fps with a resolution of 720x576,
in a total of 200 seconds of the video stream. This data set is used by (Al-gawwam &
Benaissa, 2018; Bergasa et al., 2004; Dewi, Chen, Jiang et al., 2022; Fogelton &
Benesova, 2016; Matjaz Divjak and Horst Bischof, 2009).

e A covered face-eye database is also used (136).

e Closed eye in the wild (137) with a number of 1194 (closed eyes), 1239 (open eyes) of

100x100 pixels resolutions.

In the databases listed before, a criterion was used to eliminate all the studies that used medical
devices or high-speed cameras, or infrared cameras as the study's purpose is to find techniques
that will work with ubiquitous cameras. When the quality and frame rate is enhanced, the
techniques found to extract blinking and eye features were less robust and more susceptible to
environmental light intensity when used in videos from ubiquitous event cameras instead of

the infrared camera used to create the database.

2.5.24. Results and conclusions

From the review of the main techniques used to extract the blinks from a set of images or video
recorded or inline streams, the results proposed in the different studies depends on the
application field and purposes of the study. It must be highlighted that the algorithms that have
not stated a field of application study have shown results more explicitly to corroborate the
accuracy and efficiency obtained. The most used metrics in this type of study were to classify
the state of the eye in each of the frames of the video. With the classification done, a
misclassification rate can be calculated with the accuracy, precision, and Fl-score given in
most of the studies. This is performed with the help of the annotations in the different databases
and knowing if each frame is classified correctly for a blink or not having the information at
the end of each image's True Positive (TP), False Positive (FP), True Negative (TN), and False
Negative (FN).

Compared to all the other studies that specified a field of application, it was interesting to see

how each one of the studies calculated, for example, the percentage of closure to study the
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drowsy state or the duration of the blink in relation to the amplitude to classify the blinks as

voluntary and involuntary for human-computer interaction.

The misclassification rates in the different studies were related to various environmental and

patient eye characteristics.

Comparing the studies based on event cameras and the ones using electrooculograms, for
example, the characteristics extracted were much less for the first type of study. This is done
due to the poor quality of data and the framerate of the samples of each video analyzed.
Considering this tendency, one of the principal ideas we wanted to test concerning an enhanced
blink detection algorithm is the extraction of characteristics such as maximum blink speed to
obtain a better characterization of the eye blink, considering that nowadays even the most

ubiquitous cameras can achieve a 30 Hz frame rate.

From the studies analyzed covering the past ten years on articles from journals in indexed
databases, the principal causes of misclassification and the difficulties found by the authors

arc:

e Noise available in the signal obtained (depending on the method, can be the density of
pixels, the distance between the eyelids, among others) due to the differences in the
patterns found between voluntary and spontaneous blinking.

e Subject looking down. An eye movement is usually translated into a movement of the
eyelid if it is in a downward direction. Due to the technique used (camera recording),
the eye state will be classified as closed when it can be open due to the position of the
camera towards the user.

e Excessive head movement increases the misclassification rate due to the blur produced
when the frame rate is low but also to a poor eye detection algorithm.

e The use of glasses will confuse the eye detection algorithm due to the reflection
produced by the glasses. It can make eye detection impossible.

e A larger distance from the eye to the camera is translated into fewer pixels of the eye
region, which will make it more difficult to detect the eye, and furthermore,
misclassification of the eye state is more likely to happen.

e A lower image quality is translated into worse eye detection and worse blink detection.

e Poor environmental light conditions can cause the Viola-Jones algorithm to detect the

eyebrows instead of the eyes.
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The different studies have discussed proposed solutions to the problems stated before to make
more robust algorithms or enhance the quality of the input images and videos to fulfill the
requirements of the study. Studies (117,129) proposed to test the algorithm in the worst
conditions, and others stated that their methods were robust to environmental light conditions
(101,108,109). Additionally, (110) collected more data on the eye open state in the same
conditions for comparison purposes to make his method more robust as it has more information
about the eye open state of the same patient. To consider the issue related to the ambient light
environment and its results in blink misclassification (120) preferred to introduce a threshold
factor specific to each individual and its environment. The factor will not change if the

illumination condition is similar.

The state-of-the-art algorithm-based event cameras generally have small discrepancies with the
gold standard method, the eye tracking system. Using the DIlib library brought a solid eye
detection method that many authors have used in their studies independently of the application,
as it is also possible to extract mouth and head position and rotation. The threshold for
determining the state of the eye in the different studies was similar, resulting in a good

accuracy.

Finally, comparing the different studies is barely possible as the applications are different, and
the extracted features are not always the same. Additionally, only a few articles have used the
same database, but even the same database has different annotations differing on some frames
due to each author's interpretation. Some authors proposed one or two algorithms with different
methodologies and have recreated other algorithms from various authors and proposed a

comparison to see which technique performed better (100,101,110,116,122,126).

2.5.3. Summary of the articles involving algorithms for blink detection from

event-based cameras.
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Table 2-1: Summary of articles related to studies of algorithms of blinking analysis from ubiquitous video cameras.

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Human-Computer |Face detection Haar |From the eye image, |Face video 1 subject. (99) |2 Dataset containing eye Eye tracking | Overall accuracy,
Interaction cascade classifier a binarization with 70 |recorded through images and without the using center detection accuracy,
algorithm with eye | intensity pixels is an app. object for training purposes |pupil and TP, TN, FP, FN.
detection Adaboost |considered as a of the eye detection corneal
classifier threshold, and the algorithm. reflection
number of black
pixels determines the
state of the eye (open
or closed).
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(RG) model and
after a
dimensionality
reduction to 50 bins,
a threshold is
applied to detect
frames considered as
skin.

Afterwards, the eye
is detected
considering all the
nonskin region sizes
that correspond to
(mouth, nose,
eyebrows, and eyes)
Finally, a tracking
system is used after
the frame is turned
to a grayscale. An
integration of the
eye variance feature
and the Gaussian
Mixture Model
classifier is
performed.

from the grayscale
image after
morphological
operations to
eliminate noise.

The vertical eyelid
distance is obtained
using the variance
projection derivative
function.

The vertical
projection derivative
function is used to
select the true values
of the eyelid
eliminating the non-
valid ones. Exterior
vertical projection
derivative value. An
SVM is used to
classify eye states.

eye and non-eye
data set of each
30 subjects.
Videos collected
from lab settings
and videos
obtained from
archives of
different news
reports.

which 1,192 subjects with
both eyes closed and 1,232
subjects with eyes open.)
and 360 images of eye and
non-eye data sets of each 30
participants.

Blink detection comparison
with other techniques that
use different blink detection
methods: simple gray level,
Gabor wavelet, local ternary
patterns (LTP), histogram of
Oriented Gradients (HOG),
and multiscale histograms of
principal oriented gradients
(MHPOG) along with SVM
classifier.

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Intelligent mouse | The frames are The binarized eye ZJU data set and |30 different (101)| ZJU data set (This data set | None. FP, TP, FN,
turned into red green |image is calculated | 360 images of the | subjects contains 2,424 subjects, of sensitivity,

predictive value,
eye detection
accuracy.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Mouse operations | The Viola-Jones Pixel motion analysis | Video 10 healthy users. | (122) | The ZJU database is used to |No additional | Overall accuracy,
algorithm is used to |is applied to compare |oculography. corroborate the result of the | features were |detection accuracy,

detect the eyes.
Every single eye is
cropped equally to
size 102x54

each analyzed frame
with the reference
frame (1st frame).
The optical flow
technique is used to
detect the motion of
the pixels. The
number of significant
motion vectors
(speed), the direction
of the significant
motion vectors, and
the duration of the
blink are three
conditions studied for
each frame to detect
voluntary or
involuntary blinks.

Uses a webcam
and a light source
to enhance
precision (CFL).

algorithm.

The results of the blink
detection techniques on ZJU
databases were compared
(135,138-140)

extracted.

false alarm rate,
overall success rate.




2 INTRODUCTION 55
Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Fatigue Detection | Video Pixel height of the Logitech ¢310 14 subjects were | (102) | Comparison of blink rate None. Face detection rate,
decomposition, palpebral fissure. SMP webcam, male and female between rested (conscious eye detection rate.
grayscale The iris and eyelids | 1280x720 pixels |from 23 to 27 state) and fatigue.
processing, image are obtained from resolution, 30 years of age.
smoothing, and edge | image binarization, |Hz.
detection. and the height of the
Face detection is pixels is calculated on
obtained using the  |the eye axis.
Matlab PCA The percentage of
package. time that the eyes are
Eyes are detected by | more than 80%
the boundary closed (PERCLOS)
gradation threshold | value is obtained.
from the gray
vertical integral
projection feature.
Assess the HOG for face EAR is obtained from | Ubiquitous 25 subjects, 18 | (141) | Comparison with the eye Cognitive load | Discrepancies

cognitive load of
the user during a
computer task

detection. D-lib
facial landmark
prediction algorithm
for face shape key
point detection for
eye detection

6 eye landmarks.
Smoothing of curves
with moving average
filter. A 5s window is
used to obtain the 2
std value for the blink
classification
threshold.

cameras

men, and 7
women. Mean
age 23 and std
5.3

tracker using Bayesian
analysis.

assessment
using blinking
frequency and
eye tracker
system with
data collection
frequency 60
Hz.

between blink
frequency between
eye tracker and
event-based camera
blinking algorithm
proposed method.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Classify the Cascade Haar EAR is obtained 1 dataset Al and |39 (104) | The UBFC-RPPG dataset is | Facial blood Precision, recall,
severity of Classification using |using the six eye divided into 2 used. volume is and F1-score are
depressive Dlib library, to landmarks. A low- subsets of the No other blink detection obtained from |obtained from
disorders extract 68 facial pass filter is applied | same dataset (39 techniques were compared | the cheeks, Datasets Al, A2
landmarks. to the EAR signal in total, 29 (A2) as this is the only technique |nose and and A3.
with a cutoff and 25 (A3) in tested in the current forehead From the UBFC-
frequency the 2 subsets. database. without eyes, |RPPG dataset
heuristically set to The first subset and ROI of the
3hz. An adaptative excludes patients eyebrows ROL.
blink threshold is with glasses, and
chosen as a function | the second subset
of the maximum eye |excludes glasses,
aspect ratio in the hair occluding
filtered signal. the eyes, and half
close the eyes
during a long
period.
Assess psychopath | Facial landmark EAR is obtained from | A dataset of 125 |Not specified. (132) | None. Additional Correlation to blink
traits in prisoners | detectors based on | the 6 eye landmarks. |videotapes of study of the patterns from
regression trees prisoners' faces correlation deceptive
(Kazemi & Sullivan, with good between blink | personality traits.
2014) included in illumination is pattern and
the Dlib (King, used. deceptive
2009) C ++ library. personality
traits
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Euler angle is
also calculated)
to obtain the
nodding
frequency

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Predict the Haar feature EAR is used to check |The camera 10 (107) | None. Observation of | Accuracy,
engagement status | selection, creation of | the eye state. The records students the gaze from | misclassification
of students integral images, EAR threshold was | while assisting in the nose, chin, |rate, precision,
AdaBoost training, |selected as 0.25. The |class for a one- pupil, mouth, |recall, specificity,
and cascade blinking detection hour session and and upper head | and F1-score of
classifier. An open |was only a part of the |is processed at 20 position. facial emotion
CV library isused | work done as the frames per performance not for
over the converted | main purpose is to second. blink detection.
grayscale frame. detect emotions. Confusion matrix.
Facial landmarks are
obtained jointly with
the Region of
Interest (ROI) of the
eye. The DIib library
was used to train the
algorithm.
Detect fatigue in The DIib toolkitis |EAR is used to detect | Camera-based, 9 subjects (108) | None. The mouth Blink Frequency
workers used to detect 68 the change in the 640x480 pixels opening ratio is | (BF), PERCLOS,
face landmarks to state of the eye from |are the resolution calculated yawning and
obtain the position |open to closed and to |of the videos. using the nodding frequency.
of the eye and mouth | evaluate the fatigue mouth
for further analysis |status considering the landmarks, and | Blink detection
and considers the percentage of time it is possible to | accuracy, yawning
bottom and the that the eyes are more detect the and nodding.
upper corner of the | than 80% closed yawning
face for the detection | (PERCLOS) frequency.
of the head angle. HEA (head
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
monitoring the The Dlib library The eyelid distance is | common 15 students (8 (112) | A comparison is made for | In addition, For the eye blink
neurophysiological |with Adaboost obtained from the six |webcam. males and 7 the video-based techniques | heart rate was | ratio, a difference
parameters of classifier (based on |landmarks of each females) of 30.6 and the Electrocardiogram | measured by | of 4.5% and 4.8%
potential patients the YCbCr color eye by calculating the +- 3.7 years old. (ECG) and extracting the | during different
and assessing their | model) is used to EAR. Electroencephalogram red component | tasks.
mental state. collect 68 face (EEQG) techniques used to from the image
landmarks. accurately measure in the detected by the

laboratory EBR and Heart | face.

Rate
Quantify visual The DIib library EAR was calculated |RGB camera 37 subjects (109) | None. Fixation of Attention tasks

attention

with Adaboost was
used to extract 68
face landmarks to
retrieve the position
of the eye and face
from each frame of
the video.

from six landmarks
from each eye. A
signal is obtained,
and blinks are
detected. A threshold
of each subject is
calculated to classify
all the frames as open
or closed state. The
raw EAR signal from
the analyzed video is
modified by
performing a baseline
correction. An
asymmetric least-
squares smoothing
approach is used.

gaze from yaw
and angle of
pitch from
head position.

related to blink rate
variability are
proposed, and data
related to blink
detection
performance are
obtained.
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active until the eye
disappears, Kanade
Lucas-Tomasi
(KLT) feature
algorithm tracking.

tracked. The Otsu
optimal threshold
binarization is
applied. The eyebrow
is erased with a mask.
Dark points after
performing
morphological
operations are
considered to have a
circular shape for
detecting the iris

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted

No application was |Eye detection is Iris detection is 17 1-minute 17 (120) | None. None. True and false
stated. performed with the |considered for blink |videos. The positive rates are

Viola-Jones detection. First, illumination calculated.

algorithm. The left | luminance range was from

eye is detected, and | normalization using a | 320 to 600 lux.

the eye tracking 31x31 pixel median | At least the 720p

algorithm becomes | filter of the eye ROI | resolution.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Comparison with | OKAO vision aVTRa is based on WEB camera, 30 |(123) (123) | Electrooculogram (EOG) none. Measured blinking

electro-oculogram,
and visual counting.

software is software
that enables facial
recognition and
detection of various
parts of the human
face. Facial
landmarks such as
eyebrows, pupils,
nostrils, and mouth
angles are identified
by detecting
brightness around
these landmarks
using 3D model
fitting and statistical
identification
methods based on a
large training data
set.

the image processing
technology used in
OKAO Vision. used
OKAO Vision to
produce a waveform
of the blinking
motion detected by
measuring the
opening and closing
distance of the
subject's eyelids.
Individual blinks
were then detected
from the blinking
waveform through
noise filtering and
peak detection
algorithms.

fps still images

detection and visual count
for comparison purposes

in both static
conditions, where
the subject was
sitting still with his
head fixed on the
table, and dynamic
conditions, where
the subject’s face
was not fixed, and
natural
communication was
held between the
subject and the
interviewer.
Percentage of
concordance
between proposed
technique vs. visual
count, proposed
technique vs. EOG,
EOG vs. visual
count
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
No application was |Zface is a robust The vertical distance |Several validated | None. Images (111)| ZJU dataset, Eyeblink8, None. Precision, recall,
stated. validated technique. |between the eyelids is | datasets from the |and videos from Talking face average blink
With Zface, 6 eye obtained from the 6  |literature well-known duration, ground-
landmarks are eye landmarks. databases are truth blinks,
obtained for each Signal processing being used to detected blinks,
eye characterization. |techniques, train and test the ground-truth blink
smoothing, and noise algorithm. rate
avoidance.
-Savitzky Golay
filter.
-Median filter.
-Local peaks.
SVM for eye state
classification
No application was | The Viola Jones After Viola Jones' Video or still 15 different (113) | Customized database, Head angles, |Recall, precision,
stated. algorithm is used to | pair of eyes or single |images of events |topics. UPNA, and ORL databases. |yaw, androll |TP, FP, FN.
detect the ROI of the | eye is detected, image | cameras. angles.

face for the input
image.

Head yaw and roll
angles are obtained
using geometrical
image processing
techniques obtaining
the position of
important face
landmarks as head
corner, nose corner,
and eye corners
using Harris feature
points.

binarization is done.
Gradient application
is performed, and a
comparison between
upper and lower
black pixels number
and a classification of
eye state is done.

Validation: 15
video sequences
holding about
1125 frames in
various lighting
conditions and
different
subjects. 30 fps
(55-60 cm
distant).




62 2 INTRODUCTION
Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
No application was | Automatic eye ROI | The iris binary area | Ophthalmic 4 subjects aged | (100) | Optical flow estimation is The correlation | Precision, F1-score,
stated. Detection algorithm | obtention and the size | forehead chin between 20 and used between 2 consecutive |between sensitivity.
consisting of turning | of the signal are proof | rest, iPhone 28 years, 2 video frames. frames and
to the YCbCr color | of blinking. attached to women and 2 Gunnar-Farnebéck is applied | local binary
space where a map Cartesian men. to detect moving objects. patterns,
is applied to machinery to When a blink occurs, the additionally
differentiate skin allow relative estimated vertical with optical
pixels from nonskin. position changes component vectors of the flow and the
An Otsu binary between the user velocity are higher. proposed blink
mask is applied, and and the camera. Head movements are technique
afterward clear Video is acquired considered when all motion |method
border function and at a low frame vectors vary similarly in described are
disk-based rate(60Hz) direction and magnitude. compared
morphological 3 different other techniques |using the same
erosion and are also developed and video
dilatation. Blobs compared. collection.
related to nonskin
regions are
considered.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
No application was | Two options were Using Gunnar- ZJU dataset, The ones present | (133) | ZJU dataset, Eyeblink8, None. Precision, Recall,

stated.

coded:

The corners of the
eye are detected
manually from
dataset annotations.
Using CLandmarks
and V] algorithms,
the corner of the eye
are also detected
automatically.

Farnebick, motion
vector of each pixel
in the eye region are
estimated. Vertical
components are
analyzed to
differentiate eye
blinks from head
movement.
Normalization of
motion vectors using
intraocular distance is
performed and mean
vertical component
and its standard
deviation are the 2-
signal interest for
blink classification
using support vector
machine

Eyeblink8,
Talking Face.

in the different
datasets

Talking Face and

Researcher’s night datasets.

Ground truth of blink is
available in each video.

Count of detected
blink, False
negative, False
positive, True
positive.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Blinking No techniques are The interlace image | Event camera- 10 subjects. (125) | None. The blink A classification rate
classification used for eye and technique is used to | based eye video. classification | of 4 different
(voluntary and face detection. separate an image depends on the |voluntary blink
involuntary) Direct eye frames into 2 frames. duration of the |types.
are used. An eye-blinking blink.
wave pattern is
obtained
progressively by
calculating the open-
eye area using color
information
embedded in the eye
image.
Blink classification |The segmented 2 thresholds were 536 images 1 video of 4 (126) | Two different other Blink Fl-score,
(complete and image is done in applied for training set (481 | minutes algorithms with the same classification | sensitivity,
incomplete) each frame with the |classification images of the iris dataset and video collection |(complete and | specificity,
application of a deep | purposes of dataset and 55 were tested for comparison | incomplete) precision, negative
learning encoder incomplete and additional images purposes (133,142). predictive value,
decoder algorithm. | complete blinks, to of partially or false positive rate,
Iris diameter, sclera |the ratio of the fully closed eyes) false discovery rate,
area and palpebral | current palpebral Test video with false negative rate.
fissure height are fissure over the 105 complete
obtained. temporal median blinks and 54
value of the iris incomplete ones
diameter of the with a duration of
corresponding eye. 4 min.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted

Voluntary and Not specified, the Calculate the visible |Commercially 15 subjects. (124) | None. None. Classification rate,
involuntary eye image is eyeball area under sold high- classification error.
automatic detection |probably obtained |typical room lighting. | definition video Duration,

blinks using the Viola- The blink detection | cameras and PC maximum

Jones algorithm.

system consists of a
novel measurement
called the frame
splitting method,
where a measurement
is performed with two
field images obtained
by dividing one
interlaced image into
two images. The state
of the eye is
calculated using
thresholds dependent
on the mean
difference value of
size (measurement
values) of the open-
eye area at eye
opening and standard
deviation (Template
match).

amplitude, and
integrated value of
the amplitude.




library mean-shift
method.

Edge detection is
applied using the
Canny method, and
the classification state
of the eye is decided
using

development
environment, and
it used a
Raspberry Pi 3,
an infrared
camera, speaker,
microphone,
carbon dioxide
sensor, Galaxy
S4, and the
automobile.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Drowsy Driver CNN to distinguish | EAR is calculated Several validated | None. Images (143)| 3 videos from the Eyeblink | None. Precision, recall f1-
Detection the human eye by from 6 landmarks of |datasets from the |and videos from dataset, TalkingFace, and score, confusion
returning the the ROI of the eye. literature well-known Eyeblink8 datasets. matrix.
bounding box. The EAR threshold databases are Comparison is made with
Dlib library to was empirically used to train and referenced blink detection
obtain 68 landmarks | obtained for each data test the methods.
from face ROL set for eye state algorithm.
classification. Best
threshold (0.18)
Help Saudi Arabian | The CNN model is | CNN. Event-based Data set used for | (144) | Comparison with reference |No additional | Event detection,
women improve used for face and camera pair of eyes techniques. features were | detection precision
their driving skills | eye segmentation monitoring images from Database of covered faces | extracted. sensitivity,
and prevent and blink detection. drivers in a videos. (136) variation error,
accidents. continuous detection time.
manner. Accuracy.
Preventing the Haar cascade Pupil detection using | An infrared No information |(119)|None. Carbon dioxide | No results related to
drowsy driver classifier for ROI OpenCV Hugh Circle | camera that can | was available. detection. the blink detection
face detection. Eye | Transform. The pupil |operate at night. Speech-to-text |algorithm.
tracking method for |feature image is It used Python recognition
successive frames successively and C languages technology
using the OpenCV | binarized and filtered. | for its developed.
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Detection

algorithm is used for
face detection. Eye
detection is
performed using
skin color detection
with the Viola-Jones
algorithm.

the blink method is
not well described. A
threshold value is
calculated for each
frame dynamically
and the threshold is
compared with the
drowsy threshold.

is used for frame-
video collection.
Matlab software
is used for the
simulation of the
detection
method.

from the mouth.

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results

method Features
Extracted

Drowsy Driver Intel’s Haar Pupil detection is Resolution Not specified, (118) | Six different related Yawning and | The proposed

Detection cascades classifier. |done using 640x480, 15/30 |use a 192412- techniques with the same mouth opening, | results are global
morphological fps, 192412 video frame drowsy detection purpose facial features |and related to the
operations (erosion, |frames divided |dataset. were compared to two to enhance accuracy of
dilatation, and into 4 segment different methods proposed |drowsiness detecting
closing/opening collections. by the authors. detection drowsiness. The
operations) article did not
binarization, and explicitly show
finding circle values related to the
contours. precision,
PERCLOS, BF, and sensitivity, or f1 of
MCD are extracted PERCLOS, MCD
from the localization (Maximum Closure
of the size of the eye Duration), and BF
pupil in each frame. precision,

sensitivity, or f1-
score.
Drowsy Driver The Viola Jones The explanation of | The VGA camera | Not specified. (145) | Viola Jones to extract ROl | Lip detection | Percentage error of

for a
percentage of
open mouth.

images for eye
detection and
closed eye
detection. Average
accuracy of the
blink detection
system.




68 2 INTRODUCTION
Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Drowsy Driver The Open-Source The eye aspect ratio | The Raspberry Pi | 6 subjects. 3 (106) | None. No additional |Mean EAR with
Detection Computer Vision formula is used to camera sensor males and 3 features were | open eyes and mean
Library (Open CV) |calculate the state of |and Raspberry Pi | females. extracted from | EAR with closed
is used to implement | the open eye. Six 3 Model B the videos. eyes for each
the Haar cascade points characterize Algorithms for participant.
classifier. the eye feature, and | eye blinking
the vertical distance |detection are
between the upper developed with
and lower eyelids OpenCV.
related to the 1920x1080 pixels
longitudinal palpebral | resolution videos.
fissure is obtained.
Drowsy Driver The OpenCV The rectangular eye | Use of the One male (24 (117)| None. None. No explicit data
Detection framework is used to | region is masked Samsung LG- years old) and related to blink
analyze the captured | further to eliminate | K330 mobile one female (23 detection.
video. First, the the noise arising from | phone camera. years old).
input video frame is |the eyelashes and The videos

turned into a
grayscale. Face
detection was
implemented using
the Haar classifier to
obtain a rectangular
region over the eye.
The rectangular
region can be
manually adjusted to
obtain.

eyebrows. A smaller
rectangular mask
without the corners
(like the palpebral
fissure geometric
form) is used for this
purpose. The image
result is binarized
using the OpenCV
threshold function.
White pixels are
counted using
countNonZero().

recorded have a
frame rate of 30
fps.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Drowsy Driver A DIib facial CNN. The open data set | Not specified. (129) | Data set used: closed eyes in | 11 other Accuracy.
Detection detector is used and | The deep learning published by the wild (CEW). drowsy
extracts 68 features | model takes the face |’Xiaoyang Tan’ - No of images: 1194 detection
from the face of the |images as inputand |from Nanjing (closed eyes), 1239 (open methods were
individual. The face |results in an output | University of eyes) compared with
is cropped from the |specifying whether | Aeronautics and - Total: 2433images the same data
input image. The the eyes in the image | Astronautics is (100X100) JPG set.
face image is resized | are open or closed. used to train - Total number of epochs: 5
to a 244x244 pixels CNN. The - Training images: 2181
frame. webcam-based - Testing images: 252
prototype was
developed to test
the model trained
using Dlib facial
landmarks.
Drowsy Driver Haar cascade From the HSV color |60hz video frame | Ten subjects (127) | The visual blink rate of the | Additional An accuracy of
Detection classifier for face model, the mean rate with a were involved in observer is obtained for monitored 89% is obtained
and eye detection. value of the V duration of 60s | the study and a comparison purposes. systems with | while comparing
ROI of 1 eye is the | channel of the ROI is 60 second video different the blink rate from

final output.

obtained and
monitored in the eye
ROl is obtained. A
threshold is used to
obtain the state of the
eye and applied to the
gradient of the V-
channel time
function.

was recorded for
each patient.

sensors are
used to detect
drowsy drivers
and are not
related to
blinking.

the algorithm and
the observed from a
visual count.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Detect drowsy A pair of eyes The Hough transform | Web camera Not specified, it |(121) | None. None. No results related to
driver detected with the is used to detect the |connected to seems to be a the accuracy of the
Viola-Jones position of the iris. Matlab software. |pilot study with system.
algorithm When the iris isnot | Used during day |one or two

detected, the eye state | and night shifts. |subjects.
is classified as closed,
and when the
duration of a normal
blink is overpassed,
the system alerts the
driver of a drowsy

state.
Detect drowsy The Haar feature Eye detection is first | A web camerais |7 (3 from online |(115)| YAWD video data set Drowsy Eye detection
driver from method is used for | performed by connected to videos and 4 online and MEL eye image |system: it uses |accuracy, eye status
blinking and yawn | face detection and, |dividing the face Matlab software |from the MRL data set analysis. the data detection accuracy.
detection. more specifically, image region by 2 to prepare a image dataset obtained from
the Viola-Jones and taking the upper |snapshot function | MRL). the eye and
algorithm. The half. The image is to acquire images mouth states. It
Kalman filter is turned to grayscale, |from streaming is a fuzzy
applied for face and further, it is video. 1280 x model that
tracking reducing binarized using the 720 resolution at depends on the
computational cost |adaptive threshold 30 fps. classification
by estimating the technique. The iris is of the first ratio
position of a moving |successfully tracked of eye closure
object based on its | using a Kalman filter. and the last
historical values in | The eye state is ratio of mouth
the next frame. obtained considering open.
the number of black

pixels in the eye
region.
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detection. The Dlib
toolkit is combined
to extract facial
feature parameters
(68 face key points),
by which they
calculate the 128-
dimensional feature
vector, eye feature
vector (EFV) and
mouth feature vector
(MFV) of the
driver’s face in the
image.

phases are done; the
first biometric and
classification input is
done by the driver to
enhance
computational time
and resources for
online blink
recognition.

Blink detection is
performed online
with a trained
classifier (eye open
threshold) and
biometric data for
driver recognition.

images, eye
classification
images, and
mouth
classification
images.

The WIDER FACE database
is used to train YOLOV3-
tiny to locate drivers' faces.
2 other blink detection
techniques were compared
(146,147).

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Detect drowsiness | Improved YOLOv3- |EAR is obtained to | Web cameras 10 samples. (110) | (http://wider- Mouth Aspect | PERCLOSE, BF
tiny network for face | detect blinks. Two collect biometric | DSD data set. challenge.org/2019.html) Ratio
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Detect drowsy The big pair eye Afterward, the image | Commun web Not specified. (114) | None. Drowsy level | Explicit results only
driver function of the viola |of the eyes is camera detection using | for the accuracy of
jones algorithm is converted into binary neural network |neural networks for
performed to locate |by determining the drowsy detection.
the boundary box of |threshold using the Value of 93%
the pair of eyes from | OTSU method. The
the driver image is divided into
participating in the  |upper and lower
study. parts. When the eyes
are open, due to the
color of the pupils
and eyelashes, the
ratio of dark pixels in
the upper part of the
eye is greater than the
state of closed eyes
(hidden pupil). The
resulting signal is
multiplied by 3. A
threshold is used for
state classification.
Help the disabled | Viola Jones CNN is used to detect | Images from 7 subjects from a | (128) | The TensorFlow framework | Use of head Root Mean Square
population. Human- | algorithm to detect |the state of the eye. | different datasets. | hand-made is used for the head mouse | direction to Error
computer the eyes dataset. Uses control system. Handcrafted |move the (RMSE)=0.0575
interaction. popular datasets. data set of 853 images of mouse Accuracy for eye
different head poses. Closed |accordingly state classification=
eyes in the wild data set for |with head 97.42%
eye state classification. direction
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abnormal eye

defects early stage.

to crop eye image
from face video
UNET.

extraction. The
Euclidean distance
method is used to
extract the vertical
distance between eye
lids obtained from
eye landmarks.

Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Detect drowsy Face and eye Pupil and eye 640x480 video |36 subjects. (116) | Comparison with other 13 | Mouth Explicit results of
driver detection with the detection. This is dataset IR videos | Drowsy Driver techniques that are using the | features. the drowsiness
Viola Jones performed using 15/30 fps. Dataset neural network to extract the | Position and classification.
algorithm. The morphological (DDD)provided drowsy state. orientation of | Algorithms give
equalization of the | operations on the by NTHU. 17 the head. implicit results of
grayscale and image after individuals PERCLOS, BF,
adaptative histogram | binarization of the tested from the EAR, AND MCD.
of the image was eye image. data set
previously
performed.
Comparison to The Kalman filter is | Y-UNET feature 30 fps 320x320 | Not specified. (148) | Comparison with R-CNN None. Mean average
normal blink rate. | used first to denoise |extraction particularly | rescaled precision value for
Detection of the image. YOLOVS |focus eyelid resolution the algorithm.
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Purpose face/eye detection |Blink detection Video Source Subjects Ref. | Databases or comparison | Additional Results
method Features
Extracted
Drowsiness The Viola Jones The eye image is low-cost reverse |8 different (149) | Comparison with different | None. Accuracy
detection. algorithm is used to |turned to grayscale parking infrared |people. techniques and obtention of
detect the face. and then normalized |camera. 320x240 accuracy from image set
Proportional eye in mean and variance |pixels. from 8 different people
crops are used to (O=mean value, 1=
detect the eye. variance). The eye
image is finally
binarized using a
specific threshold.
2methods:
* The first method
uses landmarks in the
binarized eye.
* The second method
uses an MLP neural
network.
Human Drowsiness | Dlib library to Euclidean distance to |30 fps VGA Not specified. (150) | None. Sensor to Percentages of hits
Detection System | obtain 68 face calculate vertical webcam detect drowsy | detect the number
landmarks. A pi diameter between drivers. Special | of predicted blinks
camera is used with |eyelids. Raspberry pi camera with as a function of the
the template + OpenCV lib template number of blinks in
matching system for matching for | the video.
intrusion purposes. additional
intrusion
detection
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3. METHODS

3.1 Project design

This chapter explains all the technologies developed to reach the main objectives stated in the

first chapter, HYPOTHESES, OBJECTIVES.

The technologies developed can be divided into three groups, following the functions that will
be developed. First, the recollection application is used to obtain all the necessary information
related to the personal eye characteristics, all the variables used to characterize the environment
where the subject is evolving, and the subjective information given by the patient through
patient-reported outcomes and questionnaires. The second part involves all the transformations
used to extract the different features from the data obtained with the application. It consists of
several algorithms developed and coded in the Matlab entourage to extract the feature from the
eye videos to characterize the blinking, diagnose the bulbar eye redness, and compare those
results while using or not using contact lenses. The third part is all the machine learning models
trained and tested to find tendencies in the data obtained to predict the accommodation of the
contact lens without needing the patient to reach the optics or the clinic where the tests are used

in clinical environments.

As it 1s a big data project, the flow chart that this study will follow has its basis on a big data
project. In a big data project, 4 intrinsically related steps can be found. First, the definition of
the project must be stated considering the objective to be achieved. In this thesis, the goals and
definition of the project were stated on the HYPOTHESES, OBJECTIVES chapter. It is
possible to come back to the definition of objectives as new trends were obtained in the data
after performing the analysis, so it can achieve or find out results that were not considered
before. The following step consists of selecting features to analyze and find the whereabouts
of the storage of all the data needed. In this step, it is essential to determine what information
will be needed to achieve the defined objective. It is also important to know the different types
of data available and how to store them, as it is well known that video images and information
data stored as dictionaries will need a special database known as nonstructured to handle large
amounts of data that has not the general structure of a table. In this step, the nature of the data
and the characteristics extracted from the patient using the recollection tool need to be adapted
for the next step. This step is called preprocessing, and it has many levels. Adapting the

information to the data used in the analysis model step requires special knowledge of the



78 3 METHODS

recollection tool and the model analyzed. The next step consists of analyzing all the data
obtained using the recollection tool from the patients, which is preprocessed to be suitable for
the analysis. It should be highlighted that since deep knowledge of both the model and the
recollection tool needs to be reached to obtain a robust system with great results and reach the
objective stated in the project definition step, all the different stages are connected and it is not
necessary to complete and have a clear defined project to start working on the model and the
recollection tool. The final step consists of the improvement reached or the value gained while
completing the objective defined on the project or a step to enhance further the model analyzed,
adapt the recollection tool to extract additional characteristics, to transform the information
collected from the patient into more valuable data for the analysis model, or to obtain an

additional goal to complete the project definition.

3.1.1. Data recollection tool: APP

The recollection tool consists of an application that works on all platforms (Computers, mobile
phones, Android and iOS and tablets). It is coded and developed using a hybrid platform, ionic
platform, and the typescript language Angular. It uses the PHP language to run the back end of
the application and save all the data obtained from the questionnaire and different information
introduced by the patient and the data collected from the environment. All the features available

in the application will be stated in detail furthermore.

3.1.1.1. Code Development

The principal component of the application is the video collection source, a video interface to
collect the objective information from the patient's eye. With the collection of a video of the
eye, different parameters and characteristics could be extracted, analyzed, and compared in
different weather conditions while using or not contact lenses. The interface, we will call front-
end furthermore, and it is related to all the different features and characteristics of the
application that the user can see and interact with, will be programmed using HTMLS5
(Hypertext Mark-up Language) (151), for the appearance of the features and the easy
accessibility for the user CSS3 (Cascading Style Sheets) (152) is used for the development.

To have a clear understanding of how the application is coded, it is best to know how to perform
or work with Object Oriented Programming (OOP ). An object represents element properties,
which are variables, and methods, which are functions. For further understanding, if you used
to play MMORPG (Massively Multiplayer Online Role-Playing Game) games, the first thing

you will be asked before starting the adventure is to create your principal character. This
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character usually has different classes that can be chosen, meaning it can be a magician,
warrior, templar, or thief. Another characteristic can be the number of live points, the health of
our character, and a pseudonym. When an object is created, different properties, such as the
characteristics stated for the personage created, are given. Additionally, our fictional character
in the game can perform different actions, for example, attack another character, walk, run, buy
and sell goods, or just make some dance movements. Those actions in the programming object
are stated as methods. In general, when programmers talk about implementing methods, they
are programming new functions for an object. In JavaScript and TypeScript code, objects are

identified by using brackets for the definition {}.

The OOP is an abstract concept, meaning that all the elements available in a developed
application or website are objects. An essential characteristic of the OOP is that objects can be
literal objects, constructors, prototypes, or class objects. The literal object is used to transfer
information. Suppose a property is set on an object and the data is needed on a different
instance. In that case, the literal object is created to store the information (property of an object),
and to transfer this information, for example, to the user (through the console), we will use a
literal object. Constructors are used to easily create the maximum number of objects with the
same structure. The constructor has the same code writing as the functions, and the properties
we want to assign to the new object from a constructor are introduced as inputs inside the
parentheses (). It makes it easier to create new objects from objects with the same structure and
to insert objects as properties inside the parentheses of the constructor to assign an object as a

property of a more significant object.

In JavaScript, the OOP uses prototypes instead of classes. A class will have inside, as explained
for the object, methods, and properties, but also a constructor. To understand the prototypes
better, we can try coding a simple object, using or not a constructor; we will observe that an
additional property is created automatically. This property is, in fact, an object and has many
properties inside. The most crucial property inside the prototype is the constructor. In this
property, inside the prototype property, we can find the constructor used to create the object
studied. If the object created was not done using a constructor, a parent constructor is found
and responsible for creating all the objects in JavaScript (it is known as Object). In the same
case, if we used a constructor inside the constructor property of the previous prototype, we
would find a prototype with a constructor property named Object, the constructor parent.
Object use is possible, enabling the creation of an empty constructor and assigning new

properties and methods to use on the constructor. In the prototype property constructor, we will
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find the methods created for the constructor, and they can be used even if the principal object

1s created but the method is not defined.

The most used function of the object prototype is the use, in a constructor, of a function
(method) defined in another constructor. Even if the prototype is determined automatically, the
object of the prototype can include methods as functions created in other constructors, allowing
the objects created from a constructor to use a method available in another constructor by

calling the foreign constructor; this is known as inheritance.

The class objects are introduced in TypeScript, a superset of JavaScript, meaning that all
JavaScript programs are valid. Still, the syntax can slightly differ for safety reasons. The
angular framework used in the development of the application uses TypeScript language. The
class objects are objects with a defined structure that forms, together with other classes, what
we know as the interface. In the class object, a constructor is defined to include other classes
to allow inheritance, meaning that methods from the classes called in the constructor can be
used in the current class. An example of a class is a page in the app development. Inside this
class, a constructor will be defined with different classes going from ones enabling routing
(page changing), authentication service (to detect if the authentication was made correctly),
data service (to access and use data from a remote database), translation (select the correct
JSON (JavaScript Object Notation) file to show the page in the language chosen) among many

other classes that we will see in the application different coded pages.

Considering the OOP concept and inheritance between classes, we can know how the
application's different pages, buttons, connections, and interfaces will be connected and work

in a system called an App.

The HTML code is usually used in other technologies such as JavaScript, TypeScript, and CSS.
It is the most basic component of the web, and it is used to display all features visible to the
user. The elements that can be displayed are buttons, texts, and input boxes. The different
components are developed using container elements marked with the quotation marks left (<)
and right (>). The most common container elements are <head>, <title>, <div>, <img>,
<video>, <textarea>, <form>, <button> among many others. Each of the containers has
different properties that can be given to the element container as the access of a specific
JavaScript class or a method to perform at the click of a button. Furthermore, the different
properties will be explained while they are being used. Inside the container, text is usually

written to display, for example, the name of the button or to show the title in a <title> container
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element. For the pages designed with the ionic platform, new containers are available to
enhance the view for all the different platforms and work better when the application is finally
built to work on Android, i0S, or as a web application. <ion-grid>, <ion-header>, <ion-row>
are examples of attribute elements available in the HTML files for each page as a default option

that will help to display web pages on a smartphone correctly.
To access the final application, please go to the following link: https://app.eyeh2020.com/

3.1.1.2. Video Interface

When researching the existing applications with a video interface, different plugins were found
using the ionic framework and the angular or react platforms. The native ionic media capture
plugin has also been tested, but it is currently only available for Android and 1OS but not for
the web. We must clarify that the plugins are libraries with different classes where methods
and properties can be accessed to perform and reach the intended goal. In this process step, we
must consider whether the library is compatible with the version of the angular and ionic

frameworks being used.

Using an angular core library where the VideoElementRef property is available inside the
ElementRef class has been the best choice for the project's needs and is easy to use. With the
ElementRef from Angular, the recording is done via streaming. The size of the stream can be
changed, and the stream's position can be easily programmed. This allows it to show the stream
and the activity monitored while recording on the screen simultaneously. A text to read while

the patient is being recorded (90) or an objective to stare at.

The video page inside the application is programmed using Angular with the Ionic Platform.
The Angular framework is specific for creating a front-end app with a single page, while HTML
and TypeScript are used for coding.

3.1.1.2.1. Libraries used in the video page

Firstly, the first libraries imported were Angular Core with Component (an interface; a set of
classes), ViewChild, and ElementRef, which are classes being used on the page that is needed
for the coding of Components and Childs-specific options for angular to allow the connection
between the TypeScript logic coded and the visualization by the user of the different interfaces
developed. The component has a selector, a set of other files that includes the HTML and the
CSS codes (for visualization by the user of the various instances), and all the different

TypeScript pages where the logic is coded. Two TypeScript files (.ts) are necessary to
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highlight: the module, which is essential for organizing and managing applications by grouping
related components, services, and other artifacts, and the page where all logic is coded and
developed, where the methods and properties are used from each one of the imported classes.
In the module TypeScript file all the libraries seen in the TypeScript file are also imported into

the module file to make possible access to the classes, properties, and interfaces, among others.

In the page TypeScript file, we will talk furthermore only about the codes developed available
on this file; the ViewChild decorator calls the video element class and the record video element
class to perform the visualization on the HTML file of the stream captured using the front
camera and the recorded video. The properties inside the video page TypeScript file
videoElement and recordVideoElement will store the HTMLVideoElement interface that stores
furthermore allowing the visualization in HTML of the stream and the recorded video when
the recording is triggered and finished. Additionally, in the video element interface far behind
the eyes of the user, a connection to the foreign air contamination and weather data is made
possible on this page where the patient eyes are being recorded. The UserService (service class
that differs from a page because the HTML code is not required) is being injected into this page
and called in the constructor of the video interface page to access the different properties and
methods inside the user service. A better explanation of this service is provided in the sub-

chapter 3.1.1.4 related to the backend, where the connections are made.

The ionic/angular library is imported, and the Platform class is used in the constructor. This
class is very important for recording because, at the time, it is easy to distinguish between
videos recorded using the web from a computer or an Android device or using Safari. The final
purpose of the Platform class is for the app to distinguish between Android, Web Explorer, and
10S. The difference in the platform used is found in the codecs (encoder-decoder of the digital
signal) that the application records in the video files. In all common web browsers, the codecs
available in the recorded video are WEBM (Web Media File). This video file property WEBM
is not supported by the Matlab Environment (the vital fact that we will see further for the
analysis of the video collected), so the analysis of these videos is not possible in the Matlab
Entourage. The Safari browser records the videos using mp3 and h265 codecs compatible with
the Matlab Platform, so the codecs to add to the video were not similar when the web
application was accessed using an iOS device instead of an Android. To solve the problem, we
used FFMPEG (Fast Forward Moving Picture Experts Group), which converts videos from any
extension or codecs to mp3+h265lice (mp4). The FFMPEG was first tested in Windows and
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Mac but was recently implemented using a Matlab FFMPEG toolbox by Takeshi Ikuma. The
BSD (Berkeley Source Distribution) license is provided jointly with the programmed code.

The Angular/fire/auth library was imported to use the class Auth to ensure the user is identified
as using the app. Extended information about the library and its use is available in the

Authentication page subchapter 3.1.1.3.3.

The DataService page is being injected to send all the information to the MySQL and FTP (File
Transfer Protocol) servers. Like the Auth class, the data service is explained deeply in the
backend subchapter, where all the connections are made to the external weather and air

contamination databases and the storage system developed.

The Lottie-web library is imported to use Lottie in the HTML file. Lottie is an animated picture

that takes less memory space than the well-known gifs.

The Translate service detects the user's chosen language. Depending on that, the monitored

activity and buttons are written in one language.

The ionic storage library is used jointly with the translation service. The language selection is
stored using this library to make the variable available on all the needed pages. The Storage
class allows different classes to access variables and properties easily from the classes available

in the App entourage.

3.1.1.2.2. VideoPage class

Second, the properties of the VideoPage class are declared.

e The video element and the recorded video are declared using the decorator property
Viewchild to allow access to the view properties in the HTML page. As seen in the
subchapter before, this will enable us to visualize the user's stream and the recorded
video.

e The properties for device location (longitude, latitude), air contamination data (airdata),
and videoStorage are declared public.

e All the properties needed for the recording and streaming of the HTML video element
are initialized. videoElement and recordVideoElement give the HTML video properties.
The mediarecorder class will store the video. recordedBlobs property inside the
videoPage class will store the blob info from the video. isRecording is false and will be
a statement property to know if the recording has started. downloadUrl is used to store

and create basically the video once the recording is finished. Stream is used to save the
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html video element and is shown in the screen while the page is loaded indistinctly if
the recording is on or off. The Buffer property will store the blob (Binary Large Object)
where binary data containing the information related to the recorded video are stored,
once the recording is over.

¢ Animation options are coded following the following instructions available in the Lottie

library “https://www.npmjs.com/package/ngx-lottie”.

The properties of the imported classes are declared inside the constructor. The constructor will
include all the library classes imported, except for the ones used in the decorator ViewChild
because they are part of the angular core library. The properties of the constructor are the
following classes: Router, UserService, Platform, Auth, TranslateService, Storage and

DataService, and ProcessXmlService.

Inside the method ionViewWillEnter used to set up the page, three different things will be done
before any other method or function once the video page is loaded. This is the purpose of the
use of the method ionViewWillEnter. The first processes that are inside are getting the
information stored in the language variable and a code to connect furthermore the data obtained
from the video of the video to the PRO Instrument to correlate the subjective data received
from the Patient Reported Outcome (for further information, see backend subchapter related to
the databases connection 3.1.1.4). Once this step is performed, the user will now be able to see
the stream. Then, the isRecording property is set as false, and it starts to get the data from the
weather station using the user service. The getConstraints method will declare the ideal values
for the video recorded. This is done to reduce the time to wait until the video is sent and ensure
that the quality is sufficient to get the data from the patient's eye. Once all that is done, the

recording starts with a timeout of 1 second.
The methods coded in addition to ionViewWillEnter are:

e The method get data api uses the injectable service from the connection to the
weather station and the device location.

e The animationCreated method to use the Lottie animation of the camera.

e The startRecording method, where the recording is done from the stream using the
MediaRecorder variable and setting up the codecs. Using the statements t7y and catch,
the recording will consider the native platforms and the hybrid one, giving the mime

type WEBM to the web browser and MP4 to the native platform. The recording



3 METHODS 85

countdown is also programmed, giving 60000 msec to the recording and 1000 ms to
set up the page before the recording.

e The stopRecording method has the instruction to stop the record. It is called once the
countdown of 60000ms is finished.

e The playRecording method is called to play the video recorded, it is called once the
record is over.

e The method OnDataAvailableEvent ensures that the stream data recorded is not lost
during the record.

e The method OnstopRecordingEvent creates the video from the data generated during
the recording. The video is stored as a blob. Depending on the platform, the codecs
will be MP4 or WEBM. The video URL is also saved to be replayed before sending
confirmation in the variable recordVideoElement.src.

e The conversionBlobToBase64 method converts the blob to base64 code and sends the
data to the FTP server.

e The method validate will consider the user and create a unique id for the current data
collection. It will send the video using the save video.php to decode the base64 video
into a video file. It will also send the data patient to the MySQL server using the
add_data_patient.php.

3.1.1.3. App features

The different functions performed with the app that are not related to the video interface are as
many as the different data needed and obtained for the project, which were included in a
successive process to obtain the best quality from the patients' data. The framework used to
develop the different functions and features was chosen depending on the version of the

frameworks and languages used to develop the video interface.

The different functionalities developed will be stated in the next sub-chapters. We have to take
special consideration of how the Ionic platform is able to develop an app with different pages,
where the Angular framework is used to develop each one of the pages, as the purpose of the

creation of the Angular framework is to be able to develop and code a single page.
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AUTHENTICATION PAGE
URL: https://app.eyeh20.com

APP LANGUAGE PAGE -

MYSQL SERVER QUESTIONNAIRE PAGE
STORING AIR
CONTAMINATION

DATA AND
FEATURES INSTRUCTION PAGE

EXTRACTED FROM
VIDEO

START RECORDING PAGE,
GETTING READY.

RECORDING PAGE WITH
FTP SERVER MONITORING ACTIVITY AND
STORING PATIENTS ’ POSTERIOR VALIDATION.
VIDEO FILES. .

ACKNOWLEDGEMENT PAGE

Figure 3-1:App structure

3.1.1.3.1. Installed programs for coding and development

e Node,js is used to interact with the ionic ecosystem.
e Visual Studio Code as a code editor.
e Command-line interface/terminal (CLI):
o Windows users: command line (cmd) or Powershell CLI, running in
Administrator mode.

o Mac/Linux users: Terminal.

Using the terminal, for each library to work, they must be installed with the npm command. In
the package.json file are each of the necessary modules. With the command $npm install
package.json, all libraries will be installed. To see all the libraries installed to make the app
work on all 3 platforms, as it is possible to build the application as an iOS App, as an Android
App, and as a Web application. For instance, the web application was finally decided as it is
better to perform this task with the protection of the patient privacy to keep track of the
authentication on the application and ensure with a human verification step that all the
information related to the privacy and purposes of the application is read and understood. There
i1s a way to contact the principal researchers who are developing the study by the patients.
Among these, building an application and reaching the Apple and Android marketplaces is
possible.
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3.1.1.3.2. Main characteristics, home page.

In addition to the package.json file, other important files that require attention and are related
to the app's main functioning are the app.module.ts, app-routing.module.ts, and

app.component.ts.

The app.module.ts includes all the libraries used on the home page, which, in our case,

corresponds to the ribbon at the top of the app that appears on all the pages.

In the app-routing. module.ts, all the different pages accessible to the app have their routes
defined using a constant, which is an object that includes constant methods and properties that
represent a route configuration for the router service. The library of authentication guard of
Firebase, a service from Google used to manage the authentication service, that will be
developed deeply on the authentication page subchapter, has implemented the methods
redirectUnauthorizedToLogin and redirectLoggedInToVideo that are used inside the routes
constant object to check if the patient is logged correctly into the app and restrict the access to

the pages where the correct authentication is a must.

The app.component.ts file includes all the logic of the ribbon and in the same way for the video
interface explained on the previous subchapter(include reference), the translate service, the
router and authentication services are called in the constructor and in the ionViewWillEnter
function the storage is accessed to see the language selected by the user to show the different
options available; in this case go to the language page selection and logging out. This option is
available as the router class is defined in the constructor and the /ogout function uses the
method logout from the authService class, and the navigateByUrl method is used from the

router class to redirect to the log-in page.

3.1.1.3.3. Authentication service and log-in page

Once the video interface how to code knowledge is acquired in the preliminary step
(considering that the explanation in the subchapter 3.1.1.2 is already complete) and there is
knowledge of how the routing of the app has been made a subchapter (3.1.1.3.1 and 3.1.1.3.2).
The authentication service further allows access only to informed patients of interest; sign-up
and login options are necessary. This is also done to let only authorized users store data on the
project server. The authentication service and the login page are explained in the following

paragraphs.
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The language used is the same as for the video interface (Ionic platform and Angular

framework) but also uses the PHP (Hypertext Preprocessor) and MySQL languages.

To create the service, the Auth interface and the promises signlnWithEmailAndPassword,
createUserWithEmailAndPassword, signOut, and sendPasswordResetEmail are imported from
the Firebase library. Promise's purpose is to handle asynchronous operations, providing better

control over the code flow.

The log-in function is created to allow the registered user to be verified. The try and catch
method is used to catch angular errors. What is inside the try will be compiled, and if it is
correct, the user will be returned. If the user variable is assigned an incorrect or null value (code

error), null will be returned.

User check-in Firebase is done using the promise signlnWithEmailAndPassword imported
from Firebase, and it requires 3 inputs: the authentication class, the email input of the user, and
the password input. This promise has 2 methods or functions that will accept or reject the
logging. The access will be done if the email and the password inputs are found in the firebase
authentication database. The function created in the authentication service to use this promise
from (@angular/fire/auth library is called log-in. In the same way, the registration process is
handled by Firebase if the input of email and password follows the rules of creation template
of user and password, and the email input is not found on the database. In the same way,
signlnWithEmailAndPassword promise needs the same 3 inputs and the output of the promise
is two (registration or not of the new user). The function created in the authentication service
to use the promise signinWithEmailAndPassword from @angular/fire/auth library is called
register. sendPasswordResetEmail is the third promise used and only needs the auth class
initialized on the constructor of the AuthService class and the email input by the user. If the
typo constraints are fulfilled and found in the Firebase authentication database, the Firebase
authentication service email is sent automatically using a template to the user email. The
method created in the authenticationService class to use the promise sendPasswordResetEmail
from (@angular/fire/auth library is resetPassword. The last promise is signOut, which requires
only the auth class as input. The method created in the AuthService class to use the promise

signOut is logout.

The login page is a form to fill out correctly. Its structure is very simple. If the filled-in fields
are correct, the page redirects you to the instructions, and if they are wrong, it asks you to try

again.
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e First, the angular/forms libraries are imported, the router is able to redirect,
AlertController and LoadingController are alerts for the user that the page is being
loaded, and finally, the authentication service is created previously. The get function
is used to read the fields entered by the user.

e Subsequently, the form is created in the ngOninit function, which is characterized by
the fact that it is executed first when the app page is compiled.

e The asynchronous register function allows the app page to register the user. This
button inside the login page will redirect to a page where the consent is available
before calling the AuthService class and checking the boxes of the permission of
acceptance of the approved protocol (Subchapter 8.1).

e In the same way, the resetPassword asynchronous function will send the email to the
registered user for recovery password. It is implemented in an HTML file under the
button 'forgot password.'

e The login function allows checking the validity of the data entered in the
authentication form. The login function, in turn, uses the login function programmed
in the authentication service to check the veracity of the data. If the data are correct,
the router property and the navigateByUrl method redirect to the instructions page. If
the data are unavailable in the FireBase database, an alert message with the following

text: "Login failed, please try again" appears on the screen.
The HTML programming of the log-in page allows the following display:

e First, the logo user image is inserted using the img class. Then, the login page's
typescript-programmed form (.ts) is inserted. Two <div> containers to highlight are
the email class and the password class <div>, where the input area of the form is
programmed in HTML.

e The <div> sec-2 class container includes the email input zone. In it appears an icon, a
text zone with an example « username@gmail.com,» and an « email » control so that
only texts in the form of email addresses are valid. Red notes also appear if the prior
validity check is not met.

e In the <div> sec-2 class container, within the password class, an icon is programmed,
a text zone with an example “......... ” and a password type control. The password
must be at least 6 characters as it appears in the programmed note below the text area

if the check is not met.
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e The control programmed in the text zone of the email and the password come from

the validators class of the angular/form library.

All the information stated in the html file and the functions in the TypeScript file, results
on the login page displayed in Figure 3-2.

Email Address

E ussmame@grmailcom

Email is invalid

Password

Forgot password

Figure 3-2: Login page

3.1.1.3.4. Language page selection

Once the patient introduces the credential correctly, the language selection page is displayed
in Figure 3-4. The language page selection has four flags and four options: Spanish, English,
French, and Portuguese. The most critical import for this page is the ionic storage. The storage
allows us to store variables that can be used on all the app pages. For language visualization,
we use the property langue (language in French) to store the string corresponding to each
language. The language is saved as a variable in the common app for all your pages. This
variable selects the text to be displayed from a file for each language. Each language has a
document with the translated (where all the texts being printed in the app, besides the questions,
are translated in each language). We select ‘uk’ for English (default), ‘es’ for Spanish, ‘port’
for Portuguese, and ‘fr’ for French. The method langue is an asynchronous function in the class

LanguePage. In this method, the storage is created for the variable “langue” using the storage
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class from the library Storage to store information accessible from any other class or
component inside the application, such as the information about the language selection. We
also have to note that in this step, we create the storage for the timedata constant that with the
information of the current time when the user selects the language, we can furthermore locate
all the information given by the patient going from the questionnaire we will show in the
following subchapter (see questionnaire page), the video recorded (see video interface) and
finally the weather and air contamination data obtained from the different external databases
using the location of the nearest station. The timedata constant code will be different each time
the user enters the application to fulfill all the steps (questionnaire, video, and if it is the case,

the external Patient Reported Outcome).

In the HTML file 'langue.page.html', where the user interface is coded, every country flag is a
button. In our case, Spain, the United Kingdom, Portugal, and France. Those buttons are
programmed so that if you click on an image flag, the property langue will get its value to
select the corresponding idiom file. The language page is performed to remove all barriers so
that patients can use the applications in an international language environment like a big
country capital (in our case, Madrid). The container used to display the flag button is <img>,
and the file location provided for each one of the Portable Network Graphics (PNG) files is
done using the attribute <src>. The attribute <style> is used to set the display characteristics,

for example, the margin length in pixels and the width in pixels, among others.

The language selection page is shown in Figure 3-4. Both visualizations are proposed, and web

and mobile phones are indistinctly Android or 10S.

I
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Figure 3-3: Language selection page left web view, right mobile view.
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3.1.1.3.5. Questionnaire page

After the language selection, the app may include a questionnaire about the subjective quality
of vision, comfort, and objective variables about the patients (age, ethnic group, etc.). One of
the future uses of the app will be to assess patients' subjective comfort when wearing contact
lenses, so some questions have been included in this field to obtain the subjective behavior of

the contact lens that interacts with the physiology of the patient's eye.

The questionnaire gets different types of information about the user and saves it to the MySQL
database. For example, personal data, demographic data, or quality of life the patient has while
using contact lenses. The technique used to code the questionnaire can be described as follows.
First, a table with all the questions and the corresponding answers in different languages is
uploaded to the database. The questions have the same structure as PRO-Instruments developed
to test the impact of dry eye or contact lenses on quality of life (153), (154), (155); every
question has five possible responses, but the patient can choose only one option. In addition
to the options, the question language is also identified in the database. A specific column is
used to store the language info. This ensures that different patients can complete the
questionnaire worldwide and that the language barrier is removed. Currently, 21 questions are
available for patients in four different languages: English, Spanish, French, and Portuguese.
The questions are divided into three groups. The first group is answered once when accessing
the app for the first time (longitudinal size of the eye, contact lens brand, ethnicity, age,
biological sex, if they are a contact lens user and since when, and periodicity of use). The
second group is related to visual comfort. This set of questions appears only if the patient has
used a contact lens during the day. The third group corresponds to the one that appears every
time the user is accessing the app. The questions on this group correspond to temperature and
humidity if the user is performing the data recollection inside the conditions are known, and

the current state of use of the contact lens during the video or during the day.

The development of the questions of the three groups presented have basically the same
structure for the html and typescript files. The difference on the front end will not depend on
the appearance of the different questions (demographic question and current state of contact
lens use) but if an image is displayed for the understanding of the question and the answer
given by the user requires a text or a selection of possible already present answers but not if
those questions are only presented to the user on the first time or every time the user accesses

the application for the recording of a new video.
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3.1.1.3.6. Eyesize page
The questions with pictures and one possible input answer will appear first and be located on
the eyesize page. The methods inside the eyesizePage class are ionViewWillEnter, ngOnlnit

loadQuestions, nextQuestion, save_question, and nextQuestionnaire.

In the ionViewWillEnter method, as on almost all the pages that display texts, the storage class
is being accessed to use the methods get, set, and remove to obtain the language stored in the
language selection page and to access the timedata code set on the language page selection to
keep track of the answers given by the user. Once the data of the language and the timedata
code are available, the loadQuestions method is called with both the timedata and language

input variables.

The ngOninit method is used to create access to the formBuilder class and use the method group
to create a FormGroup instance. It is a formulary that enables the correct storage of the input
made by the user. The set of validators will allow only information to be stored and sent to the
database if it is within the constraints specified by the developer. For example, in the eyesize
FormGroup class, only one property is set called lonpalp, and the use of symbols and letters is
not allowed. As this form will be used to send information related to the longitudinal palpebral
dimension of the right eye measure of the eye patient in millimeters, only numbers from 0 to
100 will be allowed. In the other formGroup brand class, as it is used to store and send the

brand's name, special characters, letters, and numbers are allowed.

Inside the loadQuestions method of the eyesizePage class, using let prefix paramettre variable
is called with three different properties, language, user credential, and timedata code. Those
parameters (paramettre in French) will be the input for the dataService method
get_oneanswer_questions, which functions to send a request using a php file language to access
the MySQL database information stored related to all the questions in the database with the
structure of one input text or number answer. Looking inside the php request and considering
the access of the MySQL database, different tables are available. The g _eye size will include
the questions that only appear on the first time the users access the database. The g temp hum
includes all the questions with one possible text or number input that will appear every time
the user access to record a new video of the eye. The loading of the first table of questions
q_eye_size will be done if no answers related to these questions is found on the answers eye
table where all the answers from the patients to the questions with input answers are stored.

The properties all _questions, cont_questions and currentQuestion stores all the data available
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in the respective question table from the database, access the number of questions available
and the current question, respectively. Those properties are accessed from the html file to

correctly display each of the questions and their index.

The saveQuestion method inside the eyesizePage class, its principal goal is to save the input
answer of the patient into the MySQL server. Property id question stores the property id from
currentQuestion class, and the property selectedValue stores the answer input using the get
method from eyesize or brand formGroup instance declared on ngOnlnit. In the same way as
for the question loading, the body class is used to read and send properties through a php post
to send the information to the database. The answers will be stored in the table answers_eye.
The information stored in the table corresponds to the user credential code found in the
currentUser property from the auth class injected into the eyesizePage class. The id of the
question, the current question, the response stored on the selectedValue, and timedata code
obtained on the ionViewWillEnter method from the storage class. The POST request is sent

through the method save eyesize from the dataService class injected into the eyesizePage class.

The nextQuestion method from eyesizePage class will be triggered by the user when the
previous question answer option is chosen and saved. Reset the property response from the
class eyesizePage giving the null value for safety purposes, so the input is empty in the next
question. CurrentQuestionIndex is changed to the next unity to display the next question. An
if/else statement is coded to check if the index of the next question is still inside the boundaries
considering all the questions read from the database. if not, the currentQuestion property is set
to false. This property is read in the html file, when it is not a number quiz completed text input
is shown, and the button that triggers the nextQuestionnaire method is available. When the
currentQuestionlndex is a number inside the constraints set by the length of the questions
extracted, html file will load the question considering the image to display using the *nglf

statement to select the correct image and the correct form group.

3.1.1.3.7. Question page

The same structure is used for the question page; in this case, only the differences between
them will be explained. We must consider that in those questions, no image has to be displayed.
We must also take special consideration of the number of possible response choices in each
question loaded from MySQL, knowing that the maximum number of different responses is

SiX.
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This time, we will not find the ngOnlnit method in the typescript file as there is no need for a
formGroup instance to store user input. The possible answers will be listed, and the selectValue
property of questionPage will get the text of the answer chosen. The answer chosen will be

stored on this property and sent through PHP to the MySQL server.

The different possible answers are displayed in the html file using the *nglf statement to see if
the response column in the questions table on the MySQL server loaded using the loadQuestion
method is empty or has an array of characters. The option will not be displayed to the user if it
is empty. Suppose response 1, response 2, and response 3 contain an array of characters, but
columns 4,5, and 6 are empty. In that case, the question displayed will have three possible
answers, and the user can only choose between those 3. In the other case, six options will be

displayed if all six columns have text.

The questionnaire pages are shown in Figure 3-4, Figure and Figure 3-5. Both visualizations
are proposed, and web and mobile phones are indistinctly Android or iOS. For further

information, go to the annex subchapter of the question page to check the developed code.

= Eye data

-

Question: 1

= Eyedata

Enter the value for the width of
the eye:

Figure 3-4: Questionnaire page numerical input left web view, right mobile view.
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= Eyedata

Eye data entered

Figure 5: Display of the size page when all the questions of one possible answer are already answered.

Quiz

= Quiz
Question: 1

Question: 1 Born sex?

1. Mal
O e O 1-Male

© 2 Famae (O 2 Female
(O 3. Prefer not to say
© 5 et iosay (O 4 Prefer not to say

(O 5. Prefer notto say

Validate

Figure 3-5: The questionnaire page options input left web view, right mobile view.

3.1.1.3.8. The instructions page

The instruction page is the first page that appears after correctly entering the user data. The
only special thing about this page is the use of the "stepper," which the user uses to correctly
set each instruction. On this same page, using the stepper, it is possible to divide it into four

sections: before recording, camera positioning, during recording, and finally, after recording.
This instruction page is made as follows:

e First, the angular Component, Onl/nit interfaces, and the NgZone and router classes
are imported.
e The first Component interface is essential for the creation of each of the pages. The

Onlinit interface is used to first execute all classes and instances within this interface.
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e The router class is used to redirect each of the pages and connect them. It is essential
on each of the pages that we want the user to visit. A page without the import of the
router class cannot be accessed by a button. It is possible only if the URL of the
address is known.

e The stepper imports from the angular library in the cdk folder. In the component, it is

declared as a provider.

The most important thing on the instructions page is the ability to select the language seen on
the previous pages, as the procedure is to first read the stored value of the language property
(the same for every page that has texts that we want to display in different languages), and then
simply display the instructions with the images as seen in Figure 3-6. Both visualizations are

proposed, web and mobile phone indistinctly Android or iOS.

= Instructions

BEFORE RECORDING

clearly visible, do not wear
sks or caps or hats that cover

BEFORE RECORDING

good as possible and in

s
p.
m shoot with the ind the camera, not in
s an

front. This goe:

Figure 3-6. Instructions page left web view, right mobile view.

3.1.14. Back end. MySQL database and ftp server.

A MySQL database and an automatic connection have been created to store all the data
extracted from each patient. An ID is given to each video the patient takes using the app,
previously known as the timedata property stored using the Storage class. The same ID is used
for the data collected from the current time and position during the video recording. To every
air contamination data id, a video file with the patient's eye physics is available. The video file
is stored on the ftp server. The data service job is to send the videos to the server, and the air
contamination data collected and stored as the property airdata inside the VideoPage class

from the atmospheric station to the MySQL database.
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e The HTTP (Hypertext Transfer Protocol) client, as is the location and contact service
with the atmospheric database, is imported first.

e Then, the rxjs map class is imported. Map “Applies a given project function to each
value emitted by the source Observable and emits the resulting values as an
Observable”. In other words, an input value is given with the help of mapping an output
value dependent on this input. This output value is returned as an observable. Finally,
we import the injectable angular, since it is a service injected into any app page or
component. In our case, we will see that this is injectable on the video recording page.

¢ In the add patient function, we can see how the map function adds the values collected

from the atmospheric station to the database.

The PHP files found in the php folder are as follows:

e The data service assigns the data variable to the data. In this PHP file, the content of
the variable is detected. For example, if there is no e-mail in position 0 of the data, the
data collected is incorrect, so the data variable takes a null value. Subsequently, the
user's ID, email, air pollution data, and the time in which the measurements are made
are collected.

e Next, to correctly enter the data into the MySQL database, it is verified that each of
the requested fields of the meteorological data is present at the time the station
collects data. If this is not the case, as is normally the case, the variable is assigned a

null value and entered as null in the MySQL database.
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Figure 3-7: Weather data table in the MySQL database. The email used is anonymized using 20 alphanumeric usic codes.

ta: temperature, vmax: maximum wind speed, vv: mean wind speed, dv: wind direction, pre: precipitation precipitation,

pres: pressure, and hr: relative humidity.

Subsequently, using the file 'config.php', where all data from the server and the

MySQL database are stored, each of the selected meteorological data is inserted. In

this case, the id values of the user (different code given to each of the videos

regardless of the user) is the same code for video and collected data), temperature,

maximum wind speed, mean wind speed, wind direction, rain precipitation, pressure,

and relative humidity.
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src > assets > json > config.php

header("Access-Control-Allow-Origin: *");
header("Ac Control-Allow-Headers: Origin, X-Requested-With, Content-Type, Accept™);
ini_set('display_errors','on');

$servername = "localhost";
.

$username
$password
$dbname = "youssef_app";

$conn = mysqgli($servername, $username, $password, $dbname);
$conn->set_charset("utf8");

Figure 3-8 Configuration.php file to connect the application to the MySQL database. In the picture, the database stated is

on a local machine.

3.1.1.4.1. Access to the weather and air quality database.

Once the interface video is set on and the main purpose achieved and explained in this paper,
the next objective was the identification and connection of accessible environmental databases
(temperature, humidity, pollution, etc.). To complete this task, we started looking at existing
databases that calculate environmental conditions such as temperature, humidity, and,
specifically, pollution. Numerous databases, such as Apple and Microsoft Weather, were
consulted, and EuropeAirApp was found in the iOS store. As the need was to obtain the
conditions precisely but also collect the highest amount of data quickly and to be comfortable
for the patient, using APIs (Application Programming Interface) that connect to global
databases of air contamination and weather data was the solution (156). As the study will take
place in Madrid, the best way to avoid using an API that will require monetary resources is to

find the data in the Spanish open data set finally.

As the targeted patients of this first study live in Madrid, and due to possible commercial
agreement in terms of license, we used the following API (157) that connects with the air
quality database of the city hall of Madrid, where the data are free for use (158). To extract the
atmospheric parameters, the AEMET(Agencia Estatal de Meteorologia) OpenData API is
used (159). AEMET is the Spanish National Weather Agency.

To connect the web application with video interface to the Madrid Air Quality Database (158),
the following API available on the following website API is used (157). The setup is available
on the website; no token is needed to connect to the Madrid air quality database. The documents

are available at the current time (Gonzalez, 2019).

Following the documentation, we could connect to the database, creating a service to get the

device's current location and date to contact the HTTP client with the station and date to get
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the information from the nearest location center. All station's locations were uploaded to the
APP to find the nearest station with the corresponding number. The distance is calculated
considering the position of the device of the user to the 24 stations located in Madrid uploaded
with the corresponding value of longitude and latitude. To find the device location, the
geolocalization method from the JavaScript web API (160) is used. Once called, it stores the
position of coordinates longitude and latitude in different variables after printing the values on
the console. Then, with location position known, the getData method gets the information t
from the nearest statiohrough php request (the php file location is given inside the dataService
class) using the class HttpClient class from the angular common library Attp to send the php
request. Using the get method inside the HttpClient class and the php file location to access
furthermore the air contamination database through the link of the Madrid air quality data API
(157) to perform a successful connection. We extract all the information from the station using
the php file. The data obtained were the concentrations of nitrogen dioxide, ozone, 10-micron
particles, 2.5-micron particles, benzene, carbon monoxide, and sulfur dioxide concentrations.
After some months of working, this method was finally shut down due to an update of the main
web page where the data were collected. The new method, which involves only changing the
php file, consists of reading an XML (Extensible Markup Language) file provided at the
following link: https://www.mambiente.madrid.es/opendata/horario.xml. We must consider
that this method no longer needs the use of an external API and a service is developed in the
app to access the data in XML format. To keep the structure of the video interface page
somehow intact, we used the same method, named getData, to access the specific php file and
read the XML file to get the actual air contamination data. This information is updated each
hour, and the previous lecture can also be accessed. The last verified input of data is recognized
with the analysis of the XML file, and the explanation provided by the open data service is
used. For the obtention of the nearest station, the same technique is used as the database
accessed is the same one used with the previous database, so the station codes are the same.
The main change is to read the information using JSON from an XML interpreter. In the PHP
file, the URL is loaded using the XML interpreter and converted to JSON code with the
function json_encode to decode and read it as an array. The structure of the resulting array is
known, and the data of the last our are accessed for each component of the nearest station. This
time, the XML file accessed has the information on all the stations, and all the measured
components of each station are there. For each statement, we need to extract all the different

measurements of the nearest station.
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To extract the data available from the AEMET open data set, we used the PHP language to
connect to the webpage using the cURL library (libcurl) to transfer data using various
network protocols. As for the air quality data provided by the Municipality of Madrid, the
location is used to find the nearest weather station in Madrid that is owed by the Spanish
national weather agency. To extract the data, the AEMET open data is provided with the station
number in addition to the API token provided following the official access of the Spanish
Weather AEMET agency. Data provided by each AEMET station in Madrid include
temperature, highest wind speed, mean wind speed, wind direction, humidity, pressure, and

rain precipitation.

After the data are recorded, the patient's location is erased so that it cannot be accessible or

recorded.

The backend consists, in addition to the tables shown on the MySQL database, where all the
data related to the weather and air contamination are available, the tables with the questions,
answers, patient connections registration, and consent acceptance conforming to the storage
system where the information is retrieved by the app for questions display and stored, from the
app front end (air contamination, weather, answers to questionnaire and patient video

metadata).

3.1.2. First Algorithms developed for the analysis of video files for eye feature

extraction

3.1.2.1. Short summary of the thesis section corresponding to the video analysis

collection.

This document explains each of the steps that the app-recorded video files follow as soon as
they enter the eye project FTP server. They are downloaded to the main researcher's local
personal computer for subsequent analysis until objective results are obtained from the patient's
eye. It should be considered that the video record that is finally reflected on the server is the

video of the image of the eye, not that of the face.

3.1.2.2. Explanation of the cropping system used for privacy safeguard.

In the first place once the video of the face from the patient is sent to the server, as programmed
and coded in the app recollection tool, the first step done in the local analysis machine
accessible only by the principal investigator, and almost constantly connected to the remote

app server property of the eye project and subsequently to the Complutense University of
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Madrid, is to program a scheduled automatic execution of the following task. Using the Task
Scheduler software of the windows 11 of the local machine, we program the execution of a
python script that has a clear purpose of first, download each 30 min all the videos loaded in

the remote ftp server.

The programming of the task is done using the interface of the Task Scheduler software of

windows with the create task option.

&5 7]
Task Scheduler (Loca)
Task Scheduler Ubrary

operation completed successfully. (¢

General Triqqers Actions Conditions Settings History (dis

MName Video_clean

YOUSSEF_PC\Marra

efor:  Windows Vista™, Windows Server™ 2008

Figure 3-9: Interface of the Task Scheduler software

The file address with the python script is included in the actions tab, and on the triggers tab it
is coded when the task is going to be performed. In the first place the script is executed at
startup of the computer, then after triggered, the action is going to be repeated every 30 minutes

indefinitely.

The script explanation is as follows. First, the FTP library is imported from the FTP class,
which specifies the client protocol and makes it possible to connect to the FTP remote server.
To make it work, first, a variable with the FTP server address as a string is defined, the
username to be used to access the server, the specified password needed, the local directory
where all the files will be stored, and finally, the remote directory of the FTP server where the

available face videos are stored.

After defining the variables, the function whose purpose is to download and delete face video

files is defined and coded.
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The first step of the download and delete process is the connection to the FTP server. This is
done with the f#p class method using the address of the FTP server as input property, and the
output class is now fip. The login method of the ftp class is used to introduce the properties
user and password to complete access to the remote server. with the cwd method of the fip
class, we access the app's folder where the videos are stored. To retrieve the information of all
the videos available in the directory folder, we use the nlst method and store the information in

the files property.

To access each one of the files a for counter is performed, where filename registers each one
of the files available in the remote folder of the FTP server. The download is performed by first
creating a string with the full filename, including the local folder path where the file will be
available on the local machine. Furthermore, with the open method, we create a new binary
file. With the help of the method of retrbinary from the fip class with the filename in the server
and the method written to the /ocal file class where it is stored the new binary file, the
download is performed. During this process, from the start, where it is identified a video file a
console print information is done using the print method with the filename being downloaded,
and when the writing of the new binary file is already completed, a console print informs us of
the completion of the download. Afterward, the file is deleted from the remote FTP server
using the delete method from the FTP class, and again, when the operation is finished, a console

print is shown.

Once all the new files have been downloaded to the local machine and erased from the server
to protect the privacy of the patient face image, the quit method from the fip class is used to
log in from the FTP server. Finally, errors are printed similarly on the console if an error occurs
during the script with try-except statements. To enable the execution of this Python script that

can be accessed by the Task Scheduler, a bat file is created from the script.

To create the bat file, a new editor text file is created, and a simple command line is used to
perform the execution of the Python script using Python software, in our case version number
3.12 (161)In the .bat file, the full address of the Python software is written jointly separated
with a space, as is the full address of the Python script. Note that for the Task Scheduler
software, the action tab will include the full path of the batch file (.bat) and not the Python

script.



3 METHODS 105

# Get the list of files

ename} eliminado de

eliminacidn co

Figure 3-10: Python script of the download and delete mp4 file method.

3.1.2.3. Explanation of the cropping Matlab algorithm to extract the eye frames from
the image face.

In this step, 2 methods have been used for the cropping process. First, the Viola-Jones
algorithm is performed due to the fast and less time-consuming during the obtention of the eye
region and cropping method using multi-scale object detection where more information is
available in the documentation of the computer vision toolbox related to
vision.CascadeObjectDetector method. The other method used for the “problematic” video
files is used for this purpose because it requires a higher time consumption, considering that
the Dlib algorithm for face landmark detection (162) needed to work in the Matlab

environment, which is a C++-developed code.

The process for cropping the video file is the same for both methods, and the script follows the

next steps.

First, the video folder must be identified. All the videos downloaded from the recollection
application server are stored in the folder. The next step consists of accessing the FTP server,
where the cropped video files will be uploaded to keep track of the videos recorded by the

patients. All the files successfully cropped and sent to the FTP server are registered in a file
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text. This is done to keep track of the non-cropped videos or the ones where the Viola Jones

have not successfully cropped the eye region for the analysis.

To perform access to the server, the fip method is used by Matlab software, getting inputs of
the server address, username, and password. With the cd function, we set the connection to a
remote server directory where all the patient eye videos will be uploaded. Again, using the dir
method, we get the information of all the files located in the remote server directory where the
cropped eye videos are located. This is performed to check the files already uploaded and the
ones that were unsuccessfully cropped due to patient head movement or corrupted files. An if-
else statement is used to check if the remote server folder exists, to stop the algorithm and print
an error message to specify a new directory address, or to check if the connection to the ftp

server has been established correctly.

A for counter is set to convert the full path video filename of the local machine before cropping
of the structure where the information of the non-analyzed videos is already present in the local
machine and is converted to chars to compare furthermore the files that will be analyzed and
the information of the full path of the analyzed file list. To get all the information present in
the file list with the paths of the already analyzed and present eye videos on the remote server,

importdata function is used to store the file paths.

We have to note that the /ocal files variable will store all the files already available in the list
(cropped videos in the remote server) and the remote_files variable stores all the information
of the videos in the local machine but with the full path of the remote directory folder where

the cropped eye videos will end (non-cropped videos).

To get the files that need to be cropped, a setdiff function is used to check the files in the
analysis machine and those in the remote server where the eyes were already cropped. The
filenames of the files to be analyzed are stored in the new_files variable. The cd command is
used to change the current directory, and the path where the code folder is located is inserted

as input. This enables access to all the functions developed on separate matlab files.

Additionally, with addpath command, the FFMPEG executable is added to the Matlab script
folder. The FFMPEG toolbox converts the videos and adds the codecs so Matlab can use them.
The toolbox was created by Takeshi Ikuma. The BSD License is provided jointly with the
programmed code. The need of using the FFMPEG toolbox is because the WEBM extension
is not compatible with Matlab so all videos taken by a laptop or mobile camera using a web

browser are not compatible.
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Then the loop starts defined by a for counter reading each filename available in the new files
variable and the video name is read and stored as a string in the VideoName variable. With
mkdir command, a folder is created if it does not exist where all cropped videos will be stored

keeping a local copy before sending them to the remote server.

The next step consists of defining the detector variable with the help of the function
“vision.CascadeObjectDetector”, from the algorithm Viola Jones to select the feature to crop
from a face frame. In our case ‘EyePairBig’, it crops both eyes. After the detection method is
set, the loading of the original video is done with the help of VideoReader function, taking the

name of the video stored on variable VideoName to access the properties and each frame of it.

If the VideoReader function doesn’t succeed in loading the video file, a new file will be created
using ffmpegtranscode function considering a new filename stored in VideoName C variable
where it adds the following chars ‘C ’ to the original file name. With the function
ffmpegtranscode the new video file created will have H.264 codecs and AAC (Advanced Audio
Coding) format with a MP4 file extension. This codec transformation is done to be able to load
the video file in the Matlab environment using the VideoReader function. Once the video
codecs are converted into the new file, the previous one is deleted, and the name of the new
file is changed to the original one to ensure same key structure between the video files that
needs conversion and the other ones that are used by devices with an output file format

compatible with the Matlab environment.

The framerate properties are extracted from the output variable of the VideoReader function.
In addition, the number of frames is extracted if possible. This is a way to check if the format
is compatible, as sometimes the VideoReader is able to load the video without error, but it is
corrupted. A try-catch statement is coded to perform the codec conversion if the number of

frames cannot be accessed.

The variables FirstFrame and LastFrame specify the frames to be analyzed, where the last

frame is the number of frames available in the object video file loaded.

The MiddleFrame variable stores the frame number considering the first and last frames. The
first one is analyzed to get the region of interest (left eye region). This is done to ensure that
the first frame to be analyzed has a face and that the user is not still setting the camera while

the recording has already started.
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The use of read() function to extract frames from the video object is used with the middle frame
value  first. The  function detector() obtained as an output from
vision.CascadeObjectDetector( ‘EyePairBig’) from Viola Jones algorithm, detects the eyes in
the image selected. In this case, detector() is the viola algorithm function where the eyes feature
from the face are selected. The input to this function will be the middle frame image read from
the video. The output of the detector bounding box (BB) variable stores a vector with 4
variables. Points X and Y of reference of the left bottom corner and the width and the height of

the box where the eyes are located.

Following the detector function, if and else statements are used to make sure that the eye is
detected. If only the eye is detected and not the nose the program will continue. Sometimes two
or more features are detected due to the image quality. The eyes image is cropped from the face
image using the function imcrop() with the BB and image face inputs. Additionally, BB0 and
BBI variables are created and given the value of BB to have furthermore the possibility to
compare the box used in the previous iterations and, if the eyes are not detected, prevent the
algorithm from stopping and detecting the optimum box where for sure the eyes are available
for further analysis. The size of the bounding box BB is stored in the SzEyes! variable to crop
the image of both eyes to get only the left eye. The relative size of the bounding box for the
single eye is obtained by experience, and the value of the width is known as % times the width
of both pairs of eyes considering the same reference corner values and height. Eyerightl

variable is used to store the left eye frame image.

After setting up the current directory as the one where it is located, the cropped eye frame video
folder with the cd command, with the use of the VideoWriter function, it is possible to create
the new video file. MPEG-4 (Moving Picture Experts Group) file format is used for this latest
video to get the best quality for further loading analysis in the Matlab environment or different
image processing software. With the Framerate property from the video class loaded, we set

the value stored in the variable fr extracted from the original video property file.

The left eye bounding box size is stored in SzEyerightl to define an empty matrix with a
relative size for creating the video file's fixed width and height. This is done to ensure that all
bounding boxes will fit without resizing the pixel image in the video file. During the video

recording, the patient can move closer and further from the camera.

A for counter is used to access all the frames of the video with the help of read() function.

Then, the zeros matrix of fixed size during all the video is defined. The next is the same as
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done for the middle frame, considering that if-else statements are coded to consider using the
first middle frame bounding box or the bounding box from the previous frame if no bounding
box is detected to prevent the script from not cropping the eyes during the entire video. If the
new bounding box position is very different from the previous frame and more than bounding
box a comparison of the position and size is done to select the optimum bounding box. To
check the optimum case, please go to the annex chapter where all the MATLAB scripts are
available (see Chapter 0).

Each bounding box is introduced after in the zero’s matrix Eyes sz, considering the size of the
current Eyeright matrix, where the values of the eye frame are stored. The matrix is transformed
to an unsigned 8-bit integer using the uint8 function and then written in the new video file using
the function writeVideo(), having as input the variable of the object created with the

VideoWriter() function.

Once all the new eye frames cropped from the face are written in the new video file and the
scripted lecture is out of the for counter, the video is closed using the close() function. With
the help of the current directory command and the fip object, the script accesses the remote
directory. The upload is performed using the put () function and the directory of the new video
file. Additionally, the size of each bounding box of each eye frame stored in the SizeEachEye
variable is exported as a matlab matrix file. The same is done for the original video properties
to ensure that all the information of the real eye size frame is available as the original framerate
of the video. At the end, the analyzed file name when all the steps of the algorithm are
successfully done the local file list.txt is open with the fopen() function and the name of the
analyzed file is printed. This is performed as the script will know furthermore and as explained
before, automatically which videos have been already cropped, and the new ones successively

will be cropped one by one.

3.1.24. Explanation of the first algorithm for blink analysis.

The first thing needed is to locate where the script is and secondly where the videos to analyze
are. Using the try and catch, we have an example of folders in mac and in windows. If the
folder where the videos are is in a remote server, we use the ftp function to connect and
download all the videos. The only videos downloaded are the ones that have an mp4 extension

as with the app this extension is given.
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Once the folder is specified and the server is connected, we proceed to check all the videos
currently in the folder. In our case we check all the files that have an .mp4 and .mov extension.

Other extensions can be added easily.

The variable “I” is used in this case to check if there are new videos. This is done so we analyze
only the new videos. As coded in the app (see web app explanation) all the video names
collected are numbers. After the conversion and analysis, a C is added to the file name. When
the script is running the next time, only the videos starting with a number will be considered in
the variable NVN. A message before the analysis will tell us the number of new videos and
those, will be in the first positions. This way, only new videos will be analyzed once the Matlab
program is compiled again. Ffile and Lfile are variables that ask the user to introduce the first

and last file to analyze.

Once the user accepts, the script starts running and the first thing to be done is adding the
ffmpeg executable path to the Matlab script folder. The FFMPEG toolbox converts the videos
and adds the codecs so Matlab can use them. Takeshi Ikuma created the toolbox. The BSD
License is provided jointly with the programmed code. The need to use the FFMPEG toolbox
is because the WEBM extension is not compatible with Matlab, so all videos taken by a laptop

or mobile camera using a web browser are not compatible.

Once the first loop with all files starts, the filename of the current video analyzed is read from
the variable theFiles. With function mkdir, the video analysis folder and the result folder for

the current video is created.

The vision function, CascadeObjectDetector, is from the Viola Jones algorithm. It selects the

feature to crop from a face frame. In our case, ‘EyePairBig’ crops both eyes.

Ffmpegtranscode is a function from FFMPEG toolbox that adds mp4 codecs to the video.
VideoName_ C is the variable with the new name of the file. We added a C to separate new
videos from converted/analyzed ones. The function VideoReader is a Matlab function that
reads videos. The video is stored in variable obj. Features from the video are extracted; in the
first case, the frame rate is stored in variable fr. The use of read to extract frames from the video
object. As seen in the subchapter 3.1.2.3, the video of the single eye is loaded considering the
information stored in the matrix Matlab file to get the correct size of the bounding box of the

eye's cropping method.
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Once the loop starts, the image color segmentation algorithm analyzes all the frames in the
current video. This algorithm is based on the non-supervised clustering method K-means. Note
that the machine learning toolbox was used, and a self-made script was made. The parameters
needed are nBins, winSize, and nClass, respectively. Those are the numbers of colors to
consider, the size of the window to analyze, and the number of colors of the output image. We
use 100, 15, and 4 colors in the output; after testing in different videos, we found out it is a
good way to detect the iris and to know exactly where the lower lid is. With the function
collmgSeg we extract the output image using as input the parameters specified before and

image of the single eye. The output image is saved using the imwrite function.

Using the segmented image by colors, the lower lid is detected. The First thing we do is detect
the color given to the iris in the output image. This is done by selecting reference points and
making sure that it is the central color. Going from the reference point to the edge of the color
in the two directions, we are supposed to find the same color. If that is the case, the reference

point is on the iris color. We can see an example in Figure 5.

4

Figure 5: To the left, the eye image cropped from the detected pair of eyes using Viola Jones Algorithm. To the right, Image

centering algorithm, criteria to find the iris color in the segmented image.

Reference points are tested following the next order. See in Figure 6.
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Figure 6: Reference points used to find the iris color in the segmented image. Image centering algorithm.

After the iris color is detected, the lower lid is located analyzing each row of the frame from
the bottom to the top and stopping once a row has 10% of the pixels with the iris color. We
must consider that the pixels analyzed in each row are 6.66% of the length of the image further
from the edge. This is considered because the image can suffer a smoothing filter that disturbs
the output image. A 5% height of the image is added to the row selected so the lower lid is

completely visible.
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Figure 7: Result of the image centering algorithm.
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Once the eye is centered (Figure 7), the image of the single eye cropped is turned into gray
scale with the function rgb2gray. An average filter is applied to the image of size 12.5% of the
size of the image. The filter is created with the function fspecial and applied to the image with

the function imfilter. The cropped single eye centered image is saved.

Furthermore, the variable “inr” stores the mean value intensity of object in each row of each
frame of the eye (163). The position of the lowest intensity row, corresponding to the upper lid
position, is stored for all frames of the video in the variable eyeOpen. A correction is done to
the value of the darkest row -1% of the value of the darkest row, to select a row that is in the

image positioned slightly on top, to consider the eyelids (Figure 8 and Figure 9).
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Figure 8: Matlab plot of one eye image of the position of each row of a frame [0% is the bottom of the frame and 100% is
the top edge of the frame] vs the mean light intensity value of each row in pixels[0-255]. The darkest row is the minimum

value and the selected one is 1% brighter, to consider eye lids.
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Figure 9: Result analysis of the technique used to detect the upper lid.

Once the video is totally analyzed, the eyeOpen variable is plotted versus the time of the video.
A correction is applied to consider variations due to eye movement. The polyfit function is used
to create a fitting curve of grade 3. The value of the fitted curve is extracted from the eyeOpen

variable. The plot function is now used to plot:
e EyeOpen graph
e Gradient of the eyeOpen — time graph

e Probability density function.
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e Cumulative density function.

Therefore, the probability function fits on the last half. This is done to calculate the criteria
values for incomplete and complete blinks. The polyfit function is used to create a fit curve
grade 9. The first minimum is the criteria for incomplete blinks, and the second one is for

complete blinks.

To find the complete and incomplete blinks, we use the function deteccion_ parpadeos2. The
input variables are tiempo, eyeOpen and localizaciones. localizaciones is the same variable as
eyeOpen but considering only the values higher than the criteria. For example, if the criteria is
the position of the darkest row “50”, localizaciones in our main script will be (bincompletos or
bcompletos) will be a vector the same length and values as eyeOpen if it is higher than 50 but
0 if it is lower than the criteria. The function deteccion parpadeos2 will return the duration of
each blink. The initial time will be calculated taking out all the zero values from localizaciones
using the function find. Then, we select each value of localizaciones. Each value will be treated

as a blink or incomplete blink. The points that are near will be changed to zero.

From the reference point (the selected nonzero value from localizaciones or as told before, the
value from eyeOpen that is higher than the criteria) we analyze the next and the previous values.

See Figure 10.
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Figure 10: Plot of the upper lid position of each frame of the video.

As seen in the Figure 10, each point next to the reference point is analyzed. If the value of the

point is above the mean + std, we jump to the next point, but if not, the loop stops, and we have
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the bottom of the peak. That point, will represent as we can see in the figure above, the start or
the end of the blink. The value of time between the 2 bottom points of the peak will be the
blink duration. The blink interval is calculated as the distance between consecutive blink starts.
Two loops are being used to analyze each value of the blink. A loop considering the previous

points and another loop for the next points after the reference position.

Once the function deteccion_parpadeos? has been called for the complete and incomplete

blinking criteria, we proceed to the creation of matrices with the duration of each blink.

The first thing we do after the creation of the matrices is to make sure the blink has more than
one frame of duration; if this is the case, then data is removed. Secondly, because the
incomplete blink criteria value is less than the full blink criteria, the array of the incomplete
blink can have a complete blink. To take out the complete blinks from the incomplete blink
matrix, we use the intersect function. A while loop is used to ensure the beginning and finishing
values are cleaned from the incomplete blink matrix. Finally, If and else statements are also
used to not calculate the interval and duration if there are no blinks. A matrix with all the
duration of complete and incomplete blinks is also formed and stored in the variable

tiempo_parpadeos.

The result is a table T with the number of blinks, the mean value of duration and intervals and

their standard deviation of complete and incomplete blinks following the criteria calculated

before.
Table 3-1: Example of output table "T" in the Matlab script.
n Blink_interv (s) Blink_interv_std (s) Blink_duration (s) Blink duration_std (s)
Incomplete Blinks 15 4.4655 10.401 0.28 0.47341
Complete Blinks 1 NaN NaN 0.225 0

The recoleccion _datos MySQL script is used to receive and send data to the MySQL database.
With the function “databaseConnectionOptions”, we create a connection to the localhost using
jdbe driver of MySQL. We must consider before compiling the script, the use of putty program
or the terminal for mac to create a tunnel connection to the remote database through the SSH
ftp server to the localhost on port 3307. The inputs for the databaseConnectionOptions
functions are the server’s name, the port number, the jdbc driver location and the type of

database in our case MySQL.
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With the functions festconnection and database we test if all the data is correct and if the answer

is 1 for the function testconnection the server is connected. Same thing for isopen function.

To get data from the database into a Matlab variable, I our case a table, we use the function
fetch to select the data to extract. As all the data extracted from the MySQL database is stored
as characters(char), we use the function str2double to store in Matlab the values as numbers of

the variables needed.

To send data from Matlab to the MySQL database, we use the function sq/write. The input for
the function is the table with data to send, the name of the table in MySQL and the connection
data stored at the variable conn. The sqlwrite function is easy to use and will store the data and
even create a table if there is none with the same name. We use a loop in this script version to

read the data to send from .txt files.

With the help of a K-means clustering algorithm we perform image color segmentation
(depending on the pixel color) to detect the lower lid to do a more accurate crop. This is done,
to increase the precision of the algorithm, mostly the classification between half and full blinks,
an image center technique is used to locate the center of the eye image in the centered position

of the frame.

Once the eye area is visible, we turn into greyscale images, and an averaging filter size of 1/10

is applied to reduce the intensity variation between adjacent pixels (noise).

The mean value of each row is calculated. The upper lid position is detected as the darkest row

of the frame.

Color segmentation helps the Viola-Jones algorithm detect the eye in each frame in the same
centered position (list point number 2). Then, the rest of the algorithm's steps are applied. Now,
two jumps are visible on the PDF: one corresponding to the threshold for complete blinks and

the other for detecting incomplete blinks.



3 METHODS 117

PDF
0.12 | \ : |
New Threshold for Incomplete blinks: Value of the darkest row
. position, above is a blink half or full.
=80
0'1 g @ Incomplete blinks
870
0
2
0.08 - 260
51 60%50
c
0.06 - 2 40
]
Q
g 30
0.04 - :
320
=
©
210
0.02 - 0 20 40 60 80 100
Time (s)
0
10 30 N Threshold f C I80
. ew resho or Complete
Darkest Row Position blinks: Value of the darkest row
position, above is a complete blink.
Figure 11: PDF with blink localization in time. Example Video 1.
Table 2: Results with centered corrections.
. . Algorithm . interv  duration duration Visual Algorithm
Lk ALUIEEEE n° of Blinks i) std (s) (s) std (s) count Error (%)
Incomplete Blinks 4 29.03 11.01 0.25 0.06
1 33 0.00
Complete Blinks 29 3.12 2.01 0.39 0.12
Incomplete Blinks 0 - - - -
2 16 0.00
Complete Blinks 16 2.34 212 0.34 0.03
Incomplete Blinks 3 17.40 9.24 0.18
3 9 11.11
Complete Blinks 5 3.71 2.54 0.21 0.04
Incomplete Blinks 0 - - - -
4 15 6.67
Complete Blinks 16 3.06 2.95 0.34 0.09

Finally, the display shows the number of blinks (peaks) in the video, the mean blink rate and

its standard deviation and the mean speed of the blink and its standard deviation.

Once all the features of the video have been analyzed, a Matlab script is created to connect to
a MySQL database to store all the video results. Those results will be combined with the air

contamination data provided by the weather station for each video analyzed.

Finally, a more general characterization of the blink can be done by studying the spectrogram
and the power spectrum of the signal given by the position in time of the darkest row (see

previous figures). Given the complexity of the blinking process, the spectrum is usually of the
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1/f type, characterized by two parameters PSD = 10°f% (90). Figure 12 shows the power

spectrum density of the blinking dynamics and the fitting to 1/f power spectrum.

15

Frequency (Hz)
=

(6]

Fres = 546.0887 mHz, Tres = 4.7002 s

v 4

Time (minutes)

‘gss
fw
84
§w
ias
33
gZS
o 10 20 30 40 50 60 70 80 2 100
Time (s)
1 -
* logP vs. logf
Ry —Fit
0
a-1
(7]
o
g
- -2
. PSD
=10 b f a e
-4 L L " A )
-3 -2 -1 0 1 2

logff(Hz)]

Figure 12: Power spectrum density of eyeOpen graph of a video example. Right up the EyeOpen graph (darkest row position

blink_id . 1

vs time)

Table 3-2: Blink table in MySQL database.

n_incom interv_incom stdinterv_incom dur_incom
0 0 0 0

1 NULL NULL 0.016667
1 NULL NULL 0.16667
0 0 0 0

4 0.13333 0.060092 0.016667
0 0 0 0

15 4.4655 10.4014 0.28

1 NULL NULL 0.11667

0 0 0 0

49 1.1958 1.6657 0.082653
0 0 0 0

81 0.7776 20342 0.019239
16 3.9217 5.4822 0.017708
0 0 0 (1]

0 0 0 0

0 0 0 0

0 0 0 0

stddur_incom

147341

o © © © o © ©o o o

0.047533
0
0.014291
0.0041667
0

0
0
0

n_com interv_com stdinterv_com dur_com stddur_com
2 24.3333 0 0.16667  0.04714
12 5.5674 10.1456 0.031944  0.033679
12 49212 6.4091 051944  0.84906

2 3.5667 0 0.10417  0.029463
8 8.7309 14.6109 0.015625 0.0029463
64 1.0275 4.0904 0082422 0.12839

1 NULL NULL 0.225 0

43 1.4682 1.4365 0.16357  0.17369
14 4.9365 8.1871 0.023809  0.029209
6 10.1716 12.2189 0.055555 0.043355
7 58111 13.7242 0.015476  0.0031497
31 1.4467 23121 0.058064 0.18398
59 1.0743 1.4155 0.017797  0.0069992
3 11.7833 15.5799 0.22778  0.28017
12 4.095 8422 025859  0.13356
195 0.33462 0.34307 0.044102 0.088318
25 26553 3.5249 0.24931 0.22567

The matlab script of this first blink detection algorithm can be found in the Annex.
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3.1.3. Automatic eye blinking detection from videos recorded using ubiquitous

cameras.

To get the video files of the eye being analyzed, a connection to the ftp server is made using
functions from the FTP File Operations for Matlab environments to access and download the
files. The results obtained are also posted on MongoDB from Matlab using Database Toolbox
functions, since each video analyzed will have different sizes of results (depending on the
blinks found) which makes the need for non-relational data storage. As the final purpose of this
study is to show the quality and number of features and data extracted from the characterization

of the blinking, we proceed to enlighten the techniques used.

3.1.3.1. Image preparation
The script performing the eye blinking detection starts with centered equal sized eye frames
obtained after performing cropping and centering in a way that the lower eyelid matches the

bottom row of the captured image.

First, the images cut from the eye are loaded. These images have been previously centered by
the location of the iris so that the last row of the image coincides with the lower eyelid and the

iris is centered horizontally (see Figure 3-11).

60% length

Figure 3-11: Preprocessing step to crop and center the eye frame image.
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In the first load pass of each frame of the video of the first loop, the media local polinomica
function is used to obtain the lighting of grade 3 to which it is adjusted from the intensity of

the pixels of the rows and the columns of each of the frames of the video.

Figure 3-12: Grayscale eye image

The media_local polinomica function fits the intensity values first of each one of the pixels
belonging to a specific column to a polynomial curve, in our case to a third degree. When the
polynomial curves are obtained for each column, the new values of intensity corresponding to
these new curves are used as input to rows of the third-degree curve fit to get the mean local
intensity image of each video frame. An example is shown in Figure 3-13 using as input the

grayscale eye image shown in Figure 3-12.

Figure 3-13: local intensity mean obtained using media_local_polinomica function of the eye frame under study in Figure
3-12.

Once each image of local mean intensity is obtained, the global mean intensity is calculated

obtaining the mean value of each pixel position from the images of all the local mean intensity

images of the video (an example is displayed in Figure 3-14). A correction is performed on

each grayscale eye image of the video considering this global mean intensity image. An

example of the result is displayed on Figure 3-15.
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Figure 3-14: Global mean intensity considering it mean value of all the eye frames.

o

Figure 3-15: Grayscale eye image corrected using media_local polinomica function

ph. S|

In summary, the illumination preprocessing step is done using a user-defined MATLAB
function. This function is used to produce a constant illumination in time (video recordings are

about on minute).

3.1.3.2. Signal PCA 1 Analysis and blinks classification method

After light illumination processing, Principal Component Analysis applied to image processing
(164) is adapted to event camera based video images and performed to modify the video to
eliminate the noise, and analyze only the first component that is storing the information of the

closeness of the eye.

Principal component analysis allows to analyze the correlations and covariances between the
different images present in the video F(x,t), where “x” is the position in the image and “t”
time. The covariance between the images is characterized by the covariance matrix S(t,t")
between two images taken at time t and t’. The principal components, Y, (x), are defined by
images that are a linear combination of the original frames, but exhibiting zero covariance

between them. Mathematically:

N

V() = ) ea(®(F(x,0) = (F(©))y) (31

t=1
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where e, (t) are the coefficients of the linear combination to be used and (F(t)), is the mean
value of the image at time t. Equation 3-1 can be inverted so that we can view the original

frames as a linear combination of the principal components by

N
FG,0 = (FO)+ ) eal®Ve(®) (3-2)
a=1

Equation 3-2 also allows to factor the spatiotemporal dependence of each frame into a spatial
dependence (given by the corresponding principal component) and a temporal component.
Mathematically it is shown that the coefficients of the linecar combination e, (t) are the
eigenvectors of the covariance matrix S between the frames, associated to its corresponding
eigenvalue A,. (165). These eigenvalues also represent the variance of each principal
component, so the percentage of each one within the total variance of the data can be calculated
by the value 2, = 1004,/ Y., A, . In this way, equation 3-2 can be used to select only those
components that represent a large proportion of the data, which can serve to reduce the
dimensionality of the data, as well as to separate a signal from its noise components (references

applied optics).
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Figure 3-16: Preprocessing of eye frames and video PCA 1 analysis to locate the frames potentially involved in blinking

sequence.

To eliminate the noise, a reconstruction of the video is performed using only the principal
components photograms that capture the eye movement. To acknowledge which components,
have to be used, the Figure 3-17 curve is plotted using logarithmic scale in y axis and the knee
of this curve will be the limit principal component where noise of the camera is captured. To
automatically measure this “knee point” a MATLAB code function is used (166,167). The
selected principal component is shown in Figure 3-18. It is possible to see how the
morphological features of the eye are slightly visible, while its structure is affected by noise.
In the example figure the total amount of variance for the reconstructed video (taken the first

177 principal components) is 99.72%.

If we reconstruct the video with all the previous components, most of the noise from the camera
is deleted and the photograms obtained will be used to detect the eyelid distance to detect the
degree closeness of the eye to furthermore classify the quality of the blink in complete,

incomplete and twitch.
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Figure 3-17: Comparison of each one of the PCA images considering their weight in the total variance of data.
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Figure 3-18: Weight of each Principal Component and its variance. Logarithmic scale is used for the y-axis. Component 177

is found to be the limit given by the knee point criteria.

Another interesting property of principal component decomposition is that components are
selected in order of decreasing variance. Since the video consists of an eye blink, most of the
images will consist of an open eye, with some moments when it closes and reopens. Hence the
first component will have to be related to the structure of this open eye and e, (t) will reflect
the temporal variation of this structure in the data (see Figure 3-16). Then, when analyzing only
the first component, the huge variations applies when the eyelid closes, and the iris and sclera
is not seen. The principal component images are built using all the images of the video and the
coefficient (loadings) of each one of the original images to make the first principal component

is represented in Figure 3-19. When there is a huge difference in between the principal
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component image (the one that its pixel intensity will be the most similar considering all the
images of the original video), a peak in the signal is displayed showing that this eye image is
closed. For additional information considering the PCA function, as the code environment used

is Matlab, refer to the documentation (168).

The value of e;(t) shown in Figure 3-16 shows a constant value of the first principal
component (eye open) with "peaks" denoting a fall of this component. This is interpreted as a
blink moment. Thus, temporal analysis of e; (t) can be used to characterize the process of the
various blinks that occur. A new parameter is obtained in order to characterize more clearly the

amplitude of various blinks. Then, a new variable Fel is defined as
Fel = |e;(t) — Me(e,(D))| (3-3)

Where Me (e (t)) is the median value of e, (t). This procedure is followed to produce a
baseline close to zero. In this sense, the median is taken instead of mean value in order not to

be so affected by the outlier points of blinking peaks. An example is given in Figure 3-19.
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Figure 3-19: Fel for an example video of frame rate 30Hz, total number of frames 1807, video duration 60 seconds and 233

milliseconds.

Each of the above peaks of the Fel (see Figure 3-19) signal corresponds to a flicker. This flicker
is characterized by certain parameters such as its duration, degree of closure, etc. With the help
of the MATLAB “findpeaks” function, the values of the location of the peaks that indicate the
blinking point are obtained. This function locates the local maxima (peaks), and each of them

gives a prominence value as the difference between these local maxima and the local minima
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located to the left and right of each of these local maxima (peaks). The function also provides

a width at half height.

To detect only blinks and not eye movements or “twitch” (slight movement of the eyelid that
indicates a closure of less than 30%), the minimum prominence of 2 times the standard

deviation of Fel signal is taken to consider that point as a blink (see Figure 3-20).
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Figure 3-20: The value of “peaks” and prominence were detected in the example video blinking.

3.1.3.2.1. First study

The first study consisted of the check of the blink closeness degree by factorizing the PCA 1
signal using image processing techniques to identify the closeness variation of the eyelid
distance with the characteristic frame of each peak detected on the signal displayed on Figure

3-20.

The degree of closeness of each blink frame is studied, obtained from the time value frame
from the signal value of each one of the peaks frames Figure 3-20, and compared to the
characteristic open eye image of the video (reconstructed image from first principal

component) considered as the zero signal value. This is done to do a calibration and have data
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on the amount of eye closure first in pixels and subsequently in percentage to be able to know
and differentiate types of blinks. First, the image of the first principal component is
reconstructed. This image is the one that is repeated the most throughout the video and will
correspond to an open eye frame. In our case we choose this image as the open eye of which
the eyelid distance in pixels will be checked for comparison purposes as eyelid distance for

characteristic open eye.

Figure 3-21: Example of first principal component reconstructed frame.

To know the degree of opening of the open eye, we first identified the pcal image, considering
that all the frames have been cropped and centered considering the location of the iris. Having
this information in hand, we can calculate the position of the upper eyelid by obtaining the
minimum value, making the median of the gradient in the height direction of the image. The
same methodology is applied for the upper eyelid detection in the analysis of a closed eye frame
where the bottom eyelid doesn’t always coincide with the last row see Figure 3-22 and Figure

3-23.

For the images detected in the PCA 1 signal (Figure 3-20) as blinks, the calculations related to
the degree of opening in pixels have been carried out using the blink grade function, see
section 8.2. The blink grade function calculates the degree of eye opening based on the
distance between the upper and lower eyelids, obtaining the gradient of the pixel intensities on
the x-axis and subsequently calculating the median (value of the central position). The resulting
curve fits a polynomial of degree 5, the choice has been made for this value due to the behavior
of this curve with different eye images since it correctly evaluates the position of the most
significant rows (upper and lower eyelid). By locating the maximum and minimum value, the
width of the palpebral slit of the noise-free image (reconstructed video) of the peak of the signal

flicker location is obtained, representing the coefficients of the first principal component.
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Figure 3-22: Example of image of a closed eye from the reconstructed video without noise. Peak of the blink sequence in

video PCA 1 signal. The red square represents the eye region. See Figure 3-23 for calculations.
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Figure 3-23: Gradient of the median of each row intensity of closed eye image from reconstructed video without noise, x
represents the number of rows being zero the top row of the image and 70 the bottom row.
By performing this calculation for all detected blinks (peaks of the Fel signal) and obtaining
the same values for the open eye (most probable image Fel), a degree in percentage for each

one of the blinks can be obtained.

3.1.3.2.2. Second study
The second study consists of obtaining the degree of closeness from the Fel signal (Figure
3-20) after visually checking that there is a complete blink in each video sequence studied. The

maximum value of the signal of each video sequence is considered as the degree of closeness
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of 100% and the Fel signal ( Figure 3-19) from the maximum value of each one of the peaks
it is possible to determine the degree of closeness and the quality of each one of the blink. The

Fel zero value is considered as 0% of closeness.

3.1.3.2.3. Third study

The third study consists of obtaining a cross-correlation value of each one of the considered
blink frames. The frames cross-correlated is a transformation from the ones that are
characteristic of each one of the blink sequences and from the reconstructed PCA 1 frame
considered as characteristic open eye frame of the video. This technique, besides obtaining the
closeness percentage of the eye blink, will be used firstly as a threshold to classify if the blink
if the peak obtained in the pcal signal (Figure 3-20) is truly an eye blink or the peak is due to
a different movement (non-centered eye frame, blur, ...). In the next paragraphs an explanation
of the technique used and the results obtained by comparing the percentage of closeness of the

3 studies is shown.

Cross-correlation study to determine the correctness of blinking sequence detection

As seen in the introduction part, involving the different algorithms for blink detection, the main
result is the accuracy and correctness of the number of detected blinks (complete or incomplete)
that happen during the video. Hence, not only the number of blinks but also the moment the
blink happens in the video sequence. As it is difficult to classify between complete and
incomplete during a video sequence by performing visual counting, the detection and
differentiation by the algorithm itself make it even harder. In fact, to perform this task
successfully, the eye detection algorithm that results in the cropped eye image from the original
face video deleted from the server had to be done successfully. Furthermore, following the
methodology from the algorithm of blink detection using the signal of the first principal
component from the video sequence, a peak needs to be detected. When the frame
(corresponding to the peak) is obtained and displayed, the image processing technique
involving the detection of eyelid distance needs to correctly obtain the value in pixels.
Comparing this eyelid distance with the value obtained from the photogram of the first
principal component where the eye is fully open will give a degree of eye closeness that should
be more than 25%, so we can consider that frame from a valid blink sequence. Even though
this value is not actually the threshold in the literature review to consider the frame as part of
a blink sequence, it is used to consider the sequences where the classification as an incomplete

blink can be confusing. To make this step more efficient and accurate, as the eyelid distance
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algorithm is not that accurate when the eye is fully open, we proceed to study the cross-
correlation matrix between each one of the images detected as a blink (noiseless eye frame)
from the principal component signal pcal. In this way, all the frames due to movement of the
eye (change of target fixed) that are not due to blinking motion (eyelid closeness) that appear
as peaks in the signal of the first principal component are identified as non-blinks and the results
obtained will not be considered for the analysis of the blinking. This is identified as the last
step, which makes the principal component analysis efficient, effective, and accurate for the

blinking detection.

To obtain the degree of closure (closeness) of the blink, the image of the open eye will be used as a
reference. Given the nature of the principal component analysis, we can take this image as the principal
component 1 that represents most of the video (the closed eye is a very small fraction of all the frames
in the video). Hence, we can measure the degree of closure by comparing the images of the open eye
with those of the closed eye. This comparison will be made through cross-correlation. The cross
correlation between two images, X and H, is defined by:

-1N-1

M
Conll, ) = Z X(m,n) Him —k,n — D) (3-4)

=0 0

=

S
Il

Cross-correlation between images was calculated by means of the MATLAB function xcorr2. To
facilitate the comparison between the shape of the images and the location of the eyelids in them (which
tells us whether the eye is closed or not), the images are taken with zero means, and the gradient modulus
of the images is then calculated to better locate their edges. In this way, the image of principal
component 1 with zero mean is used as the comparison image X and the gradient modulus calculation

(Gpca10 ) is applied to it. The image of the closed eye considered in each blink is introduced as the H

image, also with zero measure and its gradient (Gblmk 0). The final comparison is made through a

relative correlation measure Cp,gxr, M Cpgxr defined as:

CGpcalo:Gblinko (k’ l)

max CGpcaloercalo (k, l)

Cinaxr (k: D= (3'5)

max CGpcalo:Gblinko (k' l)

max CGpcaIO'Gpcalo (k, l)

MCpaxr = (3-6)

An example of the above calculations can be seen in Figure 3-24 for the case of one eye open

and one eye closed.
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Figure 3-24: Sequence for the obtention of an estimated eye closeness. In the first row analysis for the PCAI image (from

left to right, original image with zero mean, gradient modulus, and Cgpm toGpeas ). The same structure is used for an open
4 0

and closed eye obtained from the reconstructed noiseless video in the second and third rows.

The value of MC,,,,r is a measure of closeness since a low value means the image does not look like

the open eye (it will be closed). Conversely, a high value indicates that the eye in that image will be

open.

To ensure that the image is taken within the blink period with the highest degree of closeness, the

MC,, xR 1s calculated for all images above the half prominence calculated according to the previous

sections (see Figure 3-25). To do this, you must first ensure that the photos are of sufficient quality.

This is because, since the videos last one minute and are made by the user-patient himself, movements

may occur. After a visual inspection of several videos in which this effect occurs, it is concluded that

the greatest effect is the introduction of a loss of resolution or “blur” due to this movement (see Figure

3-24).
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Figure 3-25: Example of a blink sequence where the highest value does not correspond with the most closed eye frame.

To study this phenomenon, we proceed to plot the 3D function of the normalized cross
correlation function obtained for each analyzed image. In Figure 3-26 we observe that if we
study the area covered by the function at half-height, an estimation of the blur can be obtained.
This is because the cross-correlation measurement is performed on the gradients of the images.
These images are compared with those of the first principal component. If any image has a
greater blur than the others, its edges will be wider and its cross-correlation matrix will be
wider. Hence, the width of this feature can serve as an indicator of the degree of blur, see Figure

3-26.
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Figure 3-26: Obtention of the blur indicator, a) 3D normalized cross-correlation function, b) intersection at half

prominence, c) resulting area from the intersection.

To characterize the width at half height of the cross correlations, a radius is calculated for each

of them as r; = \/A; /. Those images that have a r; greater than normal (outlier) are interpreted

as a “blur” event and the frame in question is not considered for the calculations.

To consider a value as an outlier, the scaled median absolute deviation (MAD) is used (169).
MAD is a robust estimate of the variability of a variable that is commonly used in the detection
of outliers instead of using the standard deviation, precisely because of its character as a robust

statistical estimator. Mathematically, in our case, it can be calculated using equation 3-7.
MAD = median(|r; — median(r;)|) (3-7)

According to the reference (169) a threshold value can be defined given by equation 3-8 and
3-9. (erfcinv is the inverse complementary error function (170)) Those images whose r; are
greater than that threshold will be considered as “outliers” and those images will not be

considered in the calculations.

1
) V2 erfcinv (%)

CcC =

(3-8)

Threshold = median(4;) + 3 * ¢ *x MAD (3-9)
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Another effect of manual image taken by the user in one minute can be the patient's voluntary
or involuntary direction movement. This can cause the position of the iris to change on some
images, producing abnormal PCA1 cross-correlation values (although this rarely occurs as the
patient is instructed to look directly at the camera for the entire minute). of the video). However,

another criterion for rejecting these frames is introduced to detect this anomalous situation.

To do this, a new threshold value is introduced for the maximum cross-correlation of the blinks
M C,qxr- Figure 3-27 represents the probability distribution function (PDF) value of MC,,,4.r
for all blinks detected in a sample of 20 videos from 20 different patients, together with the
cumulative distribution function (CDF). The threshold for which the M C,,,4,g 1s considered is

taken as below 0.95 of the CDF.
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Figure 3-27: The probability density function and cumulative distributive function of cross-correlation values from frames

are determined visually as part of a blink.

Finally, for each blink, the M C,,,,r Vvalue is taken as the lowest of all the images considered.
The frames considered are above the half-prominence, which is not an “outlier” due to their
blur or the cross-correlation value above the threshold. The value of the degree of closure is
estimated using equation 3-10, where the value of each blink is normalized to the highest degree
of closure detected in the entire video of that user. (Given the length of the video, it is expected
to be at least one complete or “closed” blink that will give the maximum scale of closeness for

that patient).
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-M CmaxR

Estimated closeness (%) = 100 .
1- mln(MC_maxN)

(3-10)
blinks

The summarized data concerning the 20 different videos from different patients can be found
in Table 3-3. To get the maximum information about the video analyzed and to check
additionally if the calculated ratio of eye closeness corresponds to the visual eye amplitude
observed, we proceed to check both methodologies used degree obtained detecting upper and
lower eyelid using image processing techniques and using a factorized first principal
component coefficient for each one of the frames of the video sequence and checking the
maximum amplitude obtained in each blink sequence. In the summary Table 3-3, the results
of the R square parameter from fitting the degree obtained from both methodologies to a self-

made eye visual closeness for each one of the videos, are also presented.
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Table 3-3: Summary results from the analysis of 20 different patients’ videos. From first to last column, the video number, the frame rate of the video camera used, the final single eye resolution
frame,the visual count performed by the specialist, the detected peaks in the Fel signal of each video, the detected blinks after performing the steps below, the error in comparing the peaks in

the Fel signal and the visual count, the error in the detection after performing the steps below.

Video Video frame rate Eye resolution Visual count of First detected Detected Error considering the peaks Error
number (Hz) (pixels) blinks peaks blinks detection (%) (%)
1 30 99x71 28 30 28 11.11 0.00
2 60 95x51 25 27 18 8.00 -28.00
3 30 61x29 15 15 14 0.00 -6.67
4 15 59x34 4 8 4 100.00 25.00
5 25 85x40 14 14 14 0.00 0.00
6 24 65x28 23 29 23 26.09 0.00
7 30 111x59 18 22 19 22.22 5.56
8 20 51x24 33 33 33 0.00 0.00
9 60 129x67 6 13 6 116.67 0.00
10 60 78x49 30 30 30 0.00 0.00
11 60 55x34 36 36 36 0.00 0.00
12 30 83x42 10 39 10 290.00 0.00
13 30 71x32 14 14 14 0.00 0.00
14 25 106x51 23 23 23 0.00 0.00
15 30 77x48 22 32 20 45.45 -9.09
16 15 33x21 39 42 38 7.69 -2.56
17 30 111x50 19 22 19 15.79 0.00
18 60 53x28 20 20 20 0.00 0.00
19 30 13x24 19 20 19 5.26 0.00

N
o

60 107x53 21 29 18 38.10 -14.29
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From the data obtained, we can observe that the precision of the blinking count has increased
significantly when the cross-correlation threshold is calculated to check the validity of the
blinking. The overall precision, considering the total number of blinks and the ones finally
detected as true blinks, is less than 5%, meaning that the results are higher than most of the
literature-reviewed algorithms. But it clearly shows that in some cases the counting performed
is not the same when each video is analyzed separately. The results of two videos (highlighted
in bold and with red fonts) with an absolute error of higher than 10% are presented to check
what is happening. From the observation of the Figure 3-28 and Figure 3-29 we can see that

the videos considered where the algorithm eye blink detection is wrongly performing the task,
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Figure 3-28: Error count before performing the normalization cross correlation threshold to analyze only the blinks.
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Figure 3-29: Error on blink detection after performing the normalized cross correlation threshold.

From the Figure 3-29 We can observe that videos 2 and 4 have a higher error on blink detection.
To go further and check why these videos have that error, we can tell where the improvement
on the current blink detection technique is used. Analyzing video number 2, we can observe
the results obtained of the percentage of closeness obtained by a manual visual measurement
using the most closed eye frame of each blink motion found in the video (Figure 3-30) by
performing a simplified eyelid distance detection using the gradient of the half-closed or closed
noiseless eye frame (Figure 3-31), or by factorizing the first principal component coefficient

obtained for each one of the original frames of the video (Figure 3-32).
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Figure 3-30: Visual measurement of the degree of eye closeness of video number 2.
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Figure 3-31: Percentage of closeness using Image processing to find the eyelid distances of video number 2.
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Figure 3-32: Percentage of closeness by factorizing the first component coefficient obtained for each one of the significant
blink frames of the video, considering the heigh of the blink peaks of video number 2.
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Figure 3-33: Percentage of closeness by studying the cross correlation values of each one of the characteristic blink frames

of video number 2.

From the Figure 3-30, Figure 3-31, Figure 3-32 and Figure 3-33 we can conclude that the
problem related to this video is caused by the number of half blinks and their amplitude, as
most incomplete blinks have a degree of closeness (eyelid distance) on the most closed eye
frame of the corresponding blink sequence lower than 50 %. Due to the number of incomplete
blinks, the threshold chosen with the contrast criteria for this video is on the limit to include
incomplete blinks. The video in question analyzed suffers from poor classification of the blinks

detected since more than 80 % of the blinks observed have a ratio of closeness less than 60 %.

3.1.3.2.4. Selection of the best blink classification method and closeness classification.

The user performs the obtention of the true closeness value by manually analyzing each of the
closest frames of each blink detected by the “findpeaks” Matlab function on the first principal
coefficients for each of the original video frames. It is done by measuring the number of pixels
in between the upper and lower eyelids, and to ensure that the full closed eye frame corresponds
to a closeness in percentage of 100 %, we give the lowest distance measured considering all

the blinks from the same video a value of 100% of closeness it can be observed.
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Figure 3-34: Manually measured the number of pixels between upper and lower eyelid.

Figure 3-35: Eyelid distance measured in pixels on the first principal component image. The distance in question is used to

calculate the closeness of the blink sequence.

Figure 3-36: Eyelid distance measured in pixels on a closed eye frame.

DI - Dpca

Closeness (%) = (3-11)

Dpca

In equation 3-11, we observe how the measured closeness is obtained. D; is the distance
measured on the most significant eye blink frame sequence (Figure 3-32 or Figure 3-34) and
the Dy, 1s the distance in pixels measured on the reconstructed first principal component image
obtained after performing the PC Analysis; see Figure 3-35. The final closeness is adjusted
considering that the minimum eyelid distance is usually set at 100% closeness if the frame

shows a fully closed eye.

As the number of blinks obtained in video 4 was not very accurate, it is good to check the ratio

of closeness and the number of blinks available in the video to see if it was correctly analyzed.
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Figure 3-37: Visual measurement of the degree of eye closeness of video number 4.
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Figure 3-38: Degree of closeness using Image processing to find the eyelid distances of video number 4.
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Figure 3-39: Degree of closeness by factorizing the first component coefficient obtained for each one of the significant blink

frames of the video, considering the heigh of the blink peaks of video number 4.
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Figure 3-40: Percentage of closeness by studying the cross correlation values of each one of the characteristic blink frames

of video number 4.

From the Figure 3-37, we observe that only four blinks should be considered in the analysis as
it is considered a blink in the literature (82), when the ratio of closeness of the most significant
blink frame is higher than 30%. As in this video, the first blink frame analyzed has a ratio of
amplitude close to this cutting value, with the contrast blink image study appearing as
considered as blink when the maximum amplitude doesn’t reach that theoretical value.
Additionally, the number of blinks available in that singular video is small, so the wrong
classification of the first sequence as an incomplete blink when it is only a twitch (blink
sequence ratio of closeness less than 30%) is translated into a higher percentage of error. When
completing the checks of videos with a high percentage error, we can conclude by analyzing
each one of the available and detected blink sequences, we can corroborate that the overall final
error of 2.86 % found in Table 3-3 is a good indicator of the precision of the algorithm

concerning 20 videos from the different patient eye, with distinct shape and size.

Finally, when the first 10 videos are analyzed, their characteristics are extracted, and the eyelid
distance is measured for each observed blink using the three different techniques besides the
manual obtention of closeness in percentage on each one of the videos, a final corroboration is
performed to check if it is possible to accurately estimate the actual closeness of each one of
the blink sequence in all videos with one of the techniques shown. It was found that the best
fit, considering the manual detection of closeness as the output, is performed using the cross-

correlation study with a third-degree polynomial fit where the independent term is set to zero
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Table 3-4: Pearson and Spearman correlation comparing the values of 200 blinks from the first 10 videos of detected

closeness using each one of the explained techniques and the manually measured closeness.

Study Type Pearson Correlation Spearman Correlation
Study 1: IP (Image Processing) 0.38 0.30
Study 2: PCA 0.59 0.39

Study 3: Cross-correlation without

. 0.69 0.57
blur correction
Study 3: Cross-corrglatlon with 0.75 0.57
blur correction
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Figure 3-41: Comparison of the measured closeness and the detected closeness using cross-correlation normalized values of
200 blinks detected on the first 10 videos analyzed without the correction of blur. R2 = 0.45,f(x) = p_1*x"3 +p_2 *
x"2 4+ p_3 *x,wherep_1 =9.7794e — 05,p_2 = —0.0240 and p_3 = 2.4344.
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Figure 3-42: Comparison of the measured and detected closeness using cross-correlation normalized values of 200 blinks
detected on the first 10 videos analyzed considering the blur correction. R2 = 0.51,f(x) = p_1 *x"3 +p_2 *x"2 +p_3 *
x,where p_1 = 6.9576e — 05, p_2 = —0.0190 and p_3 = 2.2129.

After comparing the three techniques using 10 videos from different patients who were using
or not using contact lenses, it was found that the degree estimation was better using the cross-
correlation method. From the curve in Figure 3-52, we obtain the coefficients used to detect
automatically an estimation of real closeness. Furthermore, the only value used to get closeness

and the classification of the blinks depending on quality is done using the cross-correlation

method.
The final closeness value in percentage is given by equation 9:

Final closeness (%) = 6.9576e — 05 * x3 — 0.0190 * x2 + 2.2129 x x, (3-12)
Where x is the estimated closeness in percentage obtained from equation 10

3.1.3.3. Blink characterization—features extraction from blink sequence.

The temporal evolution of individual blinks has been studied in the literature (171-173), both
from an experimental and theoretical point of view, where it has been proven that an
exponentially modified Gaussian (EMG) function can model the blinking amplitude (174),

with an equation that describes it as:
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T 21% 71 o

1 u o x x—H—GZ/T
fx|u,0,7) = —exp <—+———>CD —_— (3-13)

The resulting function is dependent on three different variables. o and u are the two parameters
of the Gaussian distribution, where u is the mean value, and o is the standard deviation of the
Gaussian distribution. The third parameter 7 is the variable of the exponential distribution and
gives the information related to the mean value of the exponential component. Consequently,
the Exponentially Modified Gaussian function is identified as a convolution of 2 additive

processes: a Gaussian function and an exponential function (174).

Speed and acceleration can be calculated from the blinking amplitude curve and the video
frame rate. From these curves, many features can be extracted that characterize that specific
flicker. This process has been described in the literature (171-173). In this work, the procedure
described by J. Espinosa et al. will be followed based on the graphs and features described in

Annex I.

Every signal blinking event will be adjusted to an exponentially modified Gaussian function as
indicated by the previous equation 3-13, in order to extract the features. This involves selecting
the relevant sections of the signal that correspond to each blink. The following procedure is

then implemented:

1.- The probability distribution function (PDF) and the Cumulative Distribution Function
(CDF) of the Fel signal are performed to locate the median and the value of Fel for a CDF >
0.85 (threshold). A threshold value (u) is the difference between the threshold and the median.

2.- Each of the peaks of the Fel signal is chosen. The frame corresponding to this maximum

will be the “0” point of the blink (peak). From this frame, the consecutive difference of the

signal to the left and right of said point is calculated iteratively from a frame “i” starting with
the zero value, which is the maximum located in each blink.
Al =Fel(i) — Fel(i—1) (3-14)
A2 = Fel(i) — Fel(i — 2) (3-15)
A3 = Fel(i) — Fel(i —3) (3-16)

3.- For each iteration, the following conditions and the procedure for when the stopping

condition given by equation 3-21 is met are calculated.
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Conditionl = (A1<0 A A2<0) (3-17)
Condition2 = (|A3]| > u) (3-18)
Condition3 = |Fel(i — 1) — Fel(peak)| <u (3-19)
Condition4 = |(i — 1) — peak| < 2 x width (3-20)

Stopping = Conditionl \/ConditionZ \/Condition3 /\Condition4 (3-21)

This procedure has been optimized for situations where several non-complete blinks can be
grouped into one. Also, the start and end frames should be delimited to see the rise and fall of
the Fel signal clearly. The localization is done by identifying whether the signal has dropped
in two adjacent frames or multiple markers shifted over three frames more than three times the
calculated deviation. Also, voluntary blinks of longer duration are considered by testing the
next frame against some conditions. Lastly, blinks overlap or blink very next to each other,
which is not considered based on the full width at half height. This method can also differentiate
between spontaneous and voluntary blinks and isn't confounded by events that happen closely

together. Figure 3-43 summarizes the previous process.
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Figure 3-43: PDF and CDF value of the Fel signal (top) along with the threshold value and median of the calculated

signal. Below is the search procedure for the start and end points of a blink.

To characterize the blinking curve and consider that the signal is generated from a video that
will have a maximum of 60 frames per second, we use the interpolation function to obtain more
information regarding the speed and displacement of the upper eyelid. The speed curve
identifies the initial and end points, knowing that the speed is zero in the interpolated curve.
As explained in the introduction, for the correct feature extraction, the resulting curve is fitted

to an exponentially modified Gaussian function (Figure 15).

The fitting consists of an iterative process to obtain the minimum root square error between the

isolated final signal in pixels for each blink event in the video. The transformation from Fel
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signal values to pixels is performed independently in each blink event using the value of

closeness obtained from equation 3-12. First, the isolated signal in pixels is normalized using

the cumulative signal value (norm). Then, an initial value is given to the three parameters

needed (o, 1 and 1) to obtain the fitted EMG distribution (equation 3-13). The norm and starting

values are explained below.

norm: the cumulative value of the blink signal in pixels to perform a normalization of

the curve before performing the fitting to the exponentially modified Gaussian.

o: square root of the variance of the normalized curve minus the square value of

defined on (3-22), see equation 3-21, (174).

o= o} —r1? (3-22)

w@: mean value of the normalized blink curve minus T parameter defined on (3-24), see

equation 3-23, (174).
U=X—T (3-23)

T: standard deviation of the normalized blink curve multiplied by 0.8, see equation 3-

24, (174).

T=o0,*038 (3-24)

When the iteration is finally done, the curve is fitted, and the resultant curve R-squared value

1s registered.
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Figure 3-44: Isolating and fitting a blink sequence to an Exponentially Modified Gaussian function. a) Interpolated and

transformed the Fel signal to pixels using the closeness (%) and the distance between the eyelids of the pcal reconstructed

image. b) blink speed, gradient of function a). c¢) Detection of the beginning and end of the blink sequence. d) fitting to an

exponentially modified Gaussian function.

Once the fit to the Gaussian curve has been obtained, each blink and different video

characteristics can be calculated. The features obtained from each isolated blink event besides

the ones from the J. Espinosa et al. study are as follows:

e half width_left ms_:

milliseconds, taking as reference the half height.

e half width_right ms :

Duration of the upper eyelid lowering movement in

Duration of the upper eyelid raising movement in

milliseconds, taking as reference the half height.

e half width_ms_: Blink duration in milliseconds at half height.

e width_left ms_: Duration of the total eye closing movement in milliseconds.

e width_right _ms_: Duration of the total eye-opening movement in milliseconds.

closeness__: Percentage of eye closeness.

Additionally, two control variables are registered to check the validity of the fitting and that

the fitted curve corresponds to an actual blink (closeness higher than 30%).



3 METHODS 151

The parameters obtained for each video are the IBI (Inter-Blink interval) and duration mean
and standard deviation values, in addition to the first, second, third, and fourth statistical order
of all the feature distributions obtained for each blink event. Lastly, for each patient video, the
blinking dynamics are characterized by transforming the Fel signal to mm of the blinking

amplitude in the frequency domain.

The initial signal Fel is transformed to account for the degree of closure of the blink-in-length
units. To achieve this, the Fel value of the frames involved in each localized blink is adjusted
according to the procedures outlined in the previous sections. The Fel value for each frame is
multiplied by a factor that correlates the maximum amplitude of the blink to the degree of
closure estimated from the preceding Equation 3-12. A conversion to millimeters is performed
by calculating and comparing the pixel length of the palpebral cleft with the user input, see

subsection 3.1.3.3.1. The result of this process is represented in Figure 3-45
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Figure 3-45: Transformed Fel signal (Figure 3-19) where the frames considered part of a blink sequence correspond in

millimeters to the detected closeness of the eyelids.

The dynamics of the blinks in the video are characterized by calculating the Power Spectrum
Density (PSD) of the degree of closure in mm with respect to time. This PSD is modeled as
type 1/f %, with f being the frequency in Hz. This type of PSD commonly appears in complex
and biological processes where different processes with different relaxation periods may be
involved. (175-182). This type of noise also appears directly related to the dynamics of
blinking in various cognitive processes (90). Specifically, the formulation for the PSD is used

as
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PSD = 10°f¢ (3-25)

with f being the frequency in Hz, b a parameter related to the amplitude, and a the parameter
associated with the complexity of the blinking process (183). The figure shows the results of
this adjustment, just with the signal spectrogram made with the “pspectum” function of the

MATLAB “Signal Processing Toolbox” library.

a e Fres =341.707 mHz, Tres =7.5115 s
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Figure 3-46: a) Spectrogram of the signal in millimeters shown in Figure 3-45, b) Characterization of the PSD to 1/f using
parameters alpha, and b. PSD = 10Pf¢,

Once the fit to the Gaussian curve has been obtained, the calculation of each blink

characteristic, reflected in the introduction, chapter 2.5.1, is now possible. Obtaining the times
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when the speed is zero corresponds to the beginning t0, end t8, and maximum amplitude t4,
the points of maximum t2 and minimum speed t6 correspond to the points of zero power when
the forces carried out by the muscles of OO and LP are null. At these points, too, the power
becomes null. The points at which the normalized power becomes maximum correspond to
those at which the force exerted by the OO muscle in the closing part of the blink and the
maximum force of the LP muscle corresponding to the opening of the blink, in the descent
correspond to t1 and on the rise correspond to t5 of the upper eyelid to complete the closing or
opening of the eye. The power is minimal in the part of the descent t3 and the part of the ascent
at point t7 since the effort this time is maximum and is made by the muscle that moves in the
opposite direction. At these points, the effort made by the LP muscle is maximum, but when
the eyelid is closing, t3 stops the closure, while at point t7, the maximum effort is made by the

OO muscle to prevent the opening movement.
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Figure 3-47: In red, amplitude in pixels of the fitted EMG function characterizing a blink event. In blue, functions are
obtained from the EMG to display the normalized speed, acceleration, and power. In dark grey, the different characteristic

times obtained by analyzing the different curves are shown.
3.1.3.3.1. Conversion from pixels to mm
For comparison purposes, as shown in Figure 3-45, the results and the signal are then
transformed to millimeters. The calculation of the longitudinal palpebral cleft in pixels length
is carried out from the Fel signal shown where an image of the open eye is identified, being

the one with the lowest coefficient in the first 50 frames of the video. In this frame, the eye is

completely open. To recognize the position of the eye's corners, we first eliminate the noise
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due to lighting by adjusting the light intensity to a degree 3 in the x and y axes, giving rise to a
that can be visualized with Matlab's mesh function. We are left with a noise-free image by
subtracting the surface from the original image in gray levels and adding the total average value

of the average light intensity surface.

The average signal of each column is calculated from the open-eye image without noise. The
maximum values will correspond to areas where the sclera is very present. These two peaks
have a corresponding base that coincides with the beginning with the iris area and the skin area.
Considering the value of the prominence of these peaks, the points are located at a distance of
80% of the prominence concerning the maximum points; the column of the beginning and end
of the length of the palpebral fissure is obtained. The following images show that in column 6

begins the sclera area, and in column 100, the sclera ends.

As the final purpose is to analyze the videos and data obtained from the patients using a self-
made application, some information needed, such as the pixel-to-mm variation, is stored in a
database using MySQL database manager. Access to the server to get information related to
the size of the palpebral cleft introduced by the user is automatically done to have the actual
size of the patient's eye and the distance between eyelids at the end. This connection is done

using the Database Toolbox in Matlab.

Considering that the palpebral length longitude is given in millimeters by the user the first time
accessing the application of data recollection, a conversion factor can be calculated to obtain
all the results in millimeters instead of pixels. Additionally, To give the information in degrees,
it has been proven in a study (184) For most subjects, a movement of the upper eyelid of 10
degrees translates, measured in millimeters, to 2.6 (+-0.1) mm. Additionally, it is assumed that

the angular displacement of the eyelid is equal to 1.1 times the angular displacement of the eye.

Figure 3-48: Eye frame from a video sequence in gray level with the application of media_local polinomica function.
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Figure 3-49: Mean pixel intensity of each column of the Open-eye frame, see
Figure 3-48.
3.1.34. Analysis of results obtained using the automatic blink detection algorithm

This section exposes some of the results obtained after performing all the steps shown in this

section 3.1.3.

Table 1 presents some results of the algorithm used as an automatic blink counter in a one-
minute video recorded by users. A blink is considered complete when the degree of closure
exceeds 25%. Among these, a blink is classified as complete when the closure is greater than
75% and incomplete if it is less than that but greater than 25% (82). For this test, 20 recordings
from various individuals were analyzed, each with or without contact lenses. For each video, a
visual count of the number of blinks is conducted (based on the observation of each frame of
the video, ensuring very little uncertainty). Finally, the percentage of error in the automatic
detection of blinks is calculated. The results in Table 1 display two groups of records. One
group has an accurate count (in this context, the average number of blinks counted across all
videos is 21 plus or minus 9, consistent with the figures provided by the algorithm). In contrast,
the other group exhibits a higher error rate. After reviewing the respective videos, this may be
attributed to multiple blinks with degrees of closure close to 25%, which complicates their
classification as blinks. The inherent error in this calculation causes fluctuations in the detected

number of blinks. Furthermore, if the number of blinks is not substantial, these fluctuations can
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result in significant changes in the error percentage. In any case, the average error is 5.85%

across all videos. (100,101,105,110,122,126)

Table 2 shows the data for the degree of closure (closeness), Inter-Blink Interval (IBI), and
blink duration for the videos considered, together with their standard deviations(185). To better
estimate the duration of the blinks, this duration has been calculated from the adjustment of the

blink signal to the EMG function (174) explained in the section on methodology.

For an understanding of the results, the probability density function (PDF) of these magnitudes,
as well as the PDF of the Signal to noise ratio (SNR) of each of them, has been represented in
Figure 3-51, Figure 3-52, and Figure 3-53.

Two distinct groups of records can be observed, more visible in the graphs on the mean blink
duration (and within these, those related to the SNR, Figure 3-53). In general, these videos tend
to have a shorter duration of the blink or a more significant variability in duration. To a lesser
extent, these groups are also seen in Figure 3-52, Figure 3-53, and Figure 3-54, corresponding
to the other magnitudes. If we compare the fundamental characteristics shared by these records,
Table 1 shows that a large part of them are from presbyopic patients (186). Presbyopic patients
present a more significant variability among themselves in these blink magnitudes, especially

those associated with standard deviations.

In Table 3-7, the same parameters obtained in Table 3-6 are now calculated only considering
the complete blinks and amplitude of eye closeness above 70 %. In Table 3-8 the results

presented are related only to the incomplete blinks.

Finally, in Table 3-9 the results concerning the blink dynamics parameters considering the
entire signal amplitude of eye closeness in millimeters are obtained. The characterization of
this signal in the frequency domain by « and b parameters from equation 3-25. Figure 3-54
shows the probability density function for |a|. The outliers to the left and right to the peak

point correspond mainly to presbyopic patients.
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Table 3-5: Summary results from the analysis of 20 different patients’ videos (1/5). The second column identifies the presbyopic patients with “Y”. Column 3 gives information about using
contact lenses during the recording. Columns four and five give information related to the camera used (Frame rate and resolution), column six is the visual count of blinks, the seventh is the

detected blink using the proposed method, and lastly, the eighth is the absolute error.

Contact lens Video frame Eye image Visual count of

Video number Presbyopic use rate (Hz) (pixels) blinks Detected blinks Error (%) Mean R?
1 N N 30 99x71 28 28 0.00 0.92
2 N N 60 95x51 25 18 28.00 0.89
3 N N 30 61x29 15 14 6.67 0.64
4 N N 15 59x34 4 4 0.00 0.95
5 N N 25 85x40 14 14 0.00 0.89
6 Y N 24 65x28 23 29 26.09 0.81
7 Y N 30 111x59 18 20 11.11 0.7
8 Y Y 20 51x24 33 33 0.00 0.91
9 Y N 60 129x67 6 7 16.67 0.69
10 N N 60 78x49 30 30 0.00 0.95
11 N Y 60 55x34 36 36 0.00 0.71
12 Y N 30 83x42 10 10 0.00 0.83
13 Y N 30 71x32 14 14 0.00 0.76
14 Y Y 25 106x51 23 23 0.00 0.93
15 N N 30 77x48 22 20 9.09 0.87
16 Y N 15 33x21 39 38 2.56 0.89
17 Y Y 30 111x50 19 19 0.00 0.94
18 Y N 60 53x28 20 19 5.00 0.95
19 Y N 30 13x24 19 19 0.00 0.92

20 Y N 60 107x53 21 23 9.52 0.89
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Table 3-6: Summary results from the analysis of 20 different patients’ videos (2/5). The results shown are, considering the number of all blinks detected in the video (column 2), the mean
closeness in percentage of the blink events (column 3), and its standard deviation (column 4), the mean Inter-Blink Interval in seconds (column 5), and its standard deviation (column 6), the

mean blink duration in milliseconds (column 7) and its standard deviation.

Video number Detected blinks closeness (%) std(closeness) IBI (s) std(IBI) dquZ:iI:):l(i:*;) std(duration)
1 28 85.44 10.85 1.97 0.71 350.50 96.08
2 18 61.90 22.29 2.17 1.97 201.70 53.11
3 14 87.59 12.37 3.74 3.30 324.56 55.94
4 4 75.07 28.33 7.68 6.23 476.75 122.38
5 14 90.40 6.00 3.78 2.34 610.88 202.43
6 29 86.95 6.97 2.00 0.76 363.58 72.83
7 20 89.06 11.83 2.66 1.57 557.39 431.89
8 33 94.97 4.83 1.80 1.36 354.82 82.55
9 7 79.73 21.18 4.64 3.92 229.16 134.65
10 30 99.16 0.95 1.97 0.26 370.63 64.34
11 36 95.38 4.05 1.61 1.38 273.73 64.39
12 10 81.68 13.55 1.47 1.57 404.34 131.88
13 14 89.40 9.38 3.84 2.34 315.65 62.05
14 23 92.58 5.48 2.54 0.55 386.68 96.63
15 20 90.29 12.94 1.82 1.52 441.96 112.38
16 38 90.11 8.57 1.40 0.48 458.88 233.94
17 19 84.65 7.53 2.68 1.02 380.59 59.48
18 19 83.13 13.93 2.83 2.01 256.65 67.32
19 19 84.65 10.31 2.62 1.84 387.44 66.81
20 23 88.98 10.85 2.06 1.08 376.06 69.01
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Table 3-7: Summary results from the analysis of 20 different patients’ videos (3/5). Same results are shown in Table 3-6 but considering only complete blinks.

Videonumber  Complete Blinks closeness (%) std(closeness) IBl complete (s) std(IBl_c) con(::[:::eo(%s) std(duration)
1 21 90.77 6.54 2.85 2.65 363.36 91.88
2 5 90.58 8.01 12.85 11.81 216.62 28.04
3 11 93.18 12.37 5.24 4.05 324.56 55.94
4 3 95.41 4.03 12.12 9.42 368.39 102.42
5 14 90.40 90.40 3.78 2.34 610.88 202.43
6 29 86.95 6.97 2.00 0.76 363.58 72.83
7 19 91.44 5.87 3.11 1.42 510.56 393.98
8 33 94.97 4.83 1.80 1.36 354.82 82.55
9 5 90.78 8.15 13.53 14.41 284.05 118.91
10 30 99.16 0.95 1.97 0.26 370.63 64.34
11 36 95.38 4.05 1.61 1.38 158.06 45.09
12 7 89.41 6.49 8.11 4.13 414.69 147.82
13 13 91.54 5.52 3.59 2.26 315.65 62.05
14 23 92.58 5.48 2.54 0.55 386.68 96.63
15 19 92.83 6.90 3.10 2.18 430.15 102.48
16 36 91.38 6.83 1.62 0.83 460.55 240.32
17 18 85.73 6.14 3.13 1.29 386.93 54.52
18 16 88.36 7.00 3.59 3.83 259.01 67.94
19 16 87.96 6.11 3.32 2.18 385.35 65.99

20 22 90.90 6.22 2.41 1.25 379.90 68.50
Figure 3-50
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Table 3-8: Summary results from the analysis of 20 different patients’ videos (4/5). Same results are shown in Table 3-6 but considering only incomplete blinks.

Video number Incomplete blinks Closeness (%) std(closeness) IBl incomplete (s) std(IBL_i) incoz:l;?:i:l:ms) std(duration)
1 7 69.43 0.92 5.14 2.78 311.90 98.08
2 13 50.87 15.00 4.02 4.39 194.24 60.58
3 3 67.09 5.14 15.43 5.37 - -

4 1 65.29 - - - 420.59 -
5 0 - - - - - -
6 0 - - - - - -
7 1 43.92 - - - 1400.33 -
8 0 - - - - - -
9 2 52.11 18.35 14.83 0.00 91.93 41.71
10 0 - - - - - -
11 0 - - - - - -
12 3 63.62 6.93 13.26 1.45 380.17 78.44
13 1 62.00 - - - - -
14 0 - - - - - -
15 1 42.09 - - - 666.38 -
16 2 67.23 1.82 27.27 - 429.67 29.67
17 1 65.18 - - - 266.54 -
18 3 55.24 6.59 4.67 3.32 244.06 62.42
19 3 67.03 10.28 20.82 27.84 397.88 69.84
20 1 46.81 - - - 299.33 -




4 RESULTS AND DISCUSSION

Table 3-9: Summary results from the analysis of 20 different patients’ videos (5/5). Features of blink dynamics.
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-1.73
-1.76
-1.90
-1.72
-2.00
-1.41
-1.75
-1.71
-2.56
-2.73
-1.66
-2.09
-1.66
-1.95
-1.73
-0.96
-2.10
-2.76
-1.68
-1.89

std(a)
0.02
0.01
0.02
0.01
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.02
0.02

-1.22
-1.48
-3.44
-1.33
-1.25
-2.21
-1.07
-1.10
-1.22
-0.15
-0.59
-1.53
-1.94
-1.19
-0.86
-1.05
-1.15
-0.31
-1.22
-1.15

std(b)
0.02
0.01
0.02
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.02
0.01