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Gaze Usages, Analysis and Interaction

by Almoctar HASSOUMI

They are also used to comprehend the visual behaviors of a pilot searching for information in a cockpit. The capabilities of computing devices are growing, so as the demand for new tools that take advantage of other sense organs (e.g., the eyes). However, a number of barriers still exist and make these devices less accurate and difficult to use in daily activities. One of these problems is the shift between the actual and the estimated position of the user's point-of-regard, which systematically comes from the eye-tracking systems' accuracy and precision. Following recent advances, there is an increasing interest in affordable systems that have the potential to be more accurate and, researchers are continually investigating novel approaches. This thesis covers different issues of eye movement research. It proposes the use of novel approaches as a step towards overcoming these accuracy and precision issues. More specifically, we introduce novel strategies for detecting mapping functions for gaze estimation and calibration-free gaze interaction. In addition to proposing frameworks and strategies for improving accuracy, new calibration procedures and patterns are also revealed and discussed. In this dissertation, we address these issues in three different ways: calibration and mapping functions, calibration-less gaze interaction, visualization and exploration. We present four main contributions. First, we present a new method for calibrating state-of-the-art eye trackers with better accuracy. Second, we present a new gaze-based authentication method which works without any prior calibration, and can be extended to any alphanumeric-based input modality.

Third, we present an uncertainty visualization approach. Finally, a method of analyzing eye movements data and aircraft trajectories using a novel brushing technique is proposed.

Thesis supervisors

Christophe Hurter

Professor École Nationale de l'Aviation Civile Les technologies de suivi du regard permettent d'estimer les endroits dans une scène où un utilisateur regarde. Les capacités des dispositifs informatiques sont en perpétuelle croissance, ainsi que le besoin pour de nouveaux outils qui peuvent permettre de tirer profit de nouveaux moyens de communiquer (par exemple avec les yeux). Ces systèmes sont utilisés dans divers domaines, notamment dans l'interaction homme-machine, les études sur l'ergonomie et l'utilisabilité, et le transfert de connaissance. Par exemple, pour les personnes ayant une déficience motrice ou un handicap physique, la saisie de texte par le regard peut être un important moyen d'interaction. En outre, ces outils peuvent être également utilisés pour comprendre les comportements visuels d'un pilote cherchant de l'information dans un cockpit.

Peysakhovich Vsevolod

Toutefois, un certain nombre de barrières existent et rendent l'utilisation de ces outils moins précise et donc moins efficace. L'un des problèmes majeurs est le décalage entre la position réelle et la position estimée du point de regard de l'utilisateur. Celui-ci, sujet à des erreurs de précision, ne permet pas encore de se servir pleinement du canal d'interaction que peut offrir le regard. Suite aux progrès récents des technologies de détection de mouvements oculaires, on s'intéresse de plus en plus aux systèmes abordables, pas coûteux, précis et facilement utilisables.

Cette thèse porte sur différents aspects de la recherche sur les mouvements oculaires. Elle propose de nouvelles approches qui permettent d'augmenter la précision de calcul de l'estimation du regard. En effet, nous montrerons qu'il existe des fonctions polynomiales plus adaptées que les modèles utilisés dans la littérature, et même dans les outils commercialisés. Nous proposons donc une nouvelle façon de construire automatiquement de nouveaux modèles qui sont mieux adaptés pour l'estimation du regard, et ce, pour tous les types de méthodes de calibration basées sur les fonctions polynomiales, connus à ce jour. Nous présentons aussi de nouvelles stratégies pour l'interaction basée sur le regard, ne nécessitant aucune calibration préalable. En plus de proposer des stratégies pour améliorer la précision et des techniques d'interaction, des outils de visualisation et d'exploration sont également proposés. Dans cette thèse, nous contribuons alors sous quatre différents angles: les techniques de calibration, l'interaction basée sur le regard, la visualisation et l'exploration. 10.1 Animation design space between two data views V 1 and V 2 . The user can control or not the transition (controlled vs automatic); and the transition is defined by the user or predefined by the tool (explicit vs implicit). The presented tools are Histomages [START_REF] Chevalier | Histomages: Fully Synchronized Views for Image Editing[END_REF], Rolling-the-Dice (N. [START_REF] Elmqvist | Rolling the dice: Multidimensional visual exploration using scatterplot matrix navigation[END_REF], From-DaDy (Hurter, Tissoires, and Conversy, 2009), and our proposal. . . . . . . . . [START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF]. Given a set of trajectories (Column A), we want to select all the trajectories from Paris to Toulouse (Column B). Using the first method proposed par [START_REF] Hurter | FromDaDy: Spreading Aircraft Trajectories Across Views to Support Iterative Queries[END_REF], the user must accomplish 6 steps in order to isolate the desired trajectories: Toulouse flights selection, selection isolation, Paris flights selection, selection isolation, overshooting flights brush and selection removal. With the more recent technique FiberClay (C. [START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF], the number of steps is reduced to 3: Paris-Toulouse flights selection, Overshooting flights removal and selection isolation. The authors were able to remove three steps because the selection is operated in a virtual reality environment and the user was interacting with two joysticks in her hands. We can imagine that, with one hand, she will have difficulties to select the trajectories in three steps.

Our approach removes the need for using the two hands or other new devices.

The selection is done with just a mouse. Additionally, the user can perform the selection in one shoot which greatly improves user satisfaction and reduce the The eye movements on a face during free examination (Yarbus, 1967a).

Figure 1.4:

The eye movements depend on the task (Yarbus, 1967a).

We discuss constraints involved in using a perceptual organ, the eye, as a means of information retrieval and as an input modality. Since the start of eye-tracking (ET), and eye movement analysis (EMA), estimating the exact gaze position in the user's field of view has remained a challenging problem. Inventors (e.g., Figures 1.1 and 1.2) have long dreamed of creating tools that could compute the point-of-regard (POR) of humans. The eye is an extremely specialized organ. Six extrinsic muscles hold each eyeball in its position and allow it to follow moving objects. People can deduce where we are looking at with apparent ease. We constantly focus on the eyes of humans around us to determine their point-of-regard and sometimes their direction of attention. However, Given, a natural viewing scene, it is even difficult for a human to show, with a good precision, where another person is looking at.

When it comes to showing where somebody is looking precisely, it could rapidly turn into a tough exercise. Looking at a single element of a beautiful landscape situated at an imaginary distant point, one could recognize the area you are fixating on, but barely suggest the exact point you are looking at. This is even more complicated using computing devices. Scientists have spent decades working on human gaze (Figures 1.3 and 1.4) and, even though they can design tools (Eye-trackers) that can afford to estimate the location of human gaze in a scene, the degree of accuracy and precision still need to be increased. To allow this capability, researchers are constantly developing and improving eye-tracking systems that are increasingly becoming less invasive, cheaper, accurate and rela-tively convenient. The goal of such systems is to estimate the location where the user is fixating on (Point-of-Regard). The human eyes -window to the soul -reveal so much information about the direction of regard.

Before reviewing the contents of this manuscript, we must set the context of this thesis in terms of the underlying goals and the approaches examined. We must also briefly review the historical context of eye-tracking research that has led to our contemporary understanding of eye movement analysis and gaze-based applications. Here, we are considering eye-tracking systems that base their principles on detecting features of the eye area (e.g., the pupil -Figure 1.5) and then computing (estimating) the gaze position. This process is termed gaze estimation, that is, estimating the POR in the field of view from eye features.

Researchers in gaze estimation have been developing approaches and mathematical models for calculating the gaze location of a user in a scene. We now possess reliable methods for more or less accurately computing gaze locations by using emerging and affordable technologies. We can track a person's eyes fixating on an object (fixation). We can even, with notable success, explore and measure the unnoticeable slight movements of the eyes (microsaccades) during attempted visual fixation. However, in spite of all these advances, the goal of having a computing device that estimates the exact gaze position of a user remains elusive.

On the other hand, recent advances in technologies have seen rapidly growing interests in data analysis, including eye movement research. This occurs naturally since users are increasingly requesting for new features to be afforded by computing devices, mobile phones, and smartwatches. Therefore, both eye-tracking devices and applications must meet a number of conditions, including accuracy, precision, pervasiveness and privacy. Whatever the eye-tracking devices, the degree of accuracy and precision is closely related to the type of applications. For example, if a user commands a computing system having a small monitor, through its user interface, with his eyes instead of a standard mouse, he or she will rapidly encounter a number of concerns if the gaze estimation is not accurate enough. The elements that compose the user interface of the screen (e.g., buttons, text views, labels) may be placed close to each other, resulting in a difficult and unwanted interaction technique. While the eye-tracking community researchers strive to figure out novels strategies to solve these issues, the proposed methods of estimating the gaze positions, such as polynomial regression, generate new challenges that need to be addressed. However, some questions still remain, for example, why is gaze-based interaction so difficult? Partly, because we are requesting an inverse behaviour (non-natural), in which we seek to force the eyes to be an input modality, instead of their natural bodily function which is vision. As such, we must resort to techniques and approaches to seamlessly disambiguate between gaze for information retrieval and for interaction purposes.

Eye Features and Main Eye-tracking Applications

To fully understand how current eye-tracking devices operate, it is first important to grasp, at least in broad outlines, the essential eye features involved in estimating the gaze position such as the external and internal structures of the eye (Figure 1.6), and the visual reflexes.

Images of the viewed scene (the visual field -what a person sees) are formed on the retina of each eye [START_REF] Cyganek | An Introduction to 3D Computer Vision Techniques and Algorithms[END_REF] and transmitted to the brain for interpretation. However, before reaching the retina, light passes through transparent structures such as the sclera, the cornea and the lens, etc [START_REF] Janet | Health Assessment in Nursing[END_REF]. It is assumed that the eyelids serve to spread tears across the eye, defend it from foreign elements (with the eyelashes) and limit the light entering the eye (Janet and Jane, 2014).

1.1. Eye Features and Main Eye-tracking Applications The iris is the circular pigmented area of the eye which determines the color of the eye. Its muscles allow controlling the size of the pupil. The pupil is the black area in the center of the iris that allows light to pass through the eye.

The remaining of this section concisely reviews some examples of different applications that utilize gaze and eye-tracking systems. By definition, an eye-tracking application will require the use of the eye either as an input modality or as a means of information retrieval, and an acquisition system (e.g, cameras), usually connected to a computing device. It is worth outlining the main applications of eye-tracking and eye movement analysis, and how these applications manage the information retrieved from the current position and the features of the eye (e.g., pupil or iris). Eye-tracking systems are used in a large variety of fields. T hey a re m ainly used by human-computer scientists, psychologists, and marketing researchers. Human-computer scientists bring eye-trackers in computing devices to permit novel interaction techniques. For example, some mobile devices include the eye-scroll functionality which enables incrementally moving the user's view across the screen, scrolling pages and sliding text or images using the eye movement. Psychologists employ eye-tracking to study human behavior. They analyze how the eye movements work, for example in relation to focus-and-attention, information retrieval, eye muscles control, etc. Marketing researchers evaluate the degree of attention in response to communication tools, messages, and adverts, with the objective of improving user satisfaction.

The eye-tracking devices themselves fall into remote and head-mounted devices, thus forming two main types of systems (Figure 1.7). Though there exist eye-trackers using only a typical webcam, the most reliable systems currently use infrared lights in order to illuminate the eye of the user. This is one of the reasons why they are not yet used in everyday devices since it is difficult t o r eliably d etect t he p upil c enter p osition u sing t he b uilt-in c ameras i n outdoor environments.

Influence of Applications

There is a solid connection between the type of eye-tracking system and the type of eye-tracking application. As an example, analyzing user activity on a desktop screen may require a remote eye-tracker for better results. On the other side, a large tracking scene like an outdoor environment may be more interesting to be studied with a head-mounted eye-tracker.

Scene type

One of the most important elements that influence the use of systems that track the movement of the eyes is the scene type. The scene generally includes either a desktop computer, a tablet, a mobile device, cockpit management system, and often, a large visual field of view (outdoor or indoor environments, pictures, room, etc.). While head-mounted eye-trackers could be used for statics displays (screens, tablet, etc.) with a probably lower accuracy compared to a remote device, their mobility and the fact that they could allow investigating a large field of view bring us to primarily focus on this type of eye-tracking during this thesis. Nevertheless, it is worth noting that any of the concerns addressed in this proposed work can be seamlessly adapted to remote eye-tracking systems. Many of the solutions presented herein apply to these systems.

For example, the approached presented in Chapters 3,4,5 and 3 can be seamlessly tested on remote eye-trackers without any additional requirement.

However, head-mounted eye-trackers such as the Pupil Labs experience the problem of visibility. The user wearing such devices will have a part of his or her peripheral vision blocked because of the cameras attached to the device. This reduced vision raises a problem in outdoor environments since threats that may normally be seen become less visible. Additionally, to effectively benefit from its full potential, variables like lighting conditions, outdoor infrared lights must be handled consequently.

Other applications

Although using the eye to communicate with a computing device has undeniable benefits, this is not its main goal and the interaction becomes less natural compared to standard means of interaction like the mouse of the keyboard. However, it would be extremely valuable for people who have lower muscle control or motor impairments.

Additionally, eye movement detection is of prime importance for many varied applications, including real-world versus simulated tasks analysis, video games, marketing and sales, and usability tests (to name a few).

In simulations, eye movement analysis is used, for example, to ascertain the behavior of the user with regard to the application parameters compared to a real work task.

In games, eye movement assists in focusing the user's point of regard on targets, and also, allows the scene elements to be refined and rendered with great details whenever the user's gaze approaches where they are located (foveated rendering).

In marketing and usability, eye movement analysis allows obtaining in-depth knowledge of which part of a website or a product attracts the customers the most.

Motivation
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The remaining of this chapter elucidates the motivations of this thesis, then the main issues of eye-tracking systems calibration accuracy will be presented, and the approaches followed to tackle them. Finally, the main contributions of this work will be presented.

Motivation

Research in gaze estimation methods is driven by a range of important mathematical approaches.

• Gaze interaction on mobile devices: For motor-impaired people, researchers are working on new ways of communication based on the gaze. The great number of clickable items (buttons, icons, etc.) on a single screen constrain them to be closely arranged. Currently, affordable eye-tracking technologies are not accurate enough. The most accurate systems that allow this capability are expensive. If affordable systems could be more precise, they would allow greater opportunities for mobile gaze-based interaction.

• User studies: Measuring consumers' behavior would be useful with accurate gaze estimation. Researchers usually set up experiments in controlled labs to measure the user's eye movement and their area-of-interest. However, for real-world mass-scale studies, it would be valuable to record accurate gaze position in the users' everyday environments using their own cameras. This could result in a more interesting analysis of the human eye movement behavior.

It is worth mentioning that different applications require different degrees of accuracy. Interacting using the gaze on a large flat-screen monitor might require lower accuracy compared to using the gaze on smartwatches.

Problems

This project investigates four different issues of eye movement research concatenated in three parts. The first issue revolves around improving the accuracy of eye-tracking systems by finding new more suitable calibration procedures and gaze estimation models. Second, calibration procedures are considered to be time-consuming and tedious. There is, therefore, a need for investigating gaze-based interaction without any prior calibration. Third, it is important to investigate the uncertainty visualization of gaze estimation. Finally, the recorded eye movements result in a large dataset composed of connected trajectories, it is beneficial to investigate new and intuitive approaches that could help analysts to analyze the dataset.

Overview of issues

Despite the existence of several challenges within the field of Eye-Tracking Research, many of them are intrinsically linked to the quality of the gaze estimation. While issues such as the pupil and eye features detection may come from a bad environment or lighting conditions, issues such as the accuracy or precision may be resolved by checking other components of the gaze estimation pipeline. These components are presented in more detail below.

Chapter 1. Introduction

Calibration

The stage where a user is requested to fixates on sequential markers in the scene in order to generate a function that maps his eye to his gaze position is referred to as calibration. The calibration is performed in different manners, such as displaying sequential markers on a screen, or asking an assistant to show the markers at different positions in the scene.

In many cases, the calibration is not sufficient to obtain a good gaze estimation since the number of markers to be displayed is limited (≈ 9, 16 or 25) and does not cover the whole field of view.

As such, there are many areas in the field of view that are not properly targeted. On the other side, too many markers can also result in long and tedious calibration, and may result in an unnecessary data collection.

Interaction

One important use of eye-tracking technologies, which receives great attention in the community, is Gaze-based Interaction. This refers to the direct manipulation of computing devices using the position or the movements of the eyes. This is an emerging topic in eye-tracking research since different novel gaze-based interaction techniques are being proposed. For example, users may fixate on a button of a user interface during a certain amount of time in order to simulate a click (dwell). Other examples include following a moving target that is orbiting around a button in order to click on this button (pursuits).

However, much like the calibration, numerous causes limit Eye-based Interaction. It should be noted that the causes differ significantly depending on the type of applications, especially between desktop and mobile applications. The emplacement of the input modalities can greatly alter the usability of the applications. For example, when an item is placed next to a button that could be clicked using the eye and if the eye-tracking device is not accurate enough, fixating this item could result in an unwanted interaction. In gaze-based interaction, a poor gaze estimation accuracy could easily become a huge bottleneck.

Visualization

It can be important to visualize the errors and uncertainties of gaze estimation during and after the calibration stage. This is particularly essential in order to understand where and how the errors propagate from the eye feature detection until the computation of the gaze position.

Analysis

Conversely, Gaze and Eye Movement Analysis also retain a considerable attention since they allow understanding human behaviour through the movements of his eyes. They are also used in different scenarios including marketing and sales, task performance, stress and emotion, etc.

Worthy examples include assessing the cognitive workload of Air traffic Controllers (ATC) [START_REF] Thomas | Your Eyes Tell: Leveraging Smooth Pursuit for Assessing Cognitive Workload[END_REF]. Eye-tracking data are analyzed in different ways. During a short amount of time, the eye may have moved so many times that retrieving a specific eye movement pattern could be very difficult. This is particularly observed when the eye scans a whole scene.

1.4. Contributions and Approaches 7

Contributions and Approaches

This work contributed to four different issues of eye movement research. To address these issues, different approaches were considered. For instance, we can cite symbolic regression and smooth-pursuit interaction among many examples.

1. Symbolic regression is the process of finding the polynomial models that map the eye position in the eye camera to the gaze position in the scene, based on genetic programming.

Acquiring good mapping models requires recording the eye and target positions during the calibration stage. Furthermore, manually providing models based on the state-of-theart can lead to unexpected results, and there is no guarantee that the human-proposed models will be accurate enough. To investigate this issue, many researchers have compared a great number of models and proposed the ones that provide the best results.

However, all the researchers who have participated in this branch of eye movement research, came up with different mapping models as the best model. As such, it is difficult to assume and suggest a mapping model that is appropriate for all types of calibration procedure.

2. Smooth-pursuit interaction is an interaction technique that is based on the similarity between the movement of the eyes and the movement of a target. The objective is to assess if the user is following a target by comparing his relative eye movement to the movement of the target. Therefore, there is no need for a prior calibration procedure since the comparison of the movement trajectories could be independent from common linear transformations (scale, translation, rotation), using approapriate statical methods (correlations, component analysis).

Further examples will be detailed in their appropriate sections.

Summary

We first i ntroduce a n ew w ay o f fi nding th e po lynomial mo del th at ma ps th e ey e fe atures to the actual gaze location. This approach provides better accuracy and flexibility c ompared to previous models. We show how genetic programming, especially symbolic regression can be used to generate more accurate mapping models, particularly for gaze estimation under different calibration procedures condition.

Second, we suggest a novel interaction technique based on eye movement for people with motor disabilities. By coupling the relative movement of a target and the movement of the eye when it is following the target. Our approach enables entering text, passwords, PINs using the eyes.

Additionally, this approach is performed without any prior calibration. Consequently, we don't need highly developed or expensive eye-trackers. The approach also has been tested using only a web camera and computer vision algorithms.

To understand the issues in the literature, we, first, investigate how calibration errors are spread Chapter 1. Introduction across the calibration area. We developed and proposed a new method, and an uncertainty visualization tool that delivers an intuitive representation of where there is more uncertainty regarding the calculation of the gaze position. We demonstrate that the uncertainty depends on the type of the calibration, the covered area and the arrangement of the targets used.

Finally, we developed a novel brushing technique that allows analyzing and selecting desired eye gaze trajectories in a large dataset based on their shapes. This approach has been generalized and used in other applications including aircraft trajectories management and GPS trajectories.

Content Overview

This manuscript is structured as follows:

1.6.1 Chapter 1 -Introduction

Introduces the thesis topic, the issues and challenges and the approach pursued to fill the existing gaps.

Chapter 2: A Brief History and an Overview of Prior Work

This chapter relates the background information and theory of the eye movement literature. It presents issues that were considered during the development of prior eye-tracking systems and the elements that affected their design. Such elements covered how the apparatuses were presented, what type of eye movement analysis they study, and how they were improved. Chapter 2 also gives an overview of the gaze trackers and tools used nowadays.

Chapter 3 -Improving eye-tracking calibration accuracy using symbolic regression

To improve gaze estimation accuracy, many approaches exist. Chapter 3 describes a new approach that allows generating a mapping model that gives better results compared to the stateof-the-art.

Chapter 4 -Transforming Gaze Estimation Polynomials Using Genetic Algorithms

When polynomial functions that map the eye features to the gaze positions are already known, they can be altered to obtain better mapping models. The method in Chapter 4 describes how new models obtained from the known models increase the accuracy of eye-tracking devices.

1.6. Content Overview 1.6.5 Chapter 5 -PathWord: A Multimodal Password Entry Method for Adhoc Authentication Based on Digit Shape and Smooth Pursuit Eye Movements

Most of the gaze-based interaction techniques require a calibration procedure. Chapter 5 introduces a novel approach that allows interacting with computing using the eyes without any prior calibration.

1.6.6 Chapter 6 -Eye Gesture in a Mixed Reality Environment

This Chapter extended the work of Chapter 6 taking into account constraints of mixed reality environments.

1.6.7 Chapter 7 -EyeFlow: Pursuit Interactions Using an Unmodified Camera

Having introduced an interaction approach without any prior calibration in the previous Chapter 5 and Chapter 6, Chapter 7 proposes removing the commonly used pupil center detection approach before detecting the eye movement. Pupil center detection and tracking are considered as a major step before tracking the eye movements. We showed that it is possible to remove this stage and consider the overall movement of the eyes.

1.6.8 Chapter 8 -Uncertainty visualization of gaze estimation to support operatorcontrolled calibration

For calibration-based eye-tracking system, uncertainty assessment can be handled by visualizing the errors that arise during calibration and how they propagate. Chapter 8 introduces a new uncertainty visualization approach for calibration accuracy assessment. such visualization techniques afford quick identification of errors that participate in a decrease in quality.

1.6.9 Chapter 9 -Interactive Shape-Based Brushing Technique for Trail Sets

This chapter talks about how the eye movement data could be analyzed using brushing techniques, and make them even more efficient to investigate. It also tackles how the method is tuned and optimized to take advantage of parallelism for realtime applications.

Chapter 10 -Multidimensional data exploration by explicitly controlled animation

Chapter 10 presents a work I have partly contributed to. To address data exploration issues, a set of innovative techniques were proposed in this chapter. The described techniques considerably reduce the exploration effort by allowing the user to directly sketch the exploration path over a visual depiction of the view space created by a small-multiple metaphor. Data patterns found in different views can be selected and interactively combined to generate new views on the fly.

Chapter 1. Introduction

Chapter 11 -Summary

Chapter 11 concludes the dissertation and presents future works and directions.

This thesis will show a number of solutions that adapted to many of the aforementioned concerns, which constitute improved steps forwards in the eye-tracking field. Next, I will present a comprehensive work of the prior work, the concerns that have been addressed, portray the gaps that have to be filled with regard to gaze estimation quality improvement, and describe how my work builds on these strands of related works and how it contributed to them.

Overall, eye-tracking research and analysis is a very large theme. Every part of this thesis could easily shape the basis of a comprehensive and in-depth study. As such, the thesis has been restricted to the most prevalent challenges that provide essential capabilities for better eye movement research quality.

Notation

This section describes the notation used throughout this manuscript. Most of them are described with more details in the part where are used.

a A scalar a A vector A A matrix X A set a, b
A set of values a and b a, b, ..., n

A set of values between a and n [m, n] An interval from m to n a i

An element i of the vector a A i, j

An element of the the matrix A A k,:

A Row of the the matrix A A :,k A Column of the the matrix A

Résumé Chapter 1 en Français

Cette thèse s'inscrit dans le cadre de l'utilisation d'un organe perceptuel, l'oeil, comme moyen de récupération de l'information et comme moyen d'interaction. Depuis le début de l'oculométrie, estimer la position exacte du regard dans le champ de vision de l'utilisateur est resté un problème difficile. L es i nventeurs ( exemples s ur l es F igures 1 .1 e t 1 .2) o nt l ongtemps r êvé de développer des outils qui pourraient calculer la position du regard de l'homme. L'oeil est un organe impressionnant. Six muscles extrinsèques retiennent chaque globe oculaire dans sa position et lui permettent de suivre les objets en mouvement (Figure Avant de continuer, nous devons établir le contexte de cette thèse en termes d'objectifs, et les approches examinées. Nous devons examiner aussi, brièvement, le contexte historique de la recherche sur le suivi oculaire qui a mené à notre compréhension contemporaine de l'analyse des mouvements oculaires et des applications basées sur le regard. Nous étudions ici des systèmes qui fondent leurs principes sur la détection des caractéristiques de la zone de l'oeil, puis sur le calcul de la position du regard. Ce processus est appelé estimation du regard, c'est-à-dire le calcul de la position du regard dans le champ de vision à partir des caractéristiques de l'oeil.

Les chercheurs en oculométrie ont développé des approches et des modèles mathématiques pour calculer la position de regard d'un utilisateur dans une scène. Nous disposons aujourd'hui de méthodes fiables pour calculer plus ou moins a vec précision les positions du regard en utilisant des technologies émergentes et abordables. Nous pouvons suivre les yeux d'une personne qui fixe sur un objet (fixation). Nous pouvons même, avec un succès remarquable, explorer et mesurer les légers mouvements invisibles des yeux (microsaccades) lors d'une tentative de fixation visuelle. Cependant, en dépit de toutes ces avancées, l'objectif d'avoir un dispositif informatique qui estime la position exacte du regard d'un utilisateur reste difficile.

D'autre part, les progrès technologiques récents ont suscité un intérêt croissant pour l'analyse Chapter 1. Introduction des données, y compris la recherche sur les mouvements oculaires. Cela se produit naturellement puisque les utilisateurs demandent de plus en plus de nouvelles fonctionnalités et outils tels que les téléphones mobiles, les ordinateurs et les montres connectées. Par conséquent, les appareils et les applications d'oculométrie doivent répondre à un certain nombre de conditions (exemple la précision, la vie privée et la sécurité). Quel que soit le dispositif de suivi des yeux, le degré de précision est étroitement lié au type d'application. Par exemple, si un utilisateur commande un système informatique ayant un petit écran, avec ses yeux au lieu d'une souris standard, il ou elle rencontrera rapidement un certain nombre de problèmes si l'estimation du regard n'est pas assez précise. Les éléments qui composent l'interface utilisateur de l'écran (boutons, touches) peuvent être placés les uns à côté des autres, ce qui entraîne une interaction difficile et indésirable. Alors que les chercheurs de la communauté sur le suivi visuel s'efforcent de trouver des stratégies pour résoudre ces problèmes, les méthodes proposées pour estimer les positions du regard, telles que la régression polynomiale, génèrent de nouveaux défis qui doivent être abordés. Cependant, certaines questions demeurent encore sans réponse, par exemple, pourquoi l'interaction basée sur le regard est-elle si difficile? En partie, parce que nous procédons à un comportement inverse (non-naturel), où nous cherchons à forcer les yeux à être une modalité d'interaction, au lieu de leur fonction principale qui est la vision. À ce titre, nous devons recourir à des techniques et à des approches permettant de dissiper les ambiguïtés entre le regard pour la recherche d'information et le regard pour l'interaction.

The eyes have one language everywhere.

George Herbert
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A Brief History and Prior Work Louis Émile Javal (1839 -1907) -French ophthalmologist who noticed, that readers' eyes do not move fluently while reading a text, but make saccades and fixations. Edmund Huey (1870Huey ( -1913) ) who is known to have built the first eye tracker. The device was intrusive and the experiment participants had to wear a contact lens with a small aperture for the pupil. George Stratton (1865Stratton ( -1957) -an American psychologist who worked on perception, binocular vision and inverted glasses.

Alfred Yarbus (1914Yarbus ( -1986) ) -who pioneered the exploration of complex images and natural scenes, and showed that eye trajectories depend on the task. most prominent discoveries happened back in 1878 when Émile Javal (French ophthalmologist, 1839-1907) famously found out that human eyes make saccades and fixations during a text reading task instead of the long believed smooth and continuous eye movement [START_REF] Javal | Essai sur la physiologie de la lecture[END_REF].

He was among the first who described that the movements of the eye during text reading are not continuous along the text but composed of rapid movements known as saccades combined with stops named fixation. Saccades are irregular, rapid and jerky eye m ovements. They allow repositioning the fovea to a new target in the visual field, while the fixations have the ability to focus the gaze and fixate on a target for a certain amount of time.

Eye movements recording approaches 2.1.1 Direct observation

To the best of our knowledge, the first eye movement recording method was presented by Javal in 1878. Subjects were asked to read while Javal was observing the eye movements with a telescope. However, the movements of the eyes are too rapid and subtle to measures the duration of the saccades and fixation pauses accurately. Thereafter, Edmund B. Huey (1898) (Figure 2.2)

proposed a novel approach to study the physiological and physical mechanism of the eyes when reading a printed document. The increasing need for accuracy turned the researchers to look for indirect methods that increasingly replaced the standard direct observation. The methods employed for direct observation of the eye movements resulted from different approaches. Barnes (1905) asked subjects to gaze on the opening aperture of a telescope placed in front of them.

Whenever the telescope moved to a new position, the eye followed and, thus, the movement of the eye could be observed. The system was modified and improved by [START_REF] Barany | System for assisted mobility using eye movements based on electrooculography[END_REF]. As shown in figure 2.5, he used a light (L) to illuminate the eyes of the subject. The subject was asked to fixate a point P while the eye was recorded with a telescope facing the subject. 1908, Edmund Burke [START_REF] Huey | The Psychology and Pedagogy of Reading[END_REF], in his book entitled The Psychology and Pedagogy of Reading built a system using a holed contact lens for pupil combined with an aluminum pointer to observe the direction of the gaze. Other researchers used an ophthalmometer and microscopes to record fixations of the eyes (Ohrwall, 1912;[START_REF] Sundberg | [END_REF].

Indirect observation

There were two principal strands of indirect observation. The first category calls for photographing the eyes, small objects placed on the eyes, or the light reflection retrieved when the cornea is illuminated. As an example, [START_REF] Stratton | Wundt's Philos[END_REF] started recording the eye movements using a camera located in front of the user (Figure 2.3). Light illumination is reflected in a mirror in order to target and illuminate the user's eyes. However, the method was only suited for counting the number and analyzing the path of the eyes. During the same year, R. [START_REF] Dodge | [END_REF] refine the system to permit recording the eye movements' horizontal angle velocities (Figure 2.4), which has in turn been modified by [START_REF] Judd | [END_REF] later on. Photographic methods have been used to understand the mechanism of eye pupil divergence and convergence [START_REF] Piltz | [END_REF], but the ingenuity of [START_REF] Coburn | [END_REF] strengthens the eye movements recording techniques when he set up a system that provides the positions of the vertical and horizontal eye movements by manipulating photographic plates (Figure 2.6). This system also allows recording the left and right eye movements separately, in addition to the number of paths of the movements. The system presented by Dodge while gaining an interest in the community was also been modified by [START_REF] Koch | [END_REF] for the goal of eye movements angle velocity measurements (Figure 2.7). A tooth rest served to fixate the head of the subjects.

Similarly, the blinking behavior raised various questions in the eye research community. The research developed systems that carried methods which would permit understanding the inner mechanisms that trigger rolling movements and blinking. O. [START_REF] Weiss | [END_REF] designed a system that records these movements by synchronizing series of instantaneous photographs. A similar approach helped to record eye movements during reading tasks [START_REF] Gray | [END_REF]Buswell, 1920).

Subsequent apparatus started using illumination, discrete flashes, and beams that reflect onto the subjects' eyes (R. [START_REF] Dodge | Jl. ExJer. Psychol. VI[END_REF][START_REF] Miles | [END_REF].

The second category exploited capsules attached to the user eye area and records the eye movements either by tracing them or photographically. As an example, Lamare (1892) relied on the movements of the subject's lid to record the eye movement. Though the results were not accurate enough, he ameliorated the system of Javal ( 1878) by allowing a circuit of an electric current to notify a sound that he counted whenever the lid of the subject moves. Ahtens (1891) attached a light ivory cup to the cornea that served to trace the movement of the eyes. Later, this approach has been adapted by [START_REF] Delabarre | A Method of Recording Eye-Movements[END_REF] when he developed an artificial eye that is placed on the cornea of the subject. Both systems [START_REF] Delabarre | A Method of Recording Eye-Movements[END_REF]Ahtens, 1891) were bonded to a special tool that serves to draw the position of the eyes on a Kymograph (smoked drum).

Orchansky (1899) modified the former system and permit the eyelids to rest on flaps placed next to the center aperture that allows the subject to see. In 1913, Schackwitz (1913) experimented a new approach to record the number and the duration of eye movements. Figure 2.8

shows that he used a spectacle with a capsule (R) placed on the upper eyelid, adding confusion in separating lid and eye movements. The capsule was linked to two tubes (T 1 and T 2 ) which in turn are connected to a kymograph. Three years later, Struycken, 1918 stated that he was able to record simultaneously the vertical and horizontal eye movements by separating the beam of light using a prism in front of the lens of a camera.

All of the aforementioned methods are especially invasive. For example, Delabarre (1898) anesthetizes the cornea of the subjects with cocaine before placing the artificial eye. Consequently, eye strains were observed and due precautions had to be taken to avoid harming the eyes.

While most of the precedent researchers used daylight to provide illumination during the eye movements recording (e.g. [START_REF] Judd | [END_REF]), some of them (R. [START_REF] Dodge | [END_REF] exploited artificial light in order to regulate and be able to handle the illumination (e.g. the discontinuity of the illumination). Moreover, one of the most important improvement in terms of accuracy was performed by R. [START_REF] Dodge | [END_REF]. He was able to considerably reduce the effect of head movements in the recordings. Kymograph based approaches require less expensive apparatus compared to photographic methods. However, it should worth noting that they might cause painful and severe injury to the subject' eye since a capsule is directly Chapter 2. A Brief History and Prior Work attached to his cornea. Moreover, cocaine served as anesthesia which could hamper the normal movements of the eye. The weight of the capsule has also been reported to affect the movements [START_REF] Vernon | METHODS OF RECORDING EYE MOVEMENTS[END_REF]. Photographic methods provided more accuracy but were tedious to exploit.

The eye tracking studies set up by [START_REF] Yarbus | Eye Movements and Vision[END_REF] conveyed that, in a picture of a complex scene, some objects require more attention compared to others. This is especially observed when the subjects fixate more on the objects of interest and overlook the other parts. Moreover, the removal of head movement from the eye movement [START_REF] Cornsweet | Accurate two-dimensional eye tracker using first and fourth Purkinje images[END_REF] led to major changes in eye tracking studies. More precise conclusions were provided by the researchers.

Additionally, the first real time eye trackers started enabling eye-computer interaction [START_REF] Levine | An Eye-Controlled Computer[END_REF]. More complex gaze estimations techniques are being proposed. Initially, gaze was estimated over two dimensional surfaces, but the need of more in-depth knowledge of the principles of eye movements brings researchers to propose three dimensional systems (A. T. [START_REF] Duchowski | Comparing Estimated Gaze Depth in Virtual and Physical Environments[END_REF]. These systems are not only practical for analyzing real-world scenes but also permitting gaze-based interaction, usability tests and user studies in virtual environments.

Before presenting the different types of gaze estimation methods, the anatomy of the human eye will be briefly described and the different types of eye movements will be presented. We then finish with the purpose of our work, namely the main areas of the eye movement analysis that this work addressed.

Type of eye movements

Gaze is probably one of the most useful distant means of communication. Assessing where a person is looking at allows us, in certain cases, to determine the objects that interest him (known as the Joint Attention). This behaviour is assumed by [START_REF] Kaplan | The challenges of joint attention[END_REF] as one of the most difficult problems in linguistic studies. People develop eye contact at a younger age, within the first days after birth [START_REF] Ould | A history of eye gaze tracking[END_REF]. As such, the eye region plays an important role in social communication and information retrieval. In the following part, we will describe the different types of eye movement, but before, let us recall the role of some elements of the eye region, namely the pupil and the iris.

The pupil is the distinguishable small dark aperture in the center of the eye. Humans are able to see by capturing the light that passes through the pupil. Most eye tracking systems rely on the pupil center detection to estimate the human gaze direction. Different optical techniques are used to clearly distinguish the pupil from the surrounding area (iris). It is visually and mostly dark when the light that penetrates the eye does not come in directly on the optical axis and, hence, is not reflected out by the retina. To increase the darkness of the pupil, infrared light is used to illuminate the eye. The infrared light will be nearly completely absorbed once entering the eye (L. R. [START_REF] Young | A Graphical Filter/Flow Representation of Boolean Queries: A Prototype Implementation and Evaluation[END_REF]. In face photography, the pupil sometimes, appears very bright, due to the large amount of light entering the eye that is reflected back. If the light is coaxial with the optical axis, then a bright pupil effect akin to the red eye is observed. According to L. R. [START_REF] Young | A Graphical Filter/Flow Representation of Boolean Queries: A Prototype Implementation and Evaluation[END_REF], the radius of an adult pupil varies between 0.1 t 0.4 cm.

The shape of the pupil is elliptical, although circle detector techniques are being used to approximate optically the pupil center position. The iris is the pigmented part of the eye that controls le size of the pupil, and thus regulates the entry of the light in the eye.

People use to report on the change in position of these eye structures to determine the movement of the eye. There are different types of eye movements (fixation, saccades, vestibuloocular reflex, vergence, microsaccades, smooth pursuit, vestibular Nystagmus, torsional eye movements). The functions of some eye movements are described below.

Fixation or Miniature eye movements

When scanning a visual scene, the eyes stop on some points to process the information. This is called Fixation. For example in the 1960s, when [START_REF] Yarbus | Eye Movements and Vision[END_REF] explored the eye movements of observers while viewing complex scenes, he found that the eyes stay on the relevant parts of the scenes.

Saccadic eye movements or Saccades

Saccades are quick eye movements by which human changes the object of interest when scanning a scene (L. R. [START_REF] Young | A Graphical Filter/Flow Representation of Boolean Queries: A Prototype Implementation and Evaluation[END_REF]. This type of eye movements lasts approximately between 30 and 120 milliseconds, starts with a high acceleration (≈ 40, 000/sec 2 ) and ends with a deceleration. It is admitted, when the new target is located at more than 30°, small head movements help the eye to reach the target more rapidly. The latency is approximately 100 to 300 milliseconds. The principal goal of these movements is to arrange the image of the object of interest on the fovea (≈ 1° of visual angle ). They are used while scanning a small target (read-ing) are a large field-of-view (a room). In response to a change in target position, the saccadic movement allows the eye to be repositioned on the new position in ≈ 250 ms [START_REF] Fuchs | Periodic eye tracking in the monkey[END_REF]. The delay is reduced if the target trajectory is predictable.

Smooth Pursuit or Slow-tracking

Smooth pursuit eye movements are slower movements compared to saccades. They allow humans to be capable of tracking moving targets (1 to 30°/sec). Their main goal is to simulate a stabilization of the moving target on the retina. The eyes cannot follow targets moving at very fast speed, unless otherwise highly trained. However, we can easily perform slow tracking if there exists a moving stimuli in the field of view [START_REF] Robinson | The Mechanics of Human Smooth Pursuit Eye Movement[END_REF]. Smooth pursuit movements are under voluntary control. They can be tested by slowing moving a finger or a pencil in front of a participant and asking him to follow the movement.

Vestibulo-occular or Compensatory eye movements

Vestibular movements compensate the head motion in order to stabilize a fixed object image on the retina. Such movements can be tested by asking a participant to fixate on a fixed target and move his head from side to side. As a result, there is an automatic movement of the eyes to compensate the head movement by moving the same distance in opposite direction [START_REF] Fuchs | Periodic eye tracking in the monkey[END_REF].
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Vergence eye movements

Vergence eye movements allow the left and right eyes to combine their images. Unlike other types of eye movements where both eyes move in the same direction, the two eyes fixate far or near objects of interest in opposite directions, creating a virtual triangular with the object.

Microsaccades

Microsaccades, Similarly to saccades, are rapid eye movements, however, their amplitude is relatively small (1 °) and they appear during fixations.

Optokinetic Nystagmus

This type of eye movement is seen when a person is following a target which suddenly moves out of the field-of-view. Consequently, the eyes move back to the position where they saw the target.

Recent Eye Tracking Systems

This part presents the latest development of eye gaze-based systems. Most of the aforementionned apparatus employed a variety of invasive devices. More recently, the development of head-mounted eye trackers revolutionizes eye movements studies. In the 1970s, researchers focused on improving eye tracking systems components. Most works tried to increase the precision and accuracy of the systems in order to benefit from recording eye movements with higher standard of quality (L. R. [START_REF] Young | A Graphical Filter/Flow Representation of Boolean Queries: A Prototype Implementation and Evaluation[END_REF]. It is worth noting that eye tracking system has evolved with the performance of computing devices, reaching real-time uses. In the 1980s, researchers proposed using the eye as an input modality. [START_REF] Ware | An Evaluation of an Eye Tracker As a Device for Computer Input[END_REF] affirm that "a device which monitors eye movements should be a natural pick device for selecting objects visually present on a monitor and showed that eye tracking systems could be employed for human-computer interaction, providing that the elements size are big enough.

With the rapid advances in sensing technologies (improved processors, powerful image processing and com-puter vision techniques), eye tracking systems are becoming less and less invasive. Therefore, the number of eye tracking users is increasingly growing at a high rate.

Contact lens based approaches

These eye tracking approaches are invasive systems that employ contact lens coupled with magnetic search coil [START_REF] Kenyon | A soft contact lens search coil for measuring eye movements[END_REF] or coupled with reflective mirrors [START_REF] Yarbus | Eye Movements and Vision[END_REF]. The former works by attaching the lens connected to the mirror to eye ball (Figure 2.10). The second approach with the magnetic search coil is designed with two contact lenses with a coil of wire that allows measuring the intensity of magnetic field variation (Figure 2.11). The main disadvantage of using these systems is their invasiveness, although the is an improvement of the accuracy. Additionally, the head must remain still in order to obtain proper measurements.

Recent Eye Tracking Systems

Figure 2.12: Four Purkinje images.

Figure 2.13:

Reflections of Purkinje images on the eye [START_REF] Ould | A history of eye gaze tracking[END_REF].

Video-oculography (VOG)

The most widely gaze estimation systems used are video-based eye tracking systems. These systems used one or many cameras to record the movements of the eyes. The cameras usually run at 30 to 60 frames per second, however, in some studies that require high degree of precision of the records, up to 1000 frames per second cameras are used. There exist two main trends of video-oculography systems: the remote and head-mounted eye trackers. Each of these systems splits into two main tracking methods, depending on the type of light employed: the method based on the ambient light (visible spectrum) and the method that used the near infrared light (infrared spectrum). The eye trackers using the visible spectrum relies on the iris contour.

However, their accuracy depends upon the ambient light. Poor light conditions make it harder to detect the eye features. However, the infrared illumination eliminates this issue.

Besides illuminating the eye, the infrared light increases the contrast between the iris and the pupil, making the later easier to track.

Head-mounted eye trackers

Usually, the head-mounted eye tracking systems use near infrared lights. Their cameras are placed ideally below the visual axis of the subject. However, these infrared illuminations have gives position of the eye.

Remote eye trackers

Compared to the head-mounted eye trackers, remote systems present the advantage of being less invasive. The eye tracker is placed at a distance and in front of the subject. Consequently, the users could move their head freely, providing that the face and the eyes stay in the field of view of the imaging system (usually a camera). The principle is to track the relative position of the pupil and the corneal reflection in order to calculate the angle of the visual axis, thus the gaze location.
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Electro-oculography (EOG)

When the eye rotates or moves, an electrostatic field is produced. Electrodes could be placed around the user's eye to record the subtle differences in the skin potential of the eye region.

The potential is computed, evaluated and transformed into degree of the eye movement. This technique has allowed researchers to estimate gaze and eye movements. The technique has recently been used for assisted mobility (Barea et al., 2002). This is possible since there exists a very high nerves density of retina, and thus, the eye region is polarised. The signals amplitudes depend on the position of the eye.

Eye Tracking System Calibration

Head movement based techniques

T. Santini, Fuhl, and Kasneci (2017a) proposed to use head movement during the calibration stage. The motivation of proposing this approach is based on the assumption that existing eye tracking system calibrations are slow. Although the availability and proof of validation of eyemodel-based approaches which do not require any calibration procedure, they use multiple eye cameras, additional hardware and complex algorithms. Multiple corneal reflections are considered in many cases. Following the proposition of T. Santini, Fuhl, and Kasneci, a large array of calibration points are collected using automatically detected fiducial markers without the assistance of a supervisor. They also suggest a method for outliers removal using their technique since the commonly used method for outlier removal, RANSAC, as used by [START_REF] Bernet | Autocalibration-based partioning relationship and parallax relation for head-mounted eye trackers[END_REF] is not robust for noisy data. Instead, they proposed a custom rationalized outliers removal based on the change of the pupil size, the pupil positions range and the pupil detection algorithm used. Moreover, they contributed to a parameterizable method to automatically reserve evaluation points. Because the calibration procedure allowed to assemble a large amount of points, evaluations points can be selected and the remaining points serve for calculating the mapping function. Different movement patterns were explored by the authors, but the spiral and star like patterns were argued to be the most reliable. To select the evaluation points among the points collected during the calibration procedure, a lattice is built around the center of the field image (fx, fy). The lattice is parameterize using the granularity (g), horizontal stride (∆ x ), vertical stride (∆ y ), and evaluation point range factor (r f ) and the points (

f x -g × ∆ x , f y -g × ∆ y ) and
( f x +g×∆ x , f y +g×∆ y ) serve to define an ellipse with a horizontal radius of ∆ x /r f and vertical radius of ∆ y /r f . The evaluation points are then the closest point inside the elliptical area to the center for each ellipse. This way, the method provides two metrics : the calibration accuracy using the reprojection and the actual points, and the calibration coverage which is how the collected points are spread out in the field image. This evaluation points selection helps alleviating the challenge of evaluating gaze estimation on the same calibration surface and avoids the need for a second collection process. The spiral pattern provided larger coverage compared to the star pattern. And no significant results were found in terms of calibration time and mean error values. The outcome of their method is a mean angular error of 0.59° (0.23°) compared to 0.82°( 0.15°) for a standard 9-points calibration. However no statistically significant difference was 2.3. Eye Tracking System Calibration 21 found in terms of accuracy between the two methods. The calibration can be achieved in 10s

and anywhere using a cellphone to display the marker.

In addition, [START_REF] Evans | Collecting and Analyzing Eye-Tracking Data in Outdoor Environments[END_REF] recommended, for studies in which a broad range of eye movement are expected, to fixate a stationary target while moving the head approximately 10° to the right, pause, turn the head another 10°, pause and repeating until the participant reaches five head ticks. They were able to obtain target points that cover an asterix-like pattern in the scene camera similarly to T. Santini, Fuhl, and Kasneci (2017a).

Moving visual target based techniques

In a previous study, Yuki Kondou and Yoshinobu Ebisawa asked the users to fixate the center of a remote camera for calibration purpose, however, the users had difficulties to maintain the fixations because the position of the center of the camera was u nclear. In order to improve the approach, in 2008, they modified the calibration method and pose two visual markers on a PC screen. They contributed in two different manners . First they proposed a method in which the user fixates o n t he t wo s eparate v isual m arkers o n t he s creen s equentially, s econd o ne visual marker was shown on the screen and moves from a position P1 to a position P2 onward and backward. The user is asked to fixate the marker during its movement, making a smooth pursuit eye movement. The user eye is modeled in 3D using stereo wide views cameras. Another The reported results show that the moving target calibration is better compared to the first ap-proach. A significant difference between the two calibration methods was found (P < 0.05) using a t-test. Unfortunately, no information about the mean angular error was provided by the authors. Additionally, the system seems to provide good results only under laboratory condi-tions. [START_REF] Evans | Collecting and Analyzing Eye-Tracking Data in Outdoor Environments[END_REF] considered recording the synchronized video streams and performed the calibration offline. They proposed fixating a partner's moving thumb which paused at dif-ferent positions (five targets were used in their implementation).
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Parallax errors

Parallax errors occur when objects are located far away in the scene which is common in outdoor environment. Instead of performing the traditional calibration where the gaze is estimated online, that is, directly after the calibration procedure, [START_REF] Evans | Collecting and Analyzing Eye-Tracking Data in Outdoor Environments[END_REF] considered recording the synchronized video streams and performed the calibration offline. As such the user is asked to fixate on an assistant's thumb, located far away, ideally next to the targets of i nterest. Moreover, they calibrate the eye tracker again if it has slipped or if the participant has performed a physical activity. They check the calibration by fixating a single target o nce. Since the calibration is made offline, the experimenter is able to consider the calibration session that best suited to the video frames.

New Generation Eye trackers Calibration, Interaction and Applications

The ideal scenario of game estimation is to come up with calibration-free systems. This gained research interests over the last years [START_REF] Model | User-calibration-free Remote Gaze Estimation System[END_REF]. The more robust propositions uses stereos cameras [START_REF] Nagamatsu | User-calibration-free Gaze Tracking with Estimation of the Horizontal Angles Between the Visual and the Optical Axes of Both Eyes[END_REF]. These approaches require tracking both eyes based on the fact that a point in a scene is fixated with the two e yes. However, this affirmation doesn't hold in all cases (e.g., if the user fixates on a point with only one eye).

To circumvent this issue, in 2013, Pfeuffer et al. proposed a gaze-based interaction technique that relies on smooth pursuit eye movement. The motivation of their work is to remove the calibration stage and to improve gaze-based interaction satisfaction. The authors stated that the standard calibration where the user fixates a s uccession o f fi xed vi sual st imuli is te dious and difficult [START_REF] Schnipke | Trials and Tribulations of Using an Eyetracking System[END_REF]. It requires five or more calibration markers, scattered over the viewing scene. In a connected work (Mélodie Vidal, Bulling, and Gellersen, 2013a), the authors investigated how to identify the moving objects a user is fixating by calculating their tra-jectories' correlation with the user eye movements. Using this approach, they were able to adapt their method for eye-tracking calibration. The method builds on Pearson's productmoment for computing the correlation between the user eye movement trajectory and the target's trajectory in a user-defined moving window. the eye gaze and target positions are stored for calibration if the correlation coefficient relation computed is above a user-defined threshold. Thereafter, the collected eye gaze and target position are used to get a mapping model using the homography computation of OpenCV with RANSAC for outlier removal. The velocity of human eye move-ment is agreed to limited to up to 30°/s (L. R. [START_REF] Young | A Graphical Filter/Flow Representation of Boolean Queries: A Prototype Implementation and Evaluation[END_REF]. Even Though, this approach didn't improve significantly the accuracy of eye tracking calibration, it allowed a new way of calibrating eye trackers more easily and more naturally. Their method seems to be a new capability that deserves more attention, especially for studies that require children participation as it is difficult for them to fixate a fixed point during a certain amount of time. Moreover, the fact that this method allows to deal with interruption is an important step. Most eye tracking system calibration procedures do not allow this, and require the user to be fully concentrated and in some cases, to keep her head still during the whole procedure.

Machine learning

For interaction purposes, [START_REF] Ware | An Evaluation of an Eye Tracker As a Device for Computer Input[END_REF] investigated three different methods to select targets on a computer. They tested a button press, a prolonged fixation called the dwell and an on-screen select button. Their results show that the eyes are a fast input modality on a user interface with large targets. Some Problems may arise when the targets are small or close. This way, the errors could increase.

Eye tracking systems have existed for decades, but their applications did not exceed the laboratory experiments until recently. A huge range of eye tracking applications comes directly from the Human-Computer Interaction (HCI) realm, however, not too many applications have been implemented for end consumer utilization. They are becoming affordable and sufficiently efficient to consider their use in HCI applications. In recent years, many studies have focused on intelligent interaction techniques that incorporate eye tracking and gaze behaviour into Human-Computer Interaction in a natural and convenient way.

One of the main reasons for the low implementation of eye-based system in HCI is what Ja-cob:1991 named the Midas Touch Problem, that is, the selection modality based on the gaze position reacts every time the user fixates on a target. To alleviate this issue, a new approach that triggers the selection, voluntarily, at the right moment and in specific situations must be found.

Although, real-world gaze-based applications are barely available, the accessibility and physical disabilities community proposed various approaches of using the eye in HCI. People with lower muscle control could leverage the potential of eye movements to communicate with computing devices. Other implementations include remote robotics commands, vehicle command and military weapon control [START_REF] Ould | A history of eye gaze tracking[END_REF]. The later allows the pilots flying the plane to select target with the eyes. Usability researchers use gaze positions to evaluate the region, layout and components of their products that attracts the observers the most. For example, online websites have been studied with eye tracking systems to propose more convenient emplacements of advertisement, or whether people are looking at the right places. They understood the opportunity in using eye tracking devices to improve marketing strategies by investigating what part of pages are actually read. Gaze positions have also been employed in entertainment. More applications are being developed in the augmented and virtual reality community. First-person games that use the position-of-regard have emerged recently. There is existing games providing real inter-activity between the eye and the game scene. However, the connexion is mostly applied between the eye and target-based actions (shoot or selection).

Machine learning

The concept of collecting large amounts of data and using machine learning algorithms operates very well in different application fields including style transfer [START_REF] Sato | Example-based Turbulence Style Transfer[END_REF], image decolorization [START_REF] Hou | Deep Feature Consistent Deep Image Transformations: Downscaling, Decolorization and HDR Tone Mapping[END_REF], 3D human pose (K. [START_REF] Wang | 3D Human Pose Machines with Self-supervised Learning[END_REF] and face reconstruction [START_REF] Feng | Joint 3D Face Reconstruction and Dense Alignment with Position Map Regression Network[END_REF]. However, the precision and the performance is closely [START_REF] Wood | Gaze estimation with graphics[END_REF]. Approximating the gaze position will not suffice to accurately estimate future gaze position since there are errors and uncertainties in the training data. Moreover, this is not satisfactory for applications requiring precise measurements (gaze-based interaction, microsaccades analysis, etc.). In order to circumvent theses issues, some researchers used synthetic eye images, instead of real world images using computer graphic approaches. For example, [START_REF] Wood | Learning an Appearance-based Gaze Estimator from One Million Synthesised Images[END_REF] rendered a large amount (≈ one million) of realistic images of eyes, then matched them with input real world eye images using a nearest-neighbor approach in order to calculate the gaze estimation.

Summary

This chapter summarizes the structures of the eye region that is involved in the eye movements. The eye tracking apparatus history was briefly described, and different approaches of estima-tion gaze position were presented concisely. Since, humans explore their environment using different types of eye movements, we showed how each movement relates to a different gaze analysis. For example, we have shown that smooth pursuit eye tracking is a bodily function that allows to track moving object in the visual field of view. It is worth noting that, analysis of eye movements are being more precise following the path of novel eye tracking systems that benefit from the increasing development of new technologies.

They are taking advantage of modern hardware optimization (e.g. parallelism, single instruction multiple data, etc.). Detailed related work will be presented in the appropriate chapter when needed. indirectes qui ont remplacé de plus en plus l'observation directe standard. Les méthodes utilisées pour l'observation directe des mouvements oculaires résultent de différentes approches. Barnes (1905) a demandé aux sujets de contempler l'oculaire d'un oculomètre placé devant eux.
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Chaque fois que l'oculomètre se déplaçait vers une nouvelle position, l'oeil le suivait et, par conséquent, le mouvement de l'oeil pouvait être observé. Le système a été modifié et amélioré par [START_REF] Barany | System for assisted mobility using eye movements based on electrooculography[END_REF]. Comme le montre la figure 2. (Ohrwall, 1912;[START_REF] Sundberg | [END_REF].

Observation indirecte

Il y avait deux principaux courants d'observation indirecte. La première catégorie consiste à photographier les yeux, les petits objets placés sur les yeux ou le reflet de la lumière récupéré lorsque la cornée est illuminée. À titre d'exemple, [START_REF] Stratton | Wundt's Philos[END_REF] a commencé à enregistrer les mouvements oculaires à l'aide d'une caméra placée devant l'utilisateur (Figure 2.3). L'éclairage est réfléchi sur un miroir afin de cibler et d'éclairer les yeux de l'utilisateur. Cependant, la méthode ne convient qu'au comptage du nombre et à l'analyse de la trajectoire des yeux. Au cours de la même année, R. [START_REF] Dodge | [END_REF] affine le système pour permettre l'enregistrement des vitesses horizontales des mouvements oculaires (Figure 2.4), qui à son tour a été modifié par [START_REF] Judd | [END_REF] plus tard. Des méthodes photographiques ont été utilisées pour comprendre le mécanisme de divergence et de convergence des pupilles oculaires [START_REF] Piltz | [END_REF], mais l'ingéniosité de [START_REF] Coburn | [END_REF] O. [START_REF] Weiss | [END_REF] a conçu un système qui enregistre ces mouvements en synchronisant des séries de photographies instantanées. Une approche similaire a aidé à enregistrer les mouvements oculaires lors de la lecture [START_REF] Gray | [END_REF]Buswell, 1920). Les appareils suivants ont commencé à utiliser l'éclairage, les flashs discrets, et les faisceaux qui réfléchissent sur les yeux des sujets (R. [START_REF] Dodge | Jl. ExJer. Psychol. VI[END_REF][START_REF] Miles | [END_REF].

La deuxième catégorie utilise des capsules attachées à la zone de l'oeil de l'utilisateur et enregistre les mouvements de l'oeil soit en les traçant ou en les photographiant. À titre d'exemple, 
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Improving eye-tracking calibration accuracy using symbolic regression

This part presents the mathematical concepts needed to understand eye-trackers' calibration.

Symbolic regression usually calls for extensive numerical computation. This refers to methods that provide solutions by updating them iteratively, rather than deriving the unknown variables of an existing expression for the best solution.

In almost every variable, some approximation errors are inserted when a mathematical expression is searched with a computer. For example, rounding errors, particularly when the errors are accumulated or used across many operations can result in an error propagation effect, and thus, provide surprising results. There exists underflow errors that happen when the decimals close to zero are rounded, this could even lead to situations where division by zero occurs, thus an exception is raised. Overflow is another numerical error which arises when some values are overestimated. However, there exist ways to prevent these errors, for example, the use of the softmax function [START_REF] Goodfellow | Deep Learning[END_REF].

The poor conditioning has an undesirable impact of the gaze estimations. It refers to the way a small change in the inputs provides high errors in the results. The function that suffers from poor conditioning changes rapidly with respect to minor alterations.

In order to evaluate a model, a quantitative coefficient of its performance must be measured.

The accuracy is often measured as the coefficient that represents the quality of the model. In a certain way, the accuracy can be defined as the proportion for which the model provides good results. Some researchers present an equivalent measure, the error rate, that is, to which extent the model produces errors.

What interests us the most is how the model performs on data that are not provided during its Chapter 3. Improving eye-tracking calibration accuracy using symbolic regression construction, since this shows how it will generalize on data that have not seen before. This is called generalization, that is the ability to perform well on new unseen inputs. [START_REF] Fisher | The use of multiple measurements in taxonomic problems[END_REF].

The calibration uses a kind of supervised learning algorithm with a dataset usually containing the pupil center and the target center collections [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. During the calibration, several examples of the eye features and their associated target features are observed and recorded. Usually, a designer provides the model to use for the calibration, however, we think that a method which allows making sense of the best model without any guide would be advantageous for standard, but particularly for new calibration procedures (smooth pursuit and vestibuloocular based calibration).

When the calibration dataset is to small, the performance evaluation of the model with the training and validation sets must be repeated many times using the k-fold cross-validation technique in which the dataset is split into k subsets and take the average error as the global error.

A design matrix is used to describe the input dataset (eye and target positions). For example, the design matrix representing the eye position dataset during the calibration contains a different example in each row, and each column represents a different feature. If a user performs a two-seconds calibration using a camera of 60 frames per second, the dataset could be represented with the design matrix D ∈ R 120×2 , providing that the eye features used are the position of the eye on xand yaxes. If one wants to use, for instance, the size of the pupil, its diameter, or any other variable, the number of columns c of the design matrix could be increased

(D ∈ R 120×c ).
This provides the basic principles which are employed throughout the remaining parts of this manuscript.

Eye-tracking systems have recently experienced a diversity of novel calibration procedures, including smooth pursuit and vestibulo-ocular reflex-based c alibrations. These approaches allowed collecting more data compared to the standard 9-point calibration. However, the computation of the mapping function which provides planar gaze positions from pupil features given as input is mostly based on polynomial regressions, and little work has investigated alternative approaches. This gap is filled b y p roviding a n ew c alibration c omputation m ethod b ased on symbolic regression. Instead of making prior assumptions on the polynomial transfer function between input and output records, symbolic regression seeks an optimal model among different types of functions and their combinations. This approach offers an interesting perspective in terms of flexibility and accuracy. Therefore, we designed two experiments in which we collected ground truth data to compare vestibulo-ocular and smooth pursuit calibrations based on symbolic regression, both using a marker or a finger as a target, resulting in four different calibrations. As a result, we improved calibration accuracy by more than 30%, with reasonable extra computation time.

Issues of Standard Regression for Eye-tracking Calibration

Displaying one or many markers on a screen, during an eye tracker calibration, is a commonly used method for tracking user gaze [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]. One of the most broadly used approaches is that of the standard 9-targets, where a participant looks intently at all markers displayed on a screen sequentially for a few seconds [START_REF] Nyström | The influence of calibration method and eye physiology on eyetracking data quality[END_REF][START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF][START_REF] Feit | Toward Everyday Gaze Input: Accuracy and Precision of Eye Tracking and Implications for Design[END_REF].

A substitute for the standard 9-markers is the smooth pursuit calibration (denoted SP in the sequel), in which the calibration is processed with one marker following a predefined path and covering a predefined area of the screen. SP calibration works with the tacit assumption that users will find the tracking task pleasing and that more calibration data will be collected [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]. However, additional parameters need to be taken into consideration, such as the speed of the moving target which is an important modality of the success of the calibration [START_REF] Cymek | Entering PIN codes by smooth pursuit eye movements[END_REF]Delamare, T. Han, and Irani, 2017). The higher the speed, the more difficult it will be for our eyes to catch up.

In the same vein, another approach is the vestibulo-ocular reflex (VOR) calibration procedure, in which the user is asked to fixate on a static marker while turning or rotating the head. With this method, it is obvious that the constraint of keeping the user's head still is no longer a concern. The Vestibular reflex enables humans to maintain objects of interest in the fovea during head movements. Consequently, vestibular movements are considered to be more flexible and user-dependent than SP movements. Recent works (T. Santini, Fuhl, and Kasneci, 2017a;[START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF] have shown, in separate studies, that these two last mentioned methods (SP, VOR) offer some unique advantages over the standard 9-markers calibration. In particular, they allow the collection of continuous and large amounts of data. In a recent study, we investigated the time required to obtain high calibration accuracy by comparing SP and VOR calibrations over short and long time periods [START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF]. Although eye tracking literature is replete with novel calibration methods, relatively limited progress has been made toward evaluating the regression models in recent calibration procedures. They are mostly based on a polynomial regression computation [START_REF] Cerrolaza | Taxonomic Study of Polynomial Regressions Applied to the Calibration of Video-oculographic Systems[END_REF] and little work has investigated alternative techniques [START_REF] Sesma-Sanchez | Gaussian Processes As an Alternative to Polynomial Gaze Estimation Functions[END_REF]. Our contribution partially fills this gap by providing a new calibration computation method based on symbolic regression. We evaluate this approach and compare with recent methods based on the accuracy of gaze estimation results.

Instead of considering a polynomial transfer model between input and output records defined

Chapter 3. Improving eye-tracking calibration accuracy using symbolic regression by the designer, symbolic regression will seek for an optimal model between a set of different types of predefined functions and their combinations (sin, log, polynomial, etc.). This type of computation opens new perspectives in terms of flexibility and accuracy. First, we investigated to what extent symbolic regression allows an improvement of existing calibration techniques accuracy. Secondly, we validated this technique on ground truth data collected during a user study which aimed to compare smooth pursuit and vestibulo-ocular calibration methods. After that, we assessed the effect of symbolic regression on calibrations based on marker and finger stimulus. The two studies delved empirically into how the type of calibration procedure impacts gaze estimation accuracy. We completed 48 (12 × 4) trials with 12 participants, and investigated 4 different calibration procedures (SP using Marker, SP using Finger, VOR using Marker and VOR using Finger). We performed a thorough analysis of the collected data, propose an assessment of their accuracy and recommend design guidelines for the calibration time required.

Comparisons between existing polynomial regressions and the symbolic regression are given.

Overall, the calibration accuracy has been improved by more than 30%, with an extra computation time. Before entering into the details, we first provide a review of existing calibration techniques. Then, we review existing symbolic regression principles and their usages. Next, we detail the investigations of the experimental study, followed by detailed results. Finally, we discuss our findings and results, and give possible improvements and directions for future work.

Related work

Different approaches have been explored to propose alternative calibration methods with better accuracy and flexibility. As an example, W. Zhang et al., 2016 performed a 5-points calibration using a SMI iView X HED 4 system to estimate gaze positions of one hundred and forty participants. Some studies undertook to inspect more fixed targets, up to 18 markers calibration in [START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF] and 45 markers in (Blignaut, 2016). Others focused on reducing calibration time by changing and testing different layouts [START_REF] Cerrolaza | Taxonomic Study of Polynomial Regressions Applied to the Calibration of Video-oculographic Systems[END_REF]. The standard fixed-target calibration methods are generally considered as effective calibration, particularly with respect to region coverage. However, it was found that some participants had difficulties with fixation based calibration (e.g. autistic children and infants).

For such subjects, adequate methods must be considered to tolerate the effect of mental effort and maintain concentration during calibration. To address this issue, (Blignaut, 2017) considered a calibration routine based on smooth pursuit eye movements.

In the same vein, prior studies [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF][START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF]T. Santini, Fuhl, and Kasneci, 2017a;[START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF] have mentioned the importance of calibration routines based on moving targets unlike the fixed-target calibration, in order to optimize accuracy, collect more data and accelerate the process. [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF] used smooth pursuit for their calibration technique by setting a predictable trajectory followed by the marker and a different regression technique compared to prior works. They used an Archimedean spiral trajectory with constant linear velocity (6.4 • /sec), circumventing the problems raised by the trajectory used in [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]: following only the borders of the rectangle may not help retrieving the interior points. In addition, even if the data is processed seamlessly on the rectangle's borders, the abrupt change in direction of the moving target on the rectangle's corners may induce errors. This is particularly noticeable when dealing with high-speed moving targets. Trajectories with smooth transitions can help alleviate this phenomenon. Consequently, [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF] considered reducing the speed of the moving target when approaching each corner.

In order to find a mapping function that produces gaze estimation from eye position, [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF] on both X and Y axes were given in their paper. Using a linear mixed model analysis, they found a significant difference between the 9-point calibration and both smooth (p=.02) and truncated smooth (p=.04) calibrations. In [START_REF] Evans | Collecting and Analyzing Eye-Tracking Data in Outdoor Environments[END_REF], the authors investigated collecting calibration points while following a supervisor's thumb relocated at five different positions (moving target) and compared this procedure against an approach consisting of a user looking at a fixed point and moving her head in an asterisk-like trajectory. Approximately 20 calibration points were gathered and an offline calibration computation gave a mean error of 0.83°. Yuki [START_REF] Kondou | Easy eye-gaze calibration using a moving visual target in the head-free remote eye-gaze detection system[END_REF] modified the calibration method and posed two visual markers on the PC screen. They proposed a method in which the user fixates o n t wo s eparate visual markers on the screen sequentially. The visual marker is shown on the screen and moves from a position P1 to a position P2 onward and backward. The user is asked to fixate on the marker during the whole movement, making a smooth pursuit eye movement. More recently, Kasprowski and Harezlak (2017b) attempted to find the best terms that can be used to construct the mapping model, however, they stated that for polynomials up to 3 degrees, it may become challenging to check all possible sets. Therefore, they provide an open, extendable software (ETCAL) in which they implemented a heuristic algorithm that served to reduce the number of models to explore based on genetic programming, however, finding the best solution was not guaranteed, the computational time required to find a good model was not provided by the authors and they did not consider recent methods based on vestibulo-ocular calibration. Arar, H. Gao, and Thiran (2016) give different calibration techniques based on polynomial regression. None of this prior work has fully investigated the impact of symbolic regression on eye tracking calibration accuracy, more specifically on smooth pursuit and vestibular movements calibrations. Additionally, it is worth noting that a huge number of different calibration procedures are being proposed by the community in order to find t he m ost a ccurate g aze e stimation. W e n otice t hat n early all new proposed calibration procedures focus on the path followed by the marker or finding the best pupil center position, but omit to search the best polynomial model that provides higher accuracy. They use the traditional mapping model derived from the studies involving 9-points calibration procedures. In contrast to the standard 9-points calibrations, these new types of calibration procedures (e,g. smooth pursuit) allow obtaining more data points, therefore, a better algorithm could benefit from the large calibration dataset to provide more accurate models.
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Moreover, since the mapping model is not fixed in advance, every new calibration procedure using complex non-linear target paths, e.g. the Archimedean spiral trajectory used in [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF], could build on this approach to retrieve the best mapping model.

Gaze Estimation using Symbolic Regression

Finding the underlying cause of higher residuals after polynomial interpolation has long been an objective in eye tracking calibration [START_REF] Lufimpu-Luviya | A Regression-based Method for the Prediction of the Indecisiveness Degree Through Eye Movement Patterns[END_REF]Cerrolaza, A. Villanueva, M. Villanueva, et al., 2012). The standard fixation calibration with more than nine visual stimuli, smooth pursuit and vestibulo-ocular calibrations were used and helped to collect more pupiltarget tuples. Y. [START_REF] Zhang | Easy Post-hoc Spatial Recalibration of Eye Tracking Data[END_REF] -Sanchez et al., 2016). This technique is non-parametric, and different algorithms can be used to estimate its models. We introduce symbolic regression for gaze estimation to the community. The benefit of this method is that the model of the function is not given in advance. Instead, the algorithm searches for the appropriate model, along with its parameters, that infers the eye features to gaze coordinates using genetic programming. Symbolic regression has been used to find explicit models on financial data (E. [START_REF] Bautu | Symbolic regression on noisy data with genetic and gene expression programming[END_REF], economic decision-making [START_REF] Duffy | Using Symbolic Regression to Infer Strategies from Experimental Data[END_REF], and various problem using non-linear multidimensional data were solved using genetic programming.

More details can be found in Koza, 1992. Overall, we show that symbolic regression can better fit gaze estimation functions detection and reduce the mean absolute error. The results of our experiments showed that the functions obtained through symbolic regression give improved results compared to common polynomial regression approaches.

Motivation

Recently, model-based gaze estimations have gained a special interest in the community [START_REF] Wood | EyeTab: Model-based Gaze Estimation on Unmodified Tablet Computers[END_REF][START_REF] Mazzei | 3D Model-based Gaze Estimation in Natural Reading: A Systematic Error Correction Procedure Based on Annotated Texts[END_REF]. They have proved to offer a high degree of accuracy.

However, while these approaches seem promising, they can provide unexpected results in different scenarios. A recent study, based on synthetic images [START_REF] Kübler | Rendering Refraction and Reflection of Eyeglasses for Synthetic Eye Tracker Images[END_REF], showed that even though model-based gaze estimation can reach positive results, its accuracy is not stable in every situation. More specifically, it has been shown that its accuracy may decrease in relation to the refractive strength of eyeglasses. In the same study, the authors did not find any significant effect on accuracy when using standard polynomial regression. This clearly indicates that regression-based gaze estimation may still produce some benefits compared to model-based gaze estimations.

Earlier studies have compared different polynomial function models to define which gives the best results in term of accuracy. [START_REF] Cerrolaza | Taxonomic Study of Polynomial Regressions Applied to the Calibration of Video-oculographic Systems[END_REF] examined how the polynomial structure affects estimation results by comparing over 400,000 models including models with an expression up to fourth order. The conclusion of the results is that, for any of the configuration, no model is better than the rest. However, recommendations for the appropriate model may be given. Thereby, having a means of automatically obtaining the model of the function may be of benefit in eye tracking systems calibration.

Definitions

Symbolic regression is the automated searching of a function model, along with its intrinsic parameters, that infers estimation of output values from input values [START_REF] Augusto | Symbolic regression via genetic programming[END_REF]. This method relies on Genetic algorithms (GA), more specifically genetic programming (Koza, 1992) which searches and modifies, the best solutions that define a problem among a population of individuals. For each solution, multiple individuals are randomly picked, modified and mutated to represent the new population to explore.

Theoretically, given a set of n collected observations of the form {(x 1 , y 1 ), ..., (x n , y n )} such that x i represents the eye features vector (pupil center coordinates in eye camera frame) of the i-th k-dimensional observation and y i is its corresponding target (i.e the center of the marker in the world camera image), the algorithm seeks to find a set of models F = f 1 , f 2 , ..that best fit the dataset:

f p : X -→ Y x -→ f p (x) (3.1)
where X is the set of the pupil positions observed during the calibration and Y the output observations, namely, the center of the target in the world camera frame. The models are generated by combining and modifying the individuals of a predefined population. Therefore different models are obtained and each model projects the k-dimensional vector x into an output value ŷi = f p (x i ) . f p is selected as the best model if its residuals, defined as follows, is the smallest:

θ = arg min θ ∑ n 1 | ŷi -y i | (3.2)
Where | ŷi -y i | is the absolute difference between the estimated and the recorded target position, called the absolute error.

However, to make the computation less costly, the set of individuals that form the search space must be relatively small. In our study, we used standard functions including constant, linear, quadratic, cubic polynomials, trigonometric, logarithmic (log) and exponential (exp) functions, along with the most commonly used operators: addition (+), subtraction (-), multiplication (x) and division (/).
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Algorithm process

Preparation: The outcome of a Symbolic function identification (Symbolic Regression) is highly dependent on the preparation phase. Typically, the preparation phase requires the user to provide the data, the primitive functions (individuals), the fitness measurement and the termination criterion.

In eye tracking calibration, the data consists of the independent variables usually obtained from the user's eye features such as the pupil center locations in the camera image, the pupil-centercorneal-reflection vectors, the pupil diameter, size or contour, and the dependent variables, i.e.

the positions of the target center.

The primitive functions involve arithmetic, logical operations and domain specific functions.

The fitness measurement delineates the metric that serves to evaluate the quality of an extracted model. It provides a measurement of the criterion on which the algorithm selects the best model.

An example of a fitness measurement used by [START_REF] Schmidt | Coevolution of Fitness Predictors[END_REF] is the mean absolute error:

MAE = 1 n n ∑ i | ŷi -y i | (3.3)
Where y i represents the target center positions, ŷi is the estimated target center positions obtained from an extracted model, and n is the number of observations in the training set.

The termination criterion is used to stop the algorithm after a certain delay, for example, the algorithm could be stopped after two seconds. Otherwise, the algorithm could be implemented so that it stops after a good model is found, i.e, when the fitness measurement drops below a certain threshold (e.g., MAE < 0.2) or when a defined number of generations have been explored (E. [START_REF] Bautu | Symbolic regression on noisy data with genetic and gene expression programming[END_REF].

Operations: The generated models consist of a connection of variables representing the pupil features, linked by the primitive functions and represented by a tree. The node of the three are the functions and the operators. The leaves are the pupil features and constants (Fig 3.1).

To find a new model, the current generated models, as shown in Fig 3 .1, are altered and modified using genetic operations such as reproduction, mutation and crossover. Each operation is specified with a probability of using it to alter the current trees (Koza, 1992).

1. Reproduction: the reproduction operation is an adaptation of the Darwinian reproduction and survival theory [START_REF] Koza | Genetic Programming: A Paradigm for Genetically Breeding Populations of Computer Programs to Solve Problems[END_REF]. It involves selecting, copying and reusing certain models of the current generation in order to maintain their survival in the next generation.

2. Mutation: the mutation operation modifies the current tree by changing the nodes and/or the leaves using the defined functions, operators and variables. It may consist in adding a variable, deleting a node, changing an operator (e.g. multiplication to addition).

3. Crossover: this operation leverages parts of two parent models to extract a new model.

Execution: Initially, the algorithm generates blind random models composed of the provided primitive functions, then iteratively transforms those models into more appropriate ones based Two models (left) are exploited to generate new models using reproduction (in blue), mutation (two elements are modified -Green) and crossover (two branches are combined -Red) operations.
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Examples

This section presents two different examples of how symbolic regression detects models based on the operators, population of basic functions given as input and the data obtained during a calibration procedure. We could assume we are trying to find the cubic model of the form f (x) = x 3 + 8x 2 + 10x -427. From this model, 30 pairs (x i , y i ) are retrieved where y i = f (x) and x i are normally distributed in [0,100]. This dataset is given as input to the algorithm to detect the model f (x) without knowing its form beforehand. The population used consists of a list of individuals I = {x, cos, sin, log, exp, constant c ∈ R} and a list of operators O = {-, +, * , /}. At the beginning, the algorithm starts with a random solution f 0 (x) = 42 comprising one leaf.

After 200 milliseconds, the best polynomial found f 200 (x) gave a mean absolute error (MAE) of 0.078 and is similar to f (x):

f 200 (x) = 9.97x + 8x 2 + x 3 -427 (3.4)
To investigating the effect of the algorithm on the data size, we provide the results for 3 different samples of size n1 = 75, n2 = 150, n3 = 200. The results are given in Table 3.1 and simulate the size of respectively 2.5 seconds, 5 seconds and 6.65 seconds calibration data with a 30 frames/second camera. The second example, similar to the one shown in [START_REF] Augusto | Symbolic regression via genetic programming[END_REF], used the data generated by the function f (x) = sin(x) + 8. We collected 30 pairs (x i , y i ). x i were selected randomly from an interval between 0 and 100, and y i were obtained by projecting x i through the function f . In addition to the dataset, we gave the following population to the algorithm as input: a list of individuals I = {x, cos, log, exp, c ∈ R} and a list of operators O = {-, +, * , /}. Note that the trigonometric sine function, present in f(x) model is not provided in the list of individuals I. Here, we seek to assess the behavior of the method when an individual is not included in the list I. After 17 milliseconds, the algorithm found the following model:

f 17 (x) = 8 -1 • cos(4.71 -1 • x) (3.5)
The rapidity of the algorithm depends upon the computer used and the quantity of data which is low in this example (30 pairs). We used the computer described in section Apparatus and Analysis 3.5.2. After simplification, f 17 (x) is similar to f (x) and can be written as

f 17 (x) = 8 -cos(4.71 -x + 2kπ), k ∈ Z (3.6)
which can be simplified with simple trigonometric rules to

f 17 (x) = 8 -cos(4.71 -x -4π/2), k = -1 (3.7) ≈ 8 -cos( 3π 2 -x - 4π 2 ), 3π 2 ≈ 4.71 (3.8) ≈ 8 -cos(-( π 2 + x)) (3.9) ≈ 8 -cos( π 2 + x), cos(-x) = cos(x) (3.10) ≈ 8 -(-sin(x)), cos( π 2 + x) = -sin(x) (3.11) ≈ f (x) (3.12)
More examples can be found in [START_REF] Augusto | Symbolic regression via genetic programming[END_REF] and examples using non polynomial models can be found in [START_REF] Davidson | Symbolic and numerical regression: experiments and applications[END_REF].

A note on outliers and noise in the dataset

While this method enables the detection of models of previous examples, in real-world scenarios, the collected data can be corrupted by noise and outliers. The noisy data present in real-world come from various aspects altering the measurements. In VOG-based eye tracking systems, eye features detection is prone to error due to the occlusion of eyelashes, eyelids, the presence of mascara, contact lenses, internal defects of cameras or the computer vision algorithm employed [START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF]. These factors yield false data when collecting calibration points. Considering this fact, we modified 20% (6 observations) of y i dataset in example 1 in order to simulate noise. The MAE was 1.71 after approximately 200 milliseconds giving a model of the form f 200 (x) = 9.89x + x 3 + 8x 2 -425. This is in line with our expectations since corrupted records reduce the accuracy of estimators resulting in greater MAE.

However, despite the presence of corrupted data (20%), symbolic regression was able to find a reliable model.

Comparison with polynomial regression

The aim of using polynomial regression is to find solely the coefficients of the mapping function that infers eye features to the planar gaze coordinates. Different mapping models have been proposed in the literature (see Cerrolaza, A. Villanueva, M. Villanueva, et al. (2012) for a review), however, considering findings from research that have focused on the models of mapping functions, no model has been shown to provide the best accuracy in all circumstances. For examples in [START_REF] Cerrolaza | Taxonomic Study of Polynomial Regressions Applied to the Calibration of Video-oculographic Systems[END_REF], the models that showed good accuracy across 400,000 configurations, on x and y-axis, were:
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X = a 0 + a 1 x + a 2 y + a 3 x 2 (3.13) Y = b 0 + b 1 y + b 2 x 2 + b 3 xy + b 4 x 2 y (3.14)
and the models that provided the best results, among 625 polynomial models, in [START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF] were:

X = a 0 + a 1 x + a 2 x 3 + a 3 y 2 + a 4 xy (3.15) Y = b 0 + b 1 x + b 2 x 2 + b 3 y + b 4 y 2 + b 5 xy + b 6 x 2 y (3.16)

Extracted models using eye tracking calibration data

Using Symbolic regression, different models are extracted. Some models are less complex than others. Table 4.1 and Fig 3 .2 present some samples of captured models over time -one participant's calibration data was tested in this example. The data was smoothed beforehand using 1C

Filter [START_REF] Casiez | 1C Filter: A Simple Speed-based Low-pass Filter for Noisy Input in Interactive Systems[END_REF], a first-order low-pass filter with an adaptive cutoff frequency. We obtained the models from the training points, as explained in sectionTraining versus validation points 3.4.5, and illustrated the examples with validation points. Models on x and y axes are given. Notice that, initially (at t 0 ), the algorithm starts with either the input values (P y on y-axis) or a random number lying in the interval of the input values (346 on x-axis).

Thereafter, improved models are produced. 500 milliseconds later, the algorithm was able to fit a function using only the x-values of the pupils in the x-axis model. Moreover, a cosine function is used. Non-trivial functions like the cosine function are not easy to guess when deciding on a mapping model a priori in a polynomial regression scenario [START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF]), yet, the algorithm is able to detect and insert them in the models if they foster good accuracy. A combination of the P x and P y variables is observed in the model obtained on y-axis. The last models (obtained after 0.8 seconds) have more coefficients and are more complex. Fractions and exponential functions are inserted. The models have an order of up to 4 degrees. We observed that the algorithm did not include the variable P y in the models on x-axis. As a result, this suggests that a high correlation should exist between the x values of the pupil center positions and the x values of the marker center positions. Nevertheless, we inspected this statement and proved it in the following section.

Pearson's product-moment correlation coefficient

The Pearson's correlation coefficient is a measurement of the strength of the linear correlation between two variables. There is a positive correlation if both datasets fall or rise together in 
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• exp(-0.04py) -4.6 × 10 3 -1.54 × 10 -6 py 4 -6.5 × 10 5 exp(-0.21px) the same direction. Mélodie Vidal, Bulling, and Gellersen, 2013b applied Pearson's productmoment correlation on eye tracking data. They used it to select among many targets, the one at which the user is looking. [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] designed a method of selecting widgets on a smartwatch based on the correlation between moving targets and the user's eye positions.

Those approaches inspired many subsequent studies and Pearson's correlation proved to work well for eye tracking data [START_REF] Khamis | EyeVote in the Wild: Do Users Bother Correcting System Errors on Public Displays?[END_REF][START_REF] Khamis | TextPursuits: Using Text for Pursuits-based Interaction and Calibration on Public Displays[END_REF]. To validate our statement in section Extracted models using eye tracking calibration data 3.3.7, that is, there are more x individuals than y in the obtained model f x because the x values of the pupil are more closely correlated to the x values of the marker centers, we used Pearson's correlation. As a result, the correlation between the x-values of pupil data (p x ) and the x-values of the target ( f x ) was r = 0.9958, p < .0001 confirming a strong linear relationship as shown in Fig 3 .3A, while the correlation between the y-values of pupil data (p y ) and target ( f x ) was r = -0.5557, p < .0001 (Fig 3.3B). 

Applying symbolic regression on different calibration patterns

To assess the applicability of symbolic regression on the different calibration patterns, we considered six approaches proposed in the literature and used symbolic regression to find the mapping models as shown in Fig 3 .4. The accuracy of the models was evaluated with a lattice defined by 9×6 points covering the whole screen (Fig 3.5). Overall, the figures clearly indicated that the method was able to find reliable models for each pattern. However, while 3.4 Method: evaluation of SP and VOR calibration using symbolic regression 3.4.1 Smooth pursuit calibration SP calibration is a satisfying alternative for subjects having difficulties fixating on static targets and maintaining concentration over a long period (Blignaut, 2017). To test this calibration routine, a marker was designed to follow a predefined trajectory on a screen. We asked the participants to keep their head still and to stare at the moving marker during the calibration.

The trajectory of the marker, shown in Fig 3 .6 was arranged so that it covered a large area of the screen.

Vestibulo-ocular reflex calibration

Vestibulo-ocular reflex calibration (VOR) is of interest where there is no system enabling the movement of the marker. For instance, calibrating an eye tracker in an outside environment. In the experiment, we printed a fixed marker and asked the participant to fixate on the marker while rotating her head. In this manner, we were able to collect different positions of the fixed marker in the world camera reference system. The coverage of the marker positions in the camera and the speed of the head movement depended on the participant.

Target types: marker vs. finger

The calibration procedure described so far uses markers as a target. Such an arrangement is only possible when a marker is available. When conceiving an eye tracking system, some questions might be raised, for example, how could a calibration be easily performed alone and without any marker. In some situations, an assistant can hold the marker in front of the user but this implies additional human involvement each time a new calibration is needed. The user's fingertip can be used to mimic the target instead. Finger-as-target is one substitute for calibration without the presence of a marker. A finger is adequate for cases in which we have no object to use as a marker and we have no personal assistance [START_REF] Bâce | Wearable Eye Tracker Calibration at Your Fingertips[END_REF]. Chapter 3. Improving eye-tracking calibration accuracy using symbolic regression

Consequently, gathering all the mentioned factors, we investigated and provide results for four different calibration procedures, i.e, SP calibration with marker, SP calibration with finger, VOR calibration with marker and VOR calibration with finger.

The majority of these calibration procedures have already been tested separately [START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF]T. Santini, Fuhl, and Kasneci, 2017a).

In this study, we used a monocular eye tracker which is an affordable system with only one eye camera and a world camera, in contrast to the frequently studied binocular systems [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF].

Data collection

The data were recorded as (x,y) position coordinates for all participants. The pupil center positions were detected in the eye camera frame and the target positions in the world camera frame. Lighting conditions were controlled to be the same throughout the two experiments.

The experimenter started and ended the data collection by pressing a button. No filtering was applied during the collection. We recorded the data at an average rate of 114 frames per second.

Each frame allowed the detection of one or zero points (zero if there is no detection). For each calibration, we excluded the duplicated pupil and marker centers entries and their corresponding pairs. We intentionally left a few milliseconds before the marker actually starts moving to ascertain that the data samples are effectively recorded from this initial position. Therefore, 5%

of the starting and 5% ending points were removed for each participant. The last 5% points were removed to deal with the data points corresponding to the moment the marker stops moving and the moment the data recording is effectively stopped by the experiment facilitator. Outliers were removed and the collected data were normalized before the regression. The study was approved by the local committee at the French Civil Aviation University. The goal was only to record a one minute video of participants' eyes and fill a questionnaire. Written informed consent forms were signed by all participants and all the experiment tasks were performed at the French Civil Aviation University.

Training versus validation points

We used a cross-validation method to evaluate the accuracy of the models (Kasprowski and Harezlak, 2017b). The collected data obtained during the calibration procedure were divided into two separate datasets, the training (60%) and validation (40%) sets. The first set was used to find a mapping function through regression and the second set served to compute the gaze estimation. In other words, it allowed the calculation of the reprojection errors corresponding to the offset between the estimated and the measured value [START_REF] Hartley | Multiple View Geometry in Computer Vision[END_REF]. The reprojection errors were used to compute the calibration accuracy, i.e., the closeness with which the measurement of the indicated gaze estimation is related to the actual target position. High accuracy means that the estimation is on or very close to the target position.

Study 1: Marker-as-a-target calibration

The first study dealt with calibration procedures using a marker. Through a series of tasks, we explored the difference in results between the calibration procedures described in section 3.4.1 and 3.4.2, both using a marker as a target, and the effect of Symbolic regression on the mean absolute error (MAE). The participants performed the calibration procedures and all analyses were made after the experiment. To this end, only calibration data were collected during the experiment which spanned two days.

Method

Participants: 6 participants were recruited for this experiment, making a particular attempt to include participants having different qualifications and educational levels ranging from high school to postgraduate level. Half of the participants (3) were women aged from 17 to 27 years old and the others were men aged from 22 to 30 years old. Upon arrival, they were asked to sign a consent form and demographic information was retrieved. The completed forms showed that 2 participants were familiar with eye tracking systems.

Marker detection: During the stage of user calibration phase, the participant is asked to fixate on a reference point, represented by the center of a marker in this study (Fig 3.6). the choice of the marker has been a well-studied problem (T. Santini, Fuhl, and Kasneci, 2017a).

A simple marker whose shape is not confused with any other object in the room is appropriate;

the marker must not have many details so as not to distract the participant and its center must easily be computable with affordable computer vision techniques. A pilot test showed that there is no accuracy, precision or time difference when using a different marker, as expected. Each participant performed the calibration routines and after that, the first calibration performed by the participant was repeated to assess possible fatigue effect caused by the duration of the study.

In our study, the marker consists of a thick black circle containing a white circle which in turn encompasses a smaller filled black circle drawn on a white background, similar to the markers used by Tobii and Pupil Labs (Fig 3.6). A white cross is drawn on the center of the marker. changes in direction elucidated in [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]. In this case, the marker could move smoothly with constant velocity. In addition to the simplicity of the path, the calibration takes less time compared to a calibration using a spiral path. This is important because it reduces the effects of fatigue during the calibration procedure. A white cross is drawn on the center of the marker and corresponds to the point the user is requested to fixate on during the calibration. The curve printed in the gray stroke corresponds to the pattern followed by the marker. It is represented here for illustration purposes and is not visible on the monitor. In this experiment, two hypotheses were tested. Initially, We tested the hypothesis that the mean difference between smooth pursuit (SP) and vestibulo-ocular reflex (VOR) calibration using standard regression is significant. Then, we checked if the mean difference between the accuracies obtained using symbolic regression and standard polynomial regression is significant for SP and VOR calibration separately. A paired T-test was required to determine whether the differences were significant using R. We set an alpha level of .05 for all statistical tests. 

Apparatus and analysis

Results

SP vs VOR calibrations using standard regression:

The data of all participants were included in the analysis. A paired T-test showed that there was no significant difference in accuracy between SP (M = 0.81, SD = 0.21) and VOR (M = 1.4, SD = 1.23) calibration on x axis, t(5) = 1.10, p = 0.3. However, SP calibration resulted in better results compared to the VOR calibration on y axis (t(5) = 3.161, p = 0.025). The Mean of the differences observed was 0.49°. These results suggested that SP calibration can help reduce gaze estimation accuracy on at least one component of Cartesian coordinates plane, that is, y axis in this example (Table 3.3).

SP using standard regression vs SP using symbolic regression: Although the results shown in Table 3.4 bear witness to the success of the symbolic regression algorithm in reducing estimation errors and increasing accuracy, it was still valuable to statistically evaluate whether the differences were significant. Descriptive analysis showed the effect of symbolic regression in reducing the mean absolute error after only 1-second search, resulting in a mean absolute error of 0.69°and 0.313°on x and y axes respectively. After 10 seconds of searching, the absolute error was reduced to 0.67°and 0.27°. A paired t-test was conducted between smooth pursuit calibration using symbolic regression and smooth pursuit calibration using standard polynomial regression. The same data was used for both algorithms. Results showed a significant main effect of symbolic regression over the commonly used polynomial regression, both on x(t(5) = 5.07, p < .05) and y axes (t(5) = 3.79, p < .05).

VOR using standard regression vs VOR using symbolic regression: Comparisons between vestibulo-ocular calibration using the standard regression and vestibulo-ocular calibration using symbolic regression yielded significant differences. Results showed that after 1 second of search, symbolic regression was able to establish better estimations on both x(t(5) = 2.69, p < .05) and y axes (t(5) = 3.41, p < .05). Descriptive analysis of the results obtained with symbolic regression after 10 seconds and 30 seconds are given in Table 3.4. 

Study 2: Finger-as-a-target calibration

The second study concerned the calibration procedures based on using the finger as a target.

The goal of the study was to assess the effect of the proposed symbolic regression approach on recent calibration methods [START_REF] Bâce | Wearable Eye Tracker Calibration at Your Fingertips[END_REF]. As in the previous study, the postprocessing and calculations were performed after the data gathering. Here, we investigated the impact of letting the participant decide the locations and the movement of the target on the gaze estimation accuracy.

Method

Participants: 6 participants(2 males and 4 females) aged from 23 to 32 took part in the experiments. 3 participants wore glasses during the experiments. The purpose of the study was explained to the participants, thereafter they signed a consent form.

Finger detection: The idea of using a finger as a marker comes from the implementation of the Sixth Sense wearable prototype [START_REF] Mistry | SixthSense: A Wearable Gestural Interface[END_REF]. While Sixth Sense relies on different coloured markers attached to the fingers to enable interaction using hand gestures, in our study, a similar red marker was attached to the user's thumb and was used as a target that enables collecting gaze points in the world camera view, as illustrated in Fig 3 .8. More precisely, the user was required to attach a red marker to the tip of her thumb and fixate on the top left corner of her thumb during the calibration procedure. An algorithm processes the world camera stream and tracks the user's finger using computer-vision algorithms [START_REF] Mistry | SixthSense: A Wearable Gestural Interface[END_REF]. Procedure and Task: The study was structured as a within-subjects design wherein each participant completed the two calibration procedures requiring the finger as a target. Each participant was asked to rotate her head while maintaining her thumb still for vestibular movements calibration. For smooth pursuit calibration, the participant was asked to keep her head still, while rotating and making a smooth circle trajectory with her thumb. We asked participants to try their best doing the task as calibration may be unusual in terms of the coordination of head or finger movements due to natural human dynamics. Mean Absolute Errors (MAE)

Participants

Standard Regression MAE using Symobolic Regression after 1 second MAE using Symobolic Regression after 10s MAE using Symobolic Regression after 30s More than 20% error reduction after 1s

Figure 3.9: Reduction of the mean absolute error (MAE) in time for all participants on x-axis. A similar effect is observed for y-axis. The MAE obtained using the standard regression (orange circles) decreased significantly when using symbolic regression. It is clearly visible that the MAE obtained after 1 second (green circles) can help reducing gaze estimation accuracy in real time scenarios. For some participants, the difference between symbolic and standard regression errors (represented in bold black line) exceeded 50% (participants 10, 2 and 8). Also, note that for participant 7, the algorithm did not find directly a better model after 1 second, but a few moments later.

Apparatus

The same apparatus described in study 1 was used, except for the monitor because a marker is no longer needed in this configuration. Instead, a red marker, carefully attached to the user's fingertip, as exemplified in Fig 3 .8 was used as a target.

Results

A dependent t-test was conducted to compare the effect of calibrating with SP or VOR movements using standard regression. There was no significant effect on x (t(5) = 1.28, p = 0.25) and y axis (t(5) = 0.71, p = .5). However, as in study 1, symbolic regression was able to find a model that reduced the error 1 second after the beginning of the search and statistically significant differences were observed between SP calibration using standard and SP calibration using symbolic regression on x (t(5) = 3.32, p < .05) and y axes (t(5) = 2.8, p < .05). Nonetheless, while the same significance was observed for VOR calibration using standard and VOR calibration using symbolic regression on y axis (t(5) = 2.59, p < .05), no significant difference was found on x axis (t(5) = 2.21, p = 0.705). We provide the means and standard deviation obtained with standard and symbolic regression respectively in Tables 3.5 and 3.6. 

Discussion

Each of the considered methods has different advantages and downsides. In particular, SP is the easiest to perform and allows for data collection in the region where the designer wants the calibration to be the most accurate since it requires a moving marker with a predefined path.

However, it has the disadvantage of being extremely sensitive to hardware synchronization, the anticipation of the marker's path by the user, and requires additional support that enables the 3.7. Discussion 55 change of the marker's position, for example, computer or human assistance.

Vestibulo-ocular reflex movements calibration allows an adaptation to the natural behavior of participants that has long been considered as a constraint during the calibration, namely the movement of the head which results in poor data quality. In some studies, researchers always use a chin-rest to lessen the small head drifts (Cerrolaza, A. Villanueva, and Cabeza, 2012). Its major disadvantage is that it requires additional user implication during the calibration. Hence its application is not suited for eye trackers that are susceptible to slip or move.

Overall, symbolic regression was able to improve gaze estimation accuracy for all participants. For clarity purposes, only data on x-axis and for finger calibration were reported.

However, similar effects were observed on y-axis and for marker-based calibrations.

Fig 3 .10 shows the behavior of symbolic regression applied to the data obtained from one participant. Initially, the error models obtained gave an error of 9.17°(at t 0 ). The next model obtained after 500 milliseconds gave an error of 3.27°. Suddenly, the error decreased to 0.89°after 1 second and 15 seconds later, the error was reduced to 0.85°. The algorithm kept returning models that were increasingly accurate. We deliberately let the algorithm pursue the research and found that after a certain amount of time (18 minutes for this example), the method no longer provides better results. We can conclude that letting the method searches models over a long time does not necessarily help improving accuracy, however, a complete study should be performed to investigate this statement. Nevertheless, if the designers want to get the best model while keeping a real-time process of their application, the model obtained after a few milliseconds could be used and the algorithm could continue seeking better models in the background, replacing the current model each time a better one is extracted. Chapter 3. Improving eye-tracking calibration accuracy using symbolic regression

Conclusion

In this chapter, we investigated symbolic regression to improve eye tracking system calibration accuracy. We validated the methods by comparing results obtained from models using standard polynomial regressions and symbolic regressions. We collected 48 (12 × 4) trials with 12 participants and investigated 4 different calibration procedures: Smooth Pursuit and Vestibulo-Ocular, both using the finger and a marker as a target. Thorough analysis of the collected data was performed and statistical results showed the benefit of symbolic regression on calibration accuracy with a reasonable extra computation time. This chapter presents the first investigation of symbolic regression with monocular eye tracking system calibration. This type of computation opens up promising perspectives in terms of flexibility and accuracy. This work can be directly extended with binocular calibration (one symbolic regression per eye). While the presented method improved standard calibration, additional work should be performed to compare it to other calibration methods such as the one based on eye geometry. As future works, we plan to extend the symbolic regression method with a predefined set of functions in order to make the system converge faster with an accurate regression. We also plan to test this new calibration with different types of eye trackers: table based eye tracker, immersive and mix reality devices.

Supporting information

We provide supporting information to replicate this work in the Appendix A. It contains the data for:

1. the calibration error per participant in xand y-axis for marker calibration using standard regression. The data were used to prepare Table 3.3. 2. the calibration error per participant in xand y-axis for marker calibration using symbolic regression after 1s, 10s, and 30s. The data were used to prepare Table 3.4. 3. the calibration error per participant in xand y-axis for finger calibration using standard regression. The data were used to prepare Table 3.5. 4. the calibration error per participant in xand y-axis for finger calibration using symbolic regression after 1s, 10s, and 30s. The data were used to prepare Table 3.6. 3.10. Résumé Chapter 3 en Français 57

Résumé Chapter 3 en Français

Cette partie présente les concepts mathématiques nécessaires à la compréhension de la calibration, et une nouvelle méthode de calcul et d'estimation du regard. La régression symbolique nécessite généralement un calcul numérique étendu. Elle se réfère aux méthodes qui fournissent des solutions en les mettant à jour itérativement, plutôt que de trouver uniquement les coefficients inconnus d'une expression mathématique existante.

Dans presque toutes les applications numériques, quelques erreurs d'approximation sont insérées lorsqu'une expression mathématique est recherchée avec un ordinateur. Par exemple, les erreurs d'arrondissement, en particulier, lorsque les erreurs sont accumulées ou utilisées dans plusieurs opérations successives, peuvent avoir un effet de propagation, et, par conséquent, donner des résultats surprenants. Il existe des erreurs (underflow) qui se produisent lorsque les décimales proches de zéro sont arrondies, ce qui pourrait même conduire à des situations où la division par zéro se produit, donc une exception est levée. L'overflow ou débordement est une autre erreur numérique qui se produit lorsque certaines valeurs sont surestimées. Cependant, il existe des moyens de prévenir ces erreurs, par exemple, l'utilisation de la fonction softmax [START_REF] Goodfellow | Deep Learning[END_REF].

Par ailleurs, le mauvais conditionnement a un impact indésirable sur les estimations du regard. Chapter 3. Improving eye-tracking calibration accuracy using symbolic regression La calibration utilise une sorte d' algorithme d'apprentissage supervisé avec un ensemble de données contenant généralement le centre de la pupille et le centre de la cible [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. Au cours de la calibration, plusieurs exemples de données oculaires et de la cible associée sont observées et enregistrées. Habituellement, un concepteur fournit le modèle à utiliser pour la calibration, cependant, nous pensons qu'une méthode qui permet de donner le meilleur modèle serait avantageuse, particulièrement pour les nouvelles procédures de calibration (poursuite lisse et calibration basée sur la rotation de la tête).

Lorsque l'ensemble de données de calibration est trop petit, l'évaluation de la performance du modèle avec les ensembles de formation et de validation doit être répétée plusieurs fois à l'aide de la technique k-fold cross-validation dans laquelle l'ensemble de données est divisé en k sous-ensembles et prend l'erreur moyenne comme erreur globale.

Transforming Gaze Estimation Polynomials Using Genetic Algorithms

As stated in the previous chapter, polynomial models are predefined for gaze estimation. Second and third-order polynomials are often used to calibrate eye trackers. Several models have been investigated and researchers are continuously searching for the best mapping model. An assumption that is difficult to justify given the plethora of existing models. In the previous chapter, we showed an approach that allows finding the best model from scratch, given the calibration data only. A central problem in this approach is that the algorithm may find better models, but at the expense of increased training time regarding the degree of accuracy we want to reach. Recall that we seek a model that will perform well not just on the training data, but also on new samples. In fact, finding better models has been the center of many researches in the field. In this chapter, we propose a new paradigm to rearrange the best existing and known models and provide new models that better fit to more accurate gaze estimations. We validate our approach with data collected during an evaluation with 12 participants and showed that our approach improves the gaze estimation accuracy on both x-axis (23.3%) and y-axis (22.38%) compared to state of the art techniques.

Polynomial regression is a common technique for estimating 2D gaze positions. In a very recent study, Mardanbegi, Kurauchi, and C. Morimoto (2018) defined the mapping model as the first source of error in regression-based gaze estimation. Furthermore, searching mapping functions for eye tracking calibration has gathered dozens of polynomial models. Blignaut (2013a) developed a theoretical investigation where different mapping functions were evaluated, and Chapter 4. Transforming Gaze Estimation Polynomials Using Genetic Algorithms concluded that to obtain high accuracy, a function of the form :

f x = a 1 + a 2 P x + a 3 P 2
x + a 4 P 3 x + a 5 P y + a 6 P x P y + a 7 P 2 x P y + a 8 P 3 x P y could be used, where a i are the coefficient to find. While in regression approaches, one seeks to find the optimal values of a predefined model's coefficient a i such that a certain loss function is minimized, our approach, in addition to providing the best coefficient a i , alters the structure of the model and propose the best model form that better fit to the calibration data using genetic programming. On the other hand, smooth pursuit calibration procedure is gaining popularity.

It allows following a moving target during the calibration, instead of fixating on sequentially displayed stimuli. Pursuit calibration is optimal for two reasons. First, the calibration time is much shorter than using the standard approach (e.g. 9-or 16-fixed stimuli) and makes the procedure faster and much easier [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]. Second, evidence for more accuracy has been shown [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF]. The moving target allows collecting more calibration data.

Furthermore, the trajectory followed by the target provides a large coverage of the calibration area (T. Santini, Fuhl, and Kasneci, 2017a). However, no investigation of pursuit calibration polynomials has yet been performed, though more dataset are collected. Figure 4.1 shows an overview of the proposed approach. The contribution of this chapter is two-fold:

1) First, we propose a method that automatically alters mapping functions models and coefficients to provide models with higher accuracy compared to the state-of-the-art regression approaches (Mardanbegi, Kurauchi, and C. Morimoto, 2018;[START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF].

2) Second, we evaluate our approach with state-of-the-art models (Table 4.1) on data obtained from the most recent pursuit calibration method (T. Santini, Fuhl, and Kasneci, 2017a), i.e.

the spiral1 , with 12 participants. This evaluation is necessary since there is no existing work investigating the effect of pursuit calibration on the existing mapping models. What this means is that the complexity of the trajectories presented during smooth pursuit calibration bring us to find new models of the right structure and right size, including the right coefficients. Moreover, even though we evaluate this approach on the spiral trajectory, it could be generalized to other complex trajectories. The mapping models could be different between the spiral and another trajectory, the same they are different between the 9-targets calibration and the spiral trajectory.

This remaining of this chapter is organized as follows. In Section 4.1 and Section4.2, we provide an overview of previous work and gaze estimation. In Section 4.3, we show how our approach leverage symbolic regression to alter state-of-the-art functions using genetic programming. In Section4.4, we evaluate our approach and discuss on possible generalizability for future work.

Related work

This chapter builds on two strands of the state of the art: ( 1 Calibration data are obtained from the target and pupil centers. A subset (66%) of the data, the operators and function individuals are used to feed the symbolic regression algorithm which produces a mapping functions without prior assumptions of the models. The accuracy of the models is tested using the estimation set (cross validation).

Chapter 4. Transforming Gaze Estimation Polynomials Using Genetic Algorithms coefficients a i of a predefined mapping function. A great number of mapping models have been studied. Cerrolaza, A. Villanueva, and Cabeza (2012) developed a taxonomic classification and evaluated over 400,000 models to propose the best mapping functions. Later, [START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF] studied 625 polynomial functions and proposed models that provide good results. [START_REF] Rosengren | Suitability of Calibration Polynomials for Eye-tracking Data with Simulated Fixation Inaccuracies[END_REF] investigated the accuracy of polynomials to estimate gaze positions of patients who are hard to calibrate. More recently, Mardanbegi, Kurauchi, and C. Morimoto (2018) investigated the potential sources of calibration error and proposed a third order polynomial for more accurate gaze estimations.

In this work, instead of studying the mapping models individually, we propose a heuristic approach that automatically retrieves the best model from the calibration data using a modified genetic algorithm (GA) [START_REF] Clegg | The use of a genetic algorithm to optimize the functional form of a multi-dimensional polynomial fit to experimental data[END_REF]. Many open-source libraries exist for GA, e.g. the JGAP library [START_REF] Meffert | JGAP, Genetic Algorithms and Genetic Programming package written in Java[END_REF] used in (Kasprowski and Harezlak, 2017a) for Java, GeneticSharp [START_REF] Giacomelli | GeneticSharp 2.1.0[END_REF] for C#, and Deap [START_REF] Fortin | Deap 1.2.2[END_REF] for Python . On the other side, there is a growing interest in finding a calibration procedure that covers a large area and allows obtaining more data while reducing the calibration time. The best approach to make a mapping model generalizes better is to train it on more samples during the stage of calibration procedure. Of course, the best case sceneraio is to collect all the samples of the calibration area, and each target to its corresponding pupil position. However, in practice, this is quite difficult and the amount of data we can obtain, in a reasonable time, is limited. In machine learning, a good way to circumvent this, and increase the dataset, is to create fake data (e.g., classification problem) [START_REF] Goodfellow | Deep Learning[END_REF]. However, here, intead, we could use smooth pursuit calibration since it allows collecting calibration samples in a very short time. Recently, [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF] introduced Pursuit Calibration where the participant fixates o n a m oving target during the calibration. Follow-up studies (T. Santini, Fuhl, and Kasneci, 2017a) investigated pursuit calibrations and showed a higher level of accuracy compared to the standard fixation calibration. However, to date, no mapping functions for pursuit calibration has been reported. This work fills this gap by providing an approach that estimates the model of the mapping function based on the data retrieved during the calibration procedure and existing known mapping models. 

Regression-based approaches

f x|y = n-1 ∑ i=0 a i P d 1 x P y d 2 , d 1 , d 2 ∈ [0, i] 2 (4.1)
Where a i are the coefficient to find (Algorithm 1), d 1 and d 2 the order of the polynomial on x and y axes respectively. New pupil center positions (Px, Py) (inputs) are passed through f x () and f y () in order to estimate the corresponding gaze positions in the world camera (f x () ≈ Tx, f y () ≈ Ty). The estimation errors are defined as

∆ x = |f x (Px, Py) -Tx| and ∆ y = |f y (Px, Py) -Ty|
A study of different polynomials showed that high order polynomials will not necessarily increase the accuracy [START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF] and may lead to overfitting [START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF] known as the Runge phenomenon [START_REF] Epperson | On the Runge Example[END_REF]. Many previous studies recommended different models (Blignaut, 2013a;Cerrolaza, A. Villanueva, and Cabeza, 2012;Cerrolaza, A. Villanueva, M. Villanueva, et al., 2012;Mardanbegi, Kurauchi, and C. Morimoto, 2018). Each of these models is different and does not provide good accuracy for the different types of existing calibration. (n-points, spiral, circle, etc.). Our assumption is that, a unique model could not be proposed in advance. Instead the most appropriate model should be obtained from the data since different elements affect the structure of the calibration. The uncertainties coming from the pupil center detection (Hassoumi, [START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF], the trajectories of the target [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF], the shape of the calibration surface (T. Santini, Fuhl, and Kasneci, 2017a), the parallax error (Mardanbegi, Kurauchi, and C. Morimoto, 2018) could influence the gaze estimation. As opposed to previous work on finding the coefficient a i of a predefined model, our approach automatically finds a more accurate model for each recorded calibration data by altering existing known mapping model, in addition to its coefficients.

Algorithm 1: Polynomial Regression Data: Predefined model [optional] (e.g. T = a 1 + a 2 Px + a 3 Py + a 4 P 2 x + a 5 P 2 y )
Training Pupil centers P, Training Target centers T .

Result: Coefficient a i of the predefined model begin Initialization

f x f y = 1 x i y j • • • x k y m 1 x i y j • • • x k y m   a 0 . a n   end

Modified Symbolic Regression

Unlike traditional linear and nonlinear regression approaches that require the designer to provide a predefined polynomial model, symbolic regression seeks the optimal model f * from a space of model candidates defined by a set of arithmetic operations (e.g., -, ×, +, /, etc.) and mathematical functions (e.g., constant, cos, exp, ln, etc.). Let T = (T x (i), T x (i)) and P = (P x (i), P y (i)), i = 1, ..., N be the sets of target and pupil centers positions. The goal is to find two functions f x : R2 → R and f y : R 2 → R such that the models :

f x (P x (i), P y (i)) = T x (i) f y (P x (i), P y (i)) = T y ( i) (4.2)
accurately estimate the corresponding target position. The optimal candidate f * 2 is obtained by minimizing a certain loss function L( f ) with respect to f (a known model from the state of the art). The loss function used to estimate the gaze is the Mean Absolute Error (MAE) [START_REF] Schmidt | Coevolution of Fitness Predictors[END_REF]:

L(f) = 1 n n ∑ i | f (P i ) -T i | (4.3)
Where T i corresponds to the target center positions, f (P i ) is the estimated target center positions calculated using the extracted model, and n is the number of observations in the training set.

Therefore, the optimal model f * could be viewed as an optimization of the form:

f * = arg min f L(f) (4.4) 
Mathematically, considering an absolute error loss | f (P i ) -T i | the model that symbolic regression searches can be formally expressed as:

f * = arg min f ∑ i | f (P i ) -T i | (4.5)
Where f is the set of candidate functions. Remarkably, two peculiar aspects of gaze estimation analysis make it necessary to involve symbolic regression:

1) Models: The target trajectories during the calibration are often curved or nonlinear [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF]T. Santini, Fuhl, and Kasneci, 2017a). In addition, they are usually different with respect to the desired area coverage. Therefore, the assumption of a predefined model-bivariate, bilinear-do not suffice to obtain a high quality gaze estimation functions. Thus, studying the model, as well as the coefficients are equally important for accurate gaze estimation.

2) Mutation: New mapping models could be derived from a known model. for example, the model proposed by (Blignaut, 2013a) could be modified to retrieve a more accurate model using genetic programming.

Algorithm 2 shows the different steps of generating the optimal model. The algorithm begins with a simple known model or an optionally provided model, then adds new or alters the simple mathematical functions to create new models. These new models are evaluated by calculating the MAE in order to verify how well they fit to the dataset. Then, the candidate models with the worst accuracy are discarded. The algorithm repeats this procedure to generate new candidates with higher accuracy. Models with highest accuracy are selected after a predefined number of iteration or if the MAE is below a threshold ε. The approach is based on natural biological evolution that investigates a population of possible candidates to provide better models. These techniques have been used in many research areas including NASA Antenna design [START_REF] Greg | Automated Antenna Design with Evolutionary Algorithms[END_REF].

Algorithm 

←-Predefined model end else f * 0 ←-mean(T) end MAE ⇐= | f * 0 (P i ) -T i | 1 while s ≤ MaxIterations or MAE > ε do bestIndividuals ←-selectBestIndividuals( f i ) randomIndividuals ←-getRandomIndividuals( f i ) mutatedIndividuals ←-mutate(randomIndividuals) newGeneration ←-mutatedIndividuals ∪ bestIndividuals f * i ←-generateModelFrom (newGeneration) s = s + 1 MAE ⇐= | f * i (P i ) -T i | end end

Cross-validation and Overfitting

An important criterion of a good mapping model is to ensure that it could accurately estimate future observations. We used cross-validation [START_REF] Stone | Cross-Validatory Choice and Assessment of Statistical Predictions[END_REF] to evaluate the quality of the estimated responses. The recorded data were divided into two datasets: a training dataset (66%) on which the model is trained and the validation dataset (34%) on which the obtained model is tested for each iteration. The key challenge of gaze estimation is that the polynomial model performs well on new, previously unseen pupil positions, the validation in this case, and not only on the trained data. The objective is to assess the ability of the obtained model to generalize the prediction of new data that were not used in the training. This gives an insight into the ability of the model to accurately estimate future pupil centers. In the following, all the results will Chapter 4. Transforming Gaze Estimation Polynomials Using Genetic Algorithms be given based on the validation dataset. To illustrate the approach, the Figures below shows the evolution of the MSR to find a model without and given a predefined model (Figure 4.2).

Results are shown on the validation data.

It is worth noting that, in order to evaluate the quality of the models, the two main approaches in the literature are either 1) to collect the calibration points, train the model on these points, then ask the participant to perform a second session in which validation points are recorded and evaluate the error [START_REF] Bernet | Autocalibration-based partioning relationship and parallax relation for head-mounted eye trackers[END_REF], or 2) collect many calibration points, randomly pick training points in order to train the model, and evaluate the quality of the model using the remaining (validation) points which are different from the training points, as in (T. Santini, Fuhl, and Kasneci, 2017a) and [START_REF] Goodfellow | Deep Learning[END_REF]. In the first case, it is alerted that during the second phase of validation points collection, some of these new points could lie exactly at the same position as the calibration points, introducing additional biases and misleading error value. Additionally, it is not guaranteed that the camera position or the user's position will remain the same, introducing new errors based on the parallax effect or different calibration planes. In order to avoid this problem and to separate the validation points from the calibration points, we adopted the second approach following (T. Santini, Fuhl, and Kasneci, 2017a). The validation points are picked randomly and checked if they are normally distributed beforehand to omit any bias in the calculation.

Method and Procedure

We investigate the accuracy of our approach and compare the results with state-of-the-art models. Participants: Data from 12 participants aged from 17 to 40 (µ = 26,σ = 4.94) were recorded. The task was to perform the spiral calibration. To this end, only data (Pupil center positions and target center positions) were collected during the experiment which spanned two days. Procedure and Task: The study was structured as a within-subjects design wherein each participant completed the calibration. The participants were instructed to follow the moving target.

The target (Figure 4.1) was automatically detected in the world camera using computer vision algorithms. The target has a diameter of 3cm. The participants were given 5 minutes acquaintance time to get familiar with the system before the task began and sat 70 cm from the screen.

Each calibration lasted ≈ 10s.

Statistical Analysis and Apparatus

The data were analyzed using the R package lmerTest, which implements ANOVA. The null hypothesis was determined with α = 0.05. We collected 12 calibrations × ≈ 200 pupil-target center pairs for a total of ≈ 2400 calibration pairs, and we evaluated 12 calibrations × 6 regression types (Table 4.1) × 2 axes (x,y) = 144 models. Normality tests were conducted, separately on xand yaxes. The data were collected using a Pupil Labs Eye tracker equipped with one world camera (640 × 480 pixels @120Hz) and one eye camera (400 × 400 pixels @ 120Hz).

Each couple of eye and world frames at time t allows recording the current pupil and the target center positions. The duplicated positions were excluded. The positions were captured with 

) ∂ ∂`l og p(T x |X, θ) = 1 2 Tr (αα -K -1 ) ∂K ∂θ j ∂ ∂`l og p(T y |X, θ) = 1 2 Tr (αα -K -1
) ∂K ∂θ 

Results

Table 4.2 gives an overview of the accuracy averaged across participants and for different regressions. A Fisher s F-test showed a significant difference between the variances on xand y-direction averaged across all participants (p < .001). The hypothesis of homogeneity is therefore rejected. Using a Shapiro-Wilktest, we found that the errors are not normally distributed (Figure 4.4) both on x-(W = .6939, p < .001) and y-direction (W = .751, p < .001). Therefore, we run a two-samples Wilcoxon test (Mann -W hitney) which showed that the errors on the x-axis are significantly lower than the errors on the y-axis (W = 1679.5 2, p<.001). On average, the accuracy is higher on the x-axis (t(1, 79) = 2, p<.001). An one-way ANOVA analysis reveals that REGRESSION type has a significant effect on ACCURACY, both on x-axis (F(5, 66) = 3.731, p = .004) and y-axis (F(5, 66) = 2.798, p = 0236). Follow-up pairwisecomparisons with Tukey HSD showed that MSR was more accurate than the other regressions Chapter 4. Transforming Gaze Estimation Polynomials Using Genetic Algorithms (Figure 4.3), particularly, a significant main effect was observed compared to Harezak on x-(p = .012) and y-axis (p = .048). On average, the accuracy is higher by about 

∆ x = 1.01, ∆ x = 2.25, ∆ x = 2.44, ∆ x = 2.94, ∆ x = 0.

Discussion

Generalizability of the approach: We showed that gaze estimation accuracy can largely vary depending on the regression type. This work highlighted the importance of choosing a model that adapt to new smooth pursuit calibrations. Our method can be applied to future calibration patterns to derive new models without prior assumptions of their structure. While this study provides evidence of the benefit of this approach, an in-depth evaluation with different devices [START_REF] Feit | Toward Everyday Gaze Input: Accuracy and Precision of Eye Tracking and Implications for Design[END_REF] would extend this to mobile and remote eye trackers since remote eye trackers also could leverage polynomial regression for gaze estimation. An example of the evolution of the algorithm to find good mapping models on xand y-axis is shown in Table 4.4. Furthermore, this approach should be extended to different eye camera positions, different illuminations or multi-features (pupil-corneal reflection) calibration which are part of our future work.

Limitations: There is a trade-off between calculation time and model accuracy. The MSR takes longer compared to the standard methods but guarantees to provide better mapping models. Using the apparatus described in the paper and the parameters in Table 4.3, a good model is found in less than 200ms. To allow exploration time, the algorithm could be run in background, that is, the best models could be retrieved iteratively while the algorithm is running asynchronously in background. Additionally, the implications of this approach suggest that the calibration points must be appropriately distributed on the screen in order to obtain a good mapping model. As an example, if the calibration points are distributed along a horizontal line, MSR will give a linear model which could not accurately extrapolate the gaze estimation for the whole screen. Similarly, the standard predefined models will provide an over-fitted approximation model which could estimate the gaze position close to the calibration points and gives surprisingly bad estimation for the other points.

Conclusion

We have shown that allowing a regression method to learn not only the model structure, but also its coefficients, offer many benefits. We have explored and compared several mapping models for gaze estimation that utilize different polynomial structures. While different calibration techniques have been developed, there was a lack in proposing polynomial models that fit to the structure of smooth pursuit calibration data. Our work filled this gap by investigating a new approach to find mapping models for accurate gaze estimation. Although the proposed regression originally initiated from the field of evolutionary research, we hope this study will engage the eye tracking community to investigate the approach further. 
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Coef. (par exemple avec 9 ou 16 cibles fixes) et rend la procédure plus rapide et beaucoup plus facile [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]. Deuxièmement, les preuves d'une plus grande précision ont été présentées [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF]. La cible mobile permet de collecter plus de données. En outre, la trajectoire suivie par la cible fournit une large couverture de la zone de calibration (T. Santini, Fuhl, and Kasneci, 2017a). Toutefois, aucune étude des polynômes de calibration basée sur la calibration lisse n'a encore été effectuée, bien que de nombreuses données soient recueillies. La figure 4.1 montre un aperçu de l'approche proposée. La contribution de ce chapitre est double:

Complexity

1) Tout d'abord,nous proposons une méthode qui modifie automatiquement les modèles de fonctions et les coefficients pour fournir des modèles avec une plus grande précision par rapport à l'état de l'art pour les techniques utilisant la régression (Mardanbegi, Kurauchi, and C. Morimoto, 2018;[START_REF] Blignaut | The Effect of Mapping Function on the Accuracy of a Video-based Eye Tracker[END_REF].

2) Deuxièmement, nous évaluons notre approche avec des modèles de pointe (Table 4.1) sur des données obtenues à partir de la méthode basée sur la poursuite lisse la plus récente (T. Santini, Fuhl, and Kasneci, 2017a) This part focuses on emerging approaches that are not only more natural for users, but also allow using the system without any heavy prior calibration procedure.

PART II:

GAZE-BASED INTERACTION

Gaze-based interaction is a branch of eye-tracking research that is largely used throughout Human-Computer Interaction (HCI) research and applications.

However, because gaze-based interaction has not yet proved its necessity in everyday applications, many end-users, and digital customers have little (e.g., virtual reality games) or no experience with it.

A key challenging issue of gaze-based interaction is the need for a good gaze estimation accuracy/precision. This is essential for triggering an event from the good input element (e.g., button) on a display screen the user is fixating on. Although most existing gaze-interaction techniques provide a very powerful approach of interacting with the eyes (dwell, gaze gestures, etc.), they suffer from the problem of accuracy and precision which are closely tied to the calibration of the eye-tracking system.

As we have seen in the previous part, the calibration is a heavy and tedious procedure that is required to obtain a good gaze estimation. Despite this procedure, the results of the calibration need to be improved again to obtain the accuracy and precision necessary so that the gaze could be used as a means of interaction on a small display screen (e.g., mobile devices).

To alleviate these issues, an interesting approach could be to use new approaches that circumvent the need for the calibration procedure, eliminate the issue of the gaze estimation accuracy, while affording an efficient gaze input modality.

This part of the manuscript describes novel core details that are better suited to modern practical calibrationless gaze-based interaction.

We begin by proposing a novel approach that allows a user to enter a text using her eye movements. We present advanced mathematical parameters that perform better for such approaches.

We introduce the RV -coefficient coupled with eye movements for detecting characteristics that allow us to ascertain that the user is willing to interact with the system 5. Practical guidelines and transfer of the approach to a mixed-reality environment is proposed 6. Moreover, to push the work forward, we propose an approach that, in addition to removing the calibration and the gaze estimation, eliminate also the pupil and pupil center detection 7.

Eyes so transparent that through them the soul is seen.

Theophile Gautier In a real-world environment, it is easy to spy on users inserting their personal identification number (PIN) or passwords on a cash-dispensing machine or other electronic devices. This is known as the Shoulder Surfing Attack (SSA) which is based on using direct observation or looking over someone's shoulder, to see what he is doing and get information. Shoulder surfing is an efficient way to steal information since when a person is entering a PIN, he uses his fingers to tap on the desired digits. This contact between the finger and the device allows getting an insight into the desired digit. Therefore, it's relatively easy to observe the position of his finger on the user interface, especially if the intruder stands next to him. What is malicious in this technique is that the intruder does not require any special skills. Observing the user's device when he is typing the information is sufficient. In crowded places, it even easier for an intruder to spy on the victim (e.g., public transportation), especially if he is not paying attention.

Movements

Shoulder surfing Attack or (SSA) can occur in different daily activities (Figure 5.1). Users, sometimes, feel secure to enter their password in an environment where they think there are no threats. However, when it comes to attacking a person, even cameras placed far away from the users are sufficient to get the information. For example, in Figure 5.2, the user is authenticating while a hidden camera is recording his actions. It becomes then easy to zoom in on his device screen to get knowledge of the PIN he inserted. Interaction based on smooth pursuit eye movements (SPEM), also called Pursuit interaction (Mélodie Vidal, Bulling, and Gellersen, 2013c), is an emerging topic in gaze-based interaction. The goal of an interaction based on SPEM is to interact with user interfaces by moving the eyes continuously. The principle of this technique comes from the active selection in HCI, and has been studied since 2000 [START_REF] Doherty | Continuous interaction and human control[END_REF] in different scenarios -continous interaction. Speech, Gestures (Wobbrock, Wilson, and Y. Li, 2007a) or animations are a form of continuous interaction. [START_REF] Williamson | Pointing Without a Pointer[END_REF] already defined this approach by presenting a method for selecting objects based on continuous control of agents that are used to determine the user's intentions.

The rapidly growing emerging technologies call for modern interaction techniques that could be significantly different from the common discrete interactions (clicks, push, tap, etc.) which are the underlying techniques for many existing approaches in HCI nowadays. [START_REF] Doherty | Continuous interaction and human control[END_REF] describes continuous interaction (repeated by Williamson and Murray-Smith ( 2004)) as follows: ...the user is in constant and closely coupled interaction with the computing system over a period of time. The interaction is no longer based on the exchange of discrete messages that could be considered atomic actions, but the input provided by the user and/or the output provided by the computing system is a continuous process of exchange of information at a relatively high resolution....

One way of understanding this approach is to consider the user interface as a layout of different agent competing for user attention.

In the same vein, selection with the eyes is of particular interest for displays that are too small to afford convenient pointing. Allowing selection with the eyes also has an efficient benefit in multi-user interaction. For example, using a shared display, two users may insert a word in two different text views at the same time without bothering each other.

Using the eyes also has a potentially interesting advantage in situations where privacy is required. For example, to propose user interfaces and interaction that more resistant to threats.

We present PathWord (PATH passWORD), a multimodal digit entry method for ad-hoc authentication based on known digits shape and user relative eye movements. PathWord is a touch-free, gaze-based input modality, which attempts to decrease shoulder surfing attacks when unlocking a system using PINs (Figure 5.4). The system uses a modified web camera to detect the user's eye. This enables suppressing direct touch, making it difficult for passers-by to be aware of the input digits, thus reducing shoulder surfing and smudge attacks.

In PathWord and discuss its advantages over traditional input modalities. We envision PathWord as a method to foster confidence while unlocking a system through gaze gestures.

Authenticating using Personal Identification Numbers (PINs) or passwords has become a crucial step for interacting with electronic devices. It grants full access to computing systems which allow us to communicate, buy, send or obtain sensitive information. While manual input using side buttons or touch screen continues to be the most used technique to enter PINs, it is prone to security issues commonly known as shoulder surfing. Entering password using eye gaze could decrease the risk of privacy infringement. The idea of communicating using eye movements appeared as early as 1983 (M. B. [START_REF] Friedman | Eyetracker communication system[END_REF]. Gaze-based interactions are often dwell-based [START_REF] Špakov | On-line adjustment of dwell time for target selection by gaze[END_REF] where an item should be gazed at for a certain time period before being activated. Blink-based interactions also exist [START_REF] Koesling | With a flick of the eye: Assessing gaze-controlled humancomputer interaction[END_REF] but excessively penalize the visual system and therefore are seldom. An interesting alternative to these interactions is based on eye gestures (X. [START_REF] Zhang | Smartphone-Based Gaze Gesture Communication for People with Motor Disabilities[END_REF][START_REF] Istance | Supporting Making Fixations and the Effect on Gaze Gesture Performance[END_REF]. Gaze gestures offer a natural appeal for applications in Human-Computer Interaction.

Smooth pursuit eye movements have demonstrated encouraging interaction modalities, they unveil a higher degree of privacy preservation, i.e., they allow users to interact with computing machines confidently [START_REF] Putze | Intervention-free Selection Using EEG and Eye Tracking[END_REF][START_REF] Hatscher | GazeTap: Towards Hands-free Interaction in the Operating Room[END_REF]. As such, their investigations in passwords and PINs entry mechanism for user identification are gaining considerable attention [START_REF] Cymek | Entering PIN codes by smooth pursuit eye movements[END_REF].

PathWord is a multimodal digit entry method for ad-hoc authentication based on the natural digits shapes and users' relative eye movements. PathWord is a gaze-based input modality along with a back-of-device touch switch, to decrease shoulder attacks when unlocking a system using PIN-based authenticating systems (Figure 5.1). The contribution of this chapter is threefold.

First, we outline the implementation of our system for PIN-based authentication without changing the classical representation of the standard user interface and keeping its inner affordance.

Second, we address the various technical challenges and compare the robustness of different algorithms to recognize the intended digits through gaze gestures and through a back-of-device touch gesture to delimit gaze input, and finally, we show the feasibility and the effect of shoulder surfing attacks through user-studies, quantitative and qualitative analysis. On each digit, a stimulus is drawn and travels its shape. As such, in addition to remaining visual clues as in the standard interfaces, the digits serves also as trajectories for the moving stimuli.

Movements

Related Works

This chapter builds upon prior works on (1) gaze interaction, (2) password-entry mechanisms, and (3) multimodal approaches.

Gaze-based interactions

Inserting PINs via direct finger-touch in everyday devices has remained largely unmodified.

However, the increasing growth of stolen PINs during authentication, or shoulder surfing attacks [START_REF] Khan | Evaluating Attack and Defense Strategies for Smartphone PIN Shoulder Surfing[END_REF]) motivated researchers to propose different authentication schemes based on eye tracking approaches [START_REF] Tari | A Comparison of Perceived and Real Shoulder-surfing Risks Between Alphanumeric and Graphical Passwords[END_REF].

Recent developments have increasingly focused on using smooth pursuit eye movements as a solution of the Midas touch problem [START_REF] Jacob | Virtual Environments and Advanced Interface Design[END_REF], i.e. triggering activation even when the user has no such intention. They were adopted for eye tracking systems calibration [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF][START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF][START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF], augmented reality [START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF][START_REF] Kytö | Pinpointing: Precise Head-and Eye-Based Target Selection for Augmented Reality[END_REF], semaphoric gaze gesture through the Hololens (Delamare, T. Han, and Irani, 2017) and for evaluating users cognitive workload [START_REF] Thomas | Your Eyes Tell: Leveraging Smooth Pursuit for Assessing Cognitive Workload[END_REF]. They have also been used for input via gaze interaction on smartwatches [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF]. [START_REF] Cymek | Entering PIN codes by smooth pursuit eye movements[END_REF], in a study that inspired the present work, employed moving numbers drawn on Microsoft PowerPoint and asked users to enter PINs by following the movement of each number. However, there method required calibration, induces crossing trajectories and may give an intruder a clue to which target the user is following due to the long trajectories.

De Luca, R. Weiss, and H. [START_REF] Luca | Evaluation of Eye-gaze Interaction Methods for Security Enhanced PIN-entry[END_REF] implemented a prototype of eye-based PIN entry that uses the well-known alphabet proposed by [START_REF] Wobbrock | EdgeWrite: A Stylus-based Text Entry Method Designed for High Accuracy and Stability of Motion[END_REF]. However, entering a digit requires the user to look and to recall the new shape of the digit printed on a paper and placed next to the monitor, causing shifts between the monitor and the paper, and adding an extra effort. Subsequently, they proposed EyePassShapes (De [START_REF] Luca | Look into My Eyes!: Can You Guess My Password?[END_REF] to enable entering a password by painting a shape using the eye in a predefined order. However, in addition to the password, it requires remembering the shape and the order that links them. Both approaches were evaluated on large screens.

Password entry

Progress in face detection, biometrics, and fingerprint minutiae extraction changed the way users access systems. These approaches, while promising, suffer from various threats. A direct example is the iris-based biometric spoofing using printed iris pictures [START_REF] Gupta | On Iris Spoofing Using Print Attack[END_REF].

Follow-up studies improved the algorithm and proposed an approach to check for aliveness of the pupil [START_REF] Pacut | Aliveness Detection for IRIS Biometrics[END_REF]. Face-based authentication systems necessitate the user to take a specific head position and the detection algorithms suffer from uncertainties caused by the lighting conditions, occlusions, cameras, and head pose.

Therefore, PIN entry methods remain the prevailing mean for interacting with a computing machine for authentication. However, the manual PIN entry is prone to security breach by 

Multimodal approaches

Seetharama, Paelke, and Rocker (2015) proposed a look-and-shoot method where the user fixates on the digit and selects it by clicking on a button, however, this approach depends strongly on the accuracy of the tracking device. Moreover, no study on the target size was performed by the author for proper activation as in [START_REF] Feit | Toward Everyday Gaze Input: Accuracy and Precision of Eye Tracking and Implications for Design[END_REF]. They also proposed two methods which rely on dwell time to select a digit and blink activation. The disadvantage of these methods is that users may often blink unconsciously leading to spurious activation. Another disadvantage of their methods is that a user calibration is needed whenever a user wants to interact with the system. The double input modalities based on both selecting the digits with finger touch and user gaze direction proposed in GazeTouchPin [START_REF] Khamis | GazeTouchPIN: Protecting Sensitive Data on Mobile Devices Using Secure Multimodal Authentication[END_REF] affords an alternative to the long-established approaches, unfortunately, the user still uses on-screen touches, leaving traces of touch input on the device, thus being vulnerable to smudge attacks. 

Implementation
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Implementation

Pathword leverages the potential of various techniques in order to propose a robust multimodal password entry mechanism. Firstly, because it does not need the exact user's gaze position, no calibration is required (Mélodie Vidal, Bulling, and Gellersen, 2013c). Our approach builds upon, modifies and extends dynamic [START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF] and static matching techniques [START_REF] Wobbrock | EdgeWrite: A Stylus-based Text Entry Method Designed for High Accuracy and Stability of Motion[END_REF]Delamare, T. Han, and Irani, 2017).

Figure 1 (Middle Left) shows PathWord's user interface. Ten digits from 0 to 9 are sketched as in a traditional interface. A stimulus (represented by the small red circle) is drawn on each digit. Each stimulus moves following the path of the corresponding digit. As such, the digits serve as trajectories of the moving stimuli. For each digit of the PIN code, a user has to follow the red dot corresponding to the digit with his eyes. Thus, for a 4-digit code, a user has to perform 4 smooth pursuit movements. This way the positions of the digits remain unchanged in the user interface. Our approach is a clear improvement on current methods because it does not need calibration, thus does not need to use scanpaths (the series of fixations and saccades obtained after calibration to detect planar gaze position), conserves the traditional disposition of the digits and uses smaller trajectories making the method more robust against shoulder surfing attacks and reducing the time-on-task. In the following section, we describe the data collection and preprocessing; then we detail the selection and representation of the targets (digits) on the user interface. Thereafter, we describe the methods for similarity matching between the digit the user is intending to enter and the set of available digits ( 0 -9 ).

Graphical representation and requirements

The digits are drawn on the user interface using simple mathematical formulas (Circles and Lines equation only). For instance, the digit 3 consists of two half circles and the digit 1 is drawn using two line-segments as shown in Figure 7.7. We outline the design requirements of the password entry method as follows: R1-The approach must increase confidentiality and reduce smudge attacks. This is addressed by proposing a touch-free input modality. R2-The approach must reduce shoulder surfing; This is achieved by using gaze and back of the device gestures. An experiment was dedicated to evaluate this requirement. R3-The user interface and the digits' representation must not change the traditional graphical PIN digits disposition as to keep the effect of inner consciousness and acquaintance of each digit position: This is accomplished by affixing a moving stimuli on the digits instead of moving or modifying the digits' relative positions. R4-The approach must be used without calibration: this is attained by directly using the raw pupil center positions in the camera imaging frame and processing them. 

User Input

Gaze: When interacting with PathWord, the user follows the moving stimuli with his or her eyes. The user's relative eye movements are captured with the eye camera of the Pupil Labs eye tracker which is a modified web camera with an IR bandpass filter and a surface mounted IR LED to enable illuminating the user's eye and capturing images within a specific range of the IR spectrum. The pupil center locations in the imaging frame are collected (Figure 5.6). The positions of the moving stimuli of all digits are also stored. As a result, the system collects a set of point positions for all digits D i∈[0,9] and the pupil center positions points (P). P is compared to all digit point positions and the digit which resembles the most is selected as the intended digit. Similarities and detection criteria are explained in the following section.

Preprocessing: The raw pupil data is cleaned before searching for similarities. Outliers were removed using DBSCAN [START_REF] Ester | A density-based algorithm for discovering clusters in large spatial databases with noise[END_REF] in order to group together data points that are closed in the 2D space and remove the points distant from the actual observations. Afterward, we used an adaptive aspect ratio normalization to reduce the shapes variations (C.-L. [START_REF] Liu | Aspect Ratio Adaptive Normalization for Handwritten Character Recognition[END_REF] and keep the data values between 0 and 1. Normalization of dimension is considered to be an efficient preprocessing technique ( Güdesen,1 976). An inappropriate normalization results in distortion and loss of information (C.-L. [START_REF] Liu | Aspect Ratio Adaptive Normalization for Handwritten Character Recognition[END_REF]. The aspect ratio used can be described as r = min(W,H)/ max(W,H), such that r < 1. Thereafter, the data was smoothed using 1C Filter [START_REF] Casiez | 1C Filter: A Simple Speed-based Low-pass Filter for Noisy Input in Interactive Systems[END_REF], a first-order low-pass filter with an adaptive cutoff frequency. The smoothing process allowed capturing the important shape variations while reducing points that are likely to appear in the data due to measurement errors.

Back-of-device interaction: While in the standard technique, the system is aware of the PIN entry by sensing the user's touch at a specific position of the screen, we may consider an onscreen space (e.g, a rectangle located at the right bottom of the interface) where a user can tap and hold to enable the user input (or data collection). However, in such case, an intruder can be aware that the user is now entering a PIN, thus focusing on his eyes more attentively. This led us to implement a triggering mechanism for starting the data collection, that limits the intruder's inspection from most common viewpoints. PathWord transforms the built-in rear camera into a touch-sensing tool for data collection. This input modality has been shown to provide an efficient interaction that circumvents fat-finger issues [START_REF] Baudisch | Back-of-device Interaction Allows Creating Very Small Touch Devices[END_REF][START_REF] Shimon | Exploring User-Defined Back-Of-Device Gestures for Mobile Devices[END_REF]Xiao, T. Han, and J. Wang, 2013). However, in our work, it is used for data collection solely. Conceptually, when interacting with the system, the user could subtly cover the camera with her finger and then follow the moving stimuli with the eyes. An analysis (Fisher's exact test) of the primary outcome results of a pilot study indicates that using the back camera results in fewer intruder's awareness of the PIN entry moment compared to using a button on the screen with a prevalence of 83.33% (p = 0.015).
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Selecting trajectories length

Whole trajectories (Full length): The simple mathematical formula used to draw the digits allows obtaining a unique shape representation of every digit. The variabilities of the digits shape allow dissociating the raw digits formed by the unnoticeable small pupil movements. However, the moving stimuli must cover the whole trajectory to keep this dissociation. Consequently, the entry time is highly dependent on the trajectories length. The time required to enter a digit is ≈ 2.3 seconds on average for the whole length trajectories' interface, . This led us to try to reduce the trajectories length while keeping the variability. As such, we adapted a simulated annealing algorithm for this purpose.

Simulated Annealing trajectories (Reduced length): A non-negligible aspect of interacting with PathWord in real-time is that the rapidity of the method depends on the trajectories length. The longer they are, the more time it will take to recognize each digit. We optimized our method by searching the paths that best reduce the trajectories length while keeping the variabilities between them. To do this, we used simulated annealing to find the best solution (Laarhoven and Aarts, 1987) as shown in Figure 7.7. The method is a metaheuristic technique which consisted on searching reduced parts of the digits that best differentiate them. The reduction of the trajectories length will allow minimizing the time required to enter a digit. We considered the whole trajectories length as the initial state, and the objective of the simulated annealing was to find a state where the variability V (s) among the trajectories is kept or maximized while the length of the trajectories L(s) are minimized. At each step of the process, the simulated annealing examines a neighboring state S i+1 of the current state S i , and a probabilistic approach decides whether the system should move to state S i+1 or examines another neighbor. The approach is iterated until a good solution is found and simulated annealing ensures avoiding local optimum. After obtaining the results of the method, the time required to enter a digit is ≈ 1.5 seconds on average for the reduced length trajectories' interface (Figure 3 -Right top).

Detection algorithms

RV coefficient for C orrelation: Our method was inspired by recent s tudies. We modified and extended the dynamic approach used in SmoothMoves [START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF] and Pursuits (Mélodie Vidal, Bulling, and Gellersen, 2013c). In their approaches, correlations between the eye and the target data for the x-axis and the y-axis are calculated using Pearson's productmoment correlation coefficient. H owever, d ue t o t he a ssumptions o f t he d ata b efore using Pearson correlation, more precisely the normality of the data, we could not use this method with the solution given by the trajectories of the simulated annealing solution. For example, the path on the digit's 1 is a straight vertical line-segment (Figure 7.7 bottom right). While the correlation could be computed on the y-axis, the values on the x-axis are constant, making the correlation calculation impossible vertically. This statement is sustained by Pearson's correlation formula shown below:

r = E[(Eye x -Eye x )(Target x -Target x )] σ Eye x σ Target x (5.1)
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Whole Trajectories

Reduced Trajectories Where Target x is the mean and σ Target x is the standard deviation which in the aforementioned case (shape represented by the digit 1 ) is equal to zero.

This brings us to use a variation of the correlation method. To the best of our knowledge, no previous studies have considered this issue. We used the RV coefficient [START_REF] Robert | A Unifying Tool for Linear Multivariate Statistical Methods: The RV-Coefficient[END_REF], a multivariate generalization of the squared Pearson correlation coefficient. It measures the closeness of two sets of points that may each be represented in a matrix (2-dimensional matrix in our case). A unique correlation computation suffices and takes into account both x and y data in the calculation of the coefficient. The positions of the dot all along with the positions of the pupil centers feed the RV coefficient algorithm which returns the strength of the linear association between the sets of the recorded data.

Shape Matching: 2D: To evaluate the static matching between shapes, PathWord leverages techniques used in the 1$ recognizer algorithm (Wobbrock, Wilson, and Y. Li, 2007b), EdgeWrite [START_REF] Wobbrock | EdgeWrite: A Stylus-based Text Entry Method Designed for High Accuracy and Stability of Motion[END_REF] and Moment Invariants [START_REF] Bujack | Moment invariants for 3D flow fields via normalization[END_REF]. More concretely, shapes are considered to be similar is the sum of the distance between the points representing them is the lowest. We included the preprocessing steps and modified the rotation invariance angle selection to fit our needs. Dynamic Time Warping was used to compute the distances between digits and eye points.

Character recognition: When the pupil data is in the matching reference (Figure 5.6-1e), it can be considered to be a unique character, that is, character recognition can be used to find similarities. We considered the Levenshtein distance which has been proposed as a recognizer based on shape similarity. Different features are extracted from each shapes, and each feature is replaced by a unique character, thus a shape can be represented by a sequence of character.

Thereafter, the similarity is evaluated using the Levenshtein distance metric [START_REF] Chowdhury | Online Handwriting Recognition Using Levenshtein Distance Metric[END_REF].

Combined coefficient: While the RV coefficient, the modified 1$ recognizer, and the Levenshtein distance metrics produce different measures separately, they can be prone to error and thus give misleading matches. Thus, we explore the use of an aggregated coefficient based on the three precedent measures. In other words, a digit is selected only if results of two of the three algorithms give the same digit.

Experiment 1: Evaluation of the recognition algorithms

Our evaluation proceeded similar to Delamare, T. Han, and Irani (2017) and [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF]. The first experiment aimed at assessing the consistency and accuracy of our approach based on the number of corrected digit intended to be entered by the users and the effective entered digits. The experiment had four goals. First, we explored the accuracy and robustness of the aforementioned algorithms for PIN entry context. Secondly, we investigated the effect of the digits' trajectory lengths based on the number of corrected digits detected by
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the algorithms. This serves to better understand the impact of using the whole digits trajectories or using reduced trajectories. Third, we inspected three different speeds based on the algorithms recognition rate, in order to understand how the speed levels affect the accuracy of the algorithms. Finally, we verified the effect of speed and trajectory length on the number of undetected digits and the number of false activations.

Participants and Apparatus

12 participants (5 females) took part in the experiment. Their age varied between 17 and 32 (M=28,5, SD=4.7) and they were active mobile phone users. Two participants were wearing glasses. Five participants had already used an eye-tracking system.

A C# desktop software was built for the experiment, running on a XPS 15 9530 Dell Laptop 64 bits1 , 16 GB of Random Access Memory. We used a 24 inches Dell 2408WFP screen 2 which has a resolution of 1920x1200 pixels and 24 milliseconds response time. The interface was shown on a desktop application (as to simulate an ATM). Participants were sitting at ∼75 cm from the screen.

Design

The experiment was conducted in a controlled lab setting at our institution. We ensured that the same setup was applied to all participants. The experimental room has no window, the light was controlled. Only one eye camera 3 obtained from the head-worn Pupil Labs Eye tracker [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF] was used. The method doesn't necessitate a world camera because only raw pupil center positions were recorded. No calibration was done for the experiment. The data collection was processed at 114 frames per second on average, the remaining 6 frames were lost due to the processing of the pupil detection algorithm. The gaze position accuracy is 0.4°according to the manufacturer. We arranged a scenario in which a random digit is provided by the system and we asked the participant to enter the selected digit by following the red stimulus moving on its shape.

The study was structured as a 4 × 2 × 3 repeated measures within-subjects design wherein each participant completed all the conditions. We investigated the following independent variables:

• Algorithm: We explored the accuracy of the RV coefficient, 1$ recognizer, Levenshtein distance algorithm and the accuracy of the combination of the three precedent algorithms.

• Path: Two different path lengths were tested. The whole path scenarios in which each moving target travels the whole trajectory, and the scenario wherein the moving target follows the reduced trajectory obtained from the simulated annealing solution. 
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• Moving target Speed : We considered three levels of speed. The targets were moving at slow speed (6°, 7.8 cm, 294.80 pix)/s, medium (10°/s, 13.22 cm, 499.65 pixel/s) and fast (14°/s, 18.69 cm, 706.39 pixel/s) speeds.

The order of the condition was counterbalanced using a partial Latin-square design. The dependent variables used in this experiment were the number of corrected digits guessed by the algorithms, the number of incorrect digits (false activations) and the rate of undetected digits.

We asked each participant to enter ten digits. Consequently, each participant performed 2 Path Lengths × 3 Moving target speeds × 10 digits = 60 trials. The same data were used to compute the coefficient of the four different algorithms corresponding to 4 × 60 trials = 240 records for each participant, for a total of 240 × 12 participants = 2880 records.

Procedure

Upon arrival, the participant was handed a demographic questionnaire and asked to sign a consent form. The global procedure was explained and written instructions were given to the participant. When he finished reading the instructions, the task began. The experimenter launched the desktop application on which the moving stimuli followed their respective path as explained in section 5.2. Before the first trial, the participant was instructed to take a moment to get familiar with the moving stimuli paths and the interaction. When ready, the data collection started.

The experiment facilitator pressed the keyboard space bar to collect the eye movements data.

After the data is collected, an asterisk symbol is drawn as a visual feedback. We asked the participant to take a pause after every three consecutive trials to reduce fatigue effects. The participant performed 60 trials ( 2 Path Lengths × 3 Moving target speeds × 10 digits to select). The experiment lasted around 35 minutes for each participant. The algorithms check if the data is correctly collected and provide the guessed digits for further analysis. In addition to the guessed digit, the recognition coefficients for each algorithm along with the x and y eye and digit's coordinates are stored. The order of each trial is chosen randomly in order to minimize learning effects. After the trials were completed, the participant filled a NASA Task Load Index questionnaire for qualitative evaluation.

Results and Discussion

We performed a factorial ANOVA test with Greenhouse Geisser and Bonferroni correction. We computed the detection rates of all algorithms and we tested for effect on these metrics. Data from 6 trials were removed because of the bad pupil center tracking quality from a participant who wore eye mascara. The removed records concerned the entries of the digit 9 and 0 for the third-speed scenario. A main significant effect of Moving dot speed on detected digits was found (F(2,9)=12.26, p < .001). Post-hoc analysis showed that the comparison between level of speeds were significantly different (p < .0001). There was no statistically significant difference in mean detected digits between the whole and reduced Path (F(1,9)=.32, p = .56) (Figure 5.10). No speed × Path interaction was found (p = .38). Descriptive statistics (Figure 5.11-a) showed that on average, the four algorithms together have detected 87.1% correct digit entries using the 6°/s velocity (V3), 74% correct digit entries using the 10°/s velocity (V2) and 62%

5.4. Experiment 2: Evaluation of shoulder surfing attacks 97 correct digit entries using the 14°/s velocity (V1) for the global trajectories scenario. For the reduced trajectories (Figure 5.11-b), the algorithms have detected 88%, 76% and 70% correct digit entries using V3, V2 and V1 respectively. The configuration involving the whole and simulated annealing paths coupled with the slowest speed (6°/s) demonstrated the best results.

Consequently, using the whole trajectory is not mandatory to enable entering digits which is in line with our expectations. Figure 5.11: (a) The successful recognition rate is higher when the dot is moving at V3 for both the complete and simulated annealing trajectories lengths.

Experiment 2: Evaluation of shoulder surfing attacks

Experiments 1 investigated the effect of moving targets' speed and path lengths on the detection rate of the similarity algorithms. In this experiment, we evaluate PathWord against shoulder surfing attacks on a mobile device and explore to what extent attackers can steal PINs while users are authenticating. We run a pilot study, combined with methods of previous studies [START_REF] Khamis | They Are All After You: Investigating the Viability of a Threat Model That Involves Multiple Shoulder Surfers[END_REF]Khamis, Alt, et al., 2016) to chose numbers and relative position of attackers. We test the effect of the number of attackers on the number of digits recognized by attacker(s). We consider the adequate parameters obtained from the first experiment, namely the simulated annealing result's path length coupled with low speed (6°/s).

Method and apparatus

The apparatus consisted of an Android mobile phone running the 7.0 (Nougat) operating system. The pupil positions were captured using a single eye camera as described in study 1.

Experimental software was developed in Java with the Android SDK.

Movements

Participants

We recruited 42 participants for this experiment (36 M) aging from 17 to 36. The participants were students and administrative assistants. 1 participant wore glasses, 2 wore contact lenses and 2 had already participated in an experiment with an eye tracking system.

Design

Participants were instructed to enter a PIN by following the moving stimuli as accurately as possible. For each digit selection, the participant had to cover the back camera with her finger then follow the stimuli with her eyes. To complete a PIN entry, the participant repeated the same scenario for the four digits. Each PIN entry session was recorded with 1,2 or 3 cameras.

We explored the number of stolen PINs by elaborating three different attack configurations:

1 attacker configuration: In this scenario, one participant is asked to authenticate while a camera (simulating attacker A1) is recording the digits. The Camera A1 was placed at 1.5 m from P1 as shown in Figure 5.12a.

2 attackers configuration: The participant (P1) is authenticating while two Cameras (C1 and C2) are recording (Figure 5.12b). C1 was placed as in the scenario 1 and C2 was placed behind P1. In this scenario, we investigated cases where two persons agreed to proceed to a shoulder surfing attack to steal a PIN.

3 attackers configuration: P1 is authenticating while C1, C2, and C3 were recording (Figure 5.12c). C1 and C2 were placed as in the scenario 2 and C3 was placed at a position diametrically opposed to C2. This scenario is rare, but we evaluated the robustness of the method against more sophisticated shoulder surfing attacks.

Before starting, the participants were asked to sign a consent form. The experiment facilitator explained how to enter a PIN and took one minute to give examples of the back of the device and eye gesture interaction. As such, we gave participants a few minutes to gain familiarity with the system and get accustomed to the novel interactions. Afterward, the shoulder surfing attack purpose was explained to the attackers. The eye movements were recorded with a head-worn Pupil Labs Eye camera [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. No calibration was done, only raw pupil center positions data were recorded. The study was configured as a 3×2

within-subjects factorial design. The independent variables were the attack configuration : 1, 2 or 3 attackers and the input technique: PathWord and baseline (standard PIN entry method).

Participants filled NASA-TLX worksheets after the experiment.

Hypothesis and dependent variables

The hypothesis was H1: Successful attacks would be lower for PathWord than for standard PIN entry method. Detection success is the main dependent variable and is defined as the ability for the attacker(s) to successfully detect the PIN a user was intending to enter when authenticating. Trials where the user's pupil was not correctly detected, were removed from the analysis. 

Procedure

Each participant was given a random PIN consisting of 4 digits. For the baseline procedure, the participant was asked to enter the PIN with his finger as in traditional systems. For PathWord, we ensured that the eye tracker was correctly attached and that the pupil positions were correctly tracked. We used the 3D detector of the Pupil Capture software [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. During each procedure, the experimenter recorded the participants' action as described in section 5.4.3. Each procedure was repeated 4 times for each attack configuration. For each session, 3 attacks configurations × 2 techniques × 4 repetitions were gathered, resulting in 24 × 42 participants = 1008 trials recorded. Each session lasted ∼10 minutes. After the recording was completed, participants were asked to fill a questionnaire.

Analysis The experiment was a 3×2 within-subjects design, with categorical factors for method (baseline, PathWord) and attack configuration (A1,A2,A3). We gave the recorded video to the next participants to try to guess the PIN P1 was intending to enter. The response measure was the successful attacks (stolen PIN). Since the response was dichotomous, i.e took one of only two possible values representing success or failure (coded 1 if a PIN is correctly detected and 0 otherwise), a binary logistic regression was well-suited to these data and was therefore used.

The basic aim of our analysis was to describe the way in which stolen PINs (detected) varied by method and attack configuration employed.

Results

Effect of Input technique

The overall successful attacks was 92.85% (SD±. the likelihood that participants have their PIN stolen. The logistic regression model revealed a significant main effect of technique on detection success (χ 2 (1) = 57.96, p < .0001). As shown in Figure 5.14, it was far harder for attackers to steal PINs entered with PathWord. Both Baseline and PathWord detection rate improved as the number of attackers increased, from 83.33% (SD=2.35) and 2.38% (2.72) to 100% (1.5) and 7.14% (4.8) respectively. However, in all the three attack configurations, PathWord resulted in fewer stolen PINs. These results suggested an important decrease of stolen PIN using PathWord compared to the standard input technique (Baseline). As a result H1 is confirmed. No technique × attack interaction was found on detection success (p > .5).

Effect of Attack Configuration

The more the number of attackers, the more stolen PINs we obtained. Aggregating Baseline and PathWord results for each configuration, we obtained 50% (SD ±.53) and 53.57% (±.51) successful attacks for 2 and 3 attackers configuration respectively. The 1 attacker-configuration was less successful, with 42.85% (±.49) stolen PINs. Analysis showed no significant main effect of attack configuration on detection success (χ 2 (1) = 3.6, p > .1). Post-hoc analysis showed a significant differences between 2 and 3 attackers-configuration (χ 2 (1) = 3.48, p±.001), no differences were found between 1 and 3 attackers-configuration (p > .25), and between 1 and 2 attackers-configurations(p > .05). However, descriptive analysis (Figure 5.14 showed that the scenario involving 3 attackers resulted in more detected PINs. 

Usability and Mental Workload

In the following, we were interested in the usability and mental workload using PathWord compared to Baseline, replicating the evaluation by [START_REF] Langlotz | ChromaGlasses: Computational Glasses for Compensating Colour Blindness[END_REF]. The independent variable was the technique with 2 levels (PathWord and Baseline). We used the results of the NASA TLX and a customized SUS questionnaire, filled by the same cohort of participants in study 2 as the dependent variables. We hypothesized that PathWord and Baseline techniques have similar mental workload (H2) and efficiency (H3).

Results: Statistical analysis was conducted using the nonparametric Aligned Rank Transform (ART) [START_REF] Wobbrock | The Aligned Rank Transform for Nonparametric Factorial Analyses Using Only Anova Procedures[END_REF] which enables the use of ANOVA for non-parametric factorial data. Overall, we found a significant main effect of input technique on the results of NASA TLX and SUS (p < 0.001). As a result, we have to reject H2. The analysis of the NASA-TLX revealed significant effects for mental (p < .05) and physical demand (p < .05).

Post-hoc analysis showed that PathWord was considered as the most secure system compared to Baseline (p < .05). However, 82% participants stated that they would rather use Baseline for everyday use because of the input rapidity. The majority of the participants (96.87%) found useful to use PathWord to unlock their system, especially if the system manages potential private information (e.g. ATM). Of the 42 participants, 9 preferred to have the ability to select the authenticating type. The reasons for this preference is that there are situations where the user is not observed. In this case, the traditional password entry method is more interesting in terms of rapidity and flexibility. It may be more appropriate to activate a PathWord entry method mode when people are in the vicinity of the user. Participant 2, an expert in security, suggested using our approach to enable entering card credentials on sales websites to reduce key-logger threats.

Overall, some users deplored the time it takes (1.5 × 4 digits = 6 seconds) compared to the standard input modalities. Other users find it fun and were convinced of the security benefits of this approach. From our experiment, it is clear that PathWord resulted in fewer stolen PINs (97.62% undetected PINs for 1 attacker-configuration), outperforming the standard entry method (16.67%). The results are accentuated by the fact that PathWord relies on small eye drift to enter the PIN, making it difficult and tedious for an attacker to be aware of the digits the user was intending to enter.

Discussion

The moving stimuli speed significantly affected the recognition rate. We found that V3 resulted 5.6. Limitations 103 in the best accuracy. This may be because at V1 and V2, the moving dots were moving so fast that users make saccadic eye movements to catch up the moving dot, circumventing smooth pursuit which is the base of the input method. This was confirmed by a participant who clearly stated that he could not follow the stimulus at V1 and V2. At V3 however, the speed was neither too fast nor too slow, thus resulting in an adequate parameter for higher recognition. These parameters may need to be personalized in an actual deployment. Notice that, the interface of Path can be changed to accomodate to the need of the user or the designer. For example, if we want to increase the difference between two digits having similar parts, the UI could display different targets' color alternatively (Figure 5.16). Moreover, the shape of the moving targets could be elongated instead of a circle (Figure 5.15 versus Figure 5.17).

Limitations

Our method focused on digits entry capability because current PIN authentication interfaces still heavily incorporate only digits from 0 to 9 (e.g, mobile phone, credit card cryptogram, ATM).

However, detection rate can differ for alphabet-based passwords as there are more individuals in such cases, thus more alphabets that can have similar shape before (e.g, 0 ≈ o ) and after applying the simulated annealing to reduce the individuals' trajectories length (e.g, a part of o ≈ c , a part of m ≈ n ). These conditions outlines challenging issue, that is, finding proper variabilities among characters (letters, digits and even special characters) and we are investigating this interesting perspective for future works. Results so far have been encouraging

but there is still a need to address limitations in both the pupil and its center detection. First, pupil center detection methods still face problems caused by lighting conditions, contact lenses, glasses or head pose. This makes the method prone to false positives, yielding unintended digits' entry.

In addition, PathWord provides an efficient way to enter a PIN code at the expense of sacrificing the time required using traditional inputs. Moreover, the digits must have an acceptable size otherwise the center positions of the pupil will appear to be static or unchanged. This problem may also occur when the user interface is located far away from the user. However, as most users hold their mobile device in their hand and interact with ATMs using finger touch, such distances are applicable for PathWord as it was demonstrated in the previous experiments. Also, it is much easier to install an eye tracking system at withdrawal-payment points than using mobile phones.

A substitute of the back-of-the-device modality for ATMs may be a mobile icon that the user would follow before starting data collection for the PIN. However, as we have not focused on attacks in Experiment 1 (ATM), we did not implement it and we plan to propose a new modality in future work.

Conclusion

We presented PathWord, a novel multimodal PIN input approach that exploits back-of-device activation and user's gaze for digit selection. This chapter contributes to authentication methods resistant to shoulder surfing attacks. We first showed that our input recognition algorithm is
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sufficiently accurate to be used as a viable approach. Second, we provide evidence that our technique allows users to enter code digits with a sufficient security level. Since PathWord removes the use of the on-screen touch to interact with the device, it also allows reducing keylogger and smudge threats. Our technique is applicable to both mobile and desktop application and opens new possibilities for text-entry. For future work, we plan to investigate additional computation techniques to speed-up entry recognitions. As such, we would like to target a system where such input modalities can be applied to different application domains. We believe that our technique can provide a possible alternative for disabled people and text input at large. 
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Eye Gestures in Mixed Reality Environment

In this chapter, we describe smooth pursuit eye movements interaction in a mixed reality environment, based on the user interface of the previous chapter. Since the beginning of augmented reality applications, interaction with objects in the user's field of view has raised many questions. The advent of virtual and mixed reality devices increased the need for proposing new ways of interacting in these new environments (tap, bloom gestures, etc.). In certain situations, the user must use additional hardware accessories. For example, the Hololens-a Microsoft mixed reality device requires a pair of motion controllers that are connected using Bluetooth Low Energy (BTLE). The HoloLens Clicker is also used to select and scroll with minimal hand motion as a replacement for the air-tap gesture. Entering sensitive information is at high risk with these systems, but since many of them already propose the capability of using gaze, it is interesting to investigate how the eyes could be used to replace those controllers for simple tasks like entering a password.

Additionally, selection by pointing is the underlying input modality for most of the applications in augmented, virtual and mixed reality environments. There exist several problems within these environments that reduce the benefit of using a pointer as on a display screen, and most of them are related to view management. One important issue is object visiblity. If there is a transparent object in front of the desired object and both objects can be selected, the first object that is crossed by the pointer ray will be selected. However, using smooth pursuit eye movements, the target of both objects can move in a different direction making it possible to select the desired object that is located behind the transparent object. In general, even a single text could hinder the desired object.

Using a simple approach, we demonstrate that eye gestures could provide a highly accurate interaction modality in a mixed reality environment. Such interaction has been proposed for Chapter 6. Eye Gestures in Mixed Reality Environment desktop and mobile devices. Recently, Gaze gesture has gained a special interest in Human-Computer Interaction and granted new interaction possibilities, particularly for accessibility.

We introduce a new approach to investigate how gaze tracking technologies could help interacting with computing devices. For example, for people with ALS or other motor impairments.

In this chapter, we propose a touch-free, eye movement based entry mechanism for mixed reality environments that can be used without any prior calibration. We evaluate the usability of the system with 7 participants, describe the implementation of the method and discuss its advantages over traditional input modalities. The standard hand gesture interactions in a mixed reality environment have been successfully used in a great number of applications [START_REF] Chaconas | An Evaluation of Bimanual Gestures on the Microsoft HoloLens[END_REF][START_REF] Piumsomboon | User-defined Gestures for Augmented Reality[END_REF], for example in virtual text entry (Figure 6.1). Yet, despite its effectiveness, many questions still persist. For example, how could we extend the interactions for accessibility. In addition, the input methods proposed in traditional systems are tedious, uncomfortable and often suffer from spatial positioning accuracy [START_REF] Kytö | Pinpointing: Precise Head-and Eye-Based Target Selection for Augmented Reality[END_REF]. Not surprisingly, people with body weaknesses, poor coordination, lack of muscle control or motor impairments could not rely on these conventional hand gestures to communicate with computing devices. For these persons, other means or input are required. Generally, the eye muscles are not affected and could be used for interacting with systems (X. [START_REF] Zhang | Smartphone-Based Gaze Gesture Communication for People with Motor Disabilities[END_REF]. In this work, we focus on a touch-free gesture interaction that builds on smooth pursuit eye movement, similar to the technique presented in the previous chapter. Smooth pursuit is a bodily function which allows maintaining a moving object in the fovea. The advantage of this eye movement is that users can perform it voluntarily in contrast to other types of eye movements, i.e., saccade and fixation [START_REF] Collewijn | Human smooth and saccadic eye movements during voluntary pursuit of different target motions on different backgrounds[END_REF]. For example, blinking has been proposed as an interaction technique [START_REF] Mistry | SixthSense: A Wearable Gestural Interface[END_REF]. However, human often blinks subconsciously in Chapter 6. Eye Gestures in Mixed Reality Environment 111 order to protect the eyes from external irritants or spread tears across the cornea. To implement our approach, we leverage two simple modules. The user pupil center location and the user interface that draws the trajectories of the moving stimuli. Pupil images are captured using a Pupil Labs Eye camera [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. The Hololens serves as the mixed reality device. Therefore, the user interface is displayed in the Hololens field of view (FOV).

Let p i ∈ R 2 be the x, y-coordinates of the i-th pupil center position in the camera frame I. Then the vector P = (p 1 , p 2 , . . . , p n ) ∈ R 2n denotes the pupil center positions in I during a smooth pursuit movement. Notice that we do not use the world camera of the eye tracker and no prior calibration is performed (for additional details, please refer to chapter 5). We will comment shortly on the pupil center detection algorithm. The second module is the evolution of the moving stimuli with time. We will only consider the case of a constant speed v = const. However, the speed of the moving stimuli could be accelerated or decelerated. The Pearson's correlation is used to calculate the correlation between the pupil center locations and the targets' stimuli positions [START_REF] Velloso | Circular Orbits Detection for Gaze Interaction Using 2D Correlation and Profile Matching Algorithms[END_REF]. The results show that our approach is not affected by geometrical transformations (scaling, rotation and translation), at least, when the trajectories are in the field of view of the user. To illustrate our approach, we investigate the specific case of PIN entry. PINs are traditionally entered using key pressing or touch input. In a mixed reality environment, a virtual keyboard appears in the FOV and is used as an input modality. People with motor disabilities are often helped by an assistant, even for entering a password in a system.

This reduces considerably their privacy and this work could help to fill this gap.

This work builds upon recent studies in eye movement research. The use of eye movement in Human-Computer interfaces systems such as PDAs, ATMs, smartphones, and computers has been well studied [START_REF] Feit | Toward Everyday Gaze Input: Accuracy and Precision of Eye Tracking and Implications for Design[END_REF]. Smooth pursuit, scanpath, saccades, and vestibulo-ocular reflex are some of the common ways to use gaze gestures in order to interact with a system.

Recently, there has been a great variety of cheap eye-tracking systems that enable estimating user gaze position accurately [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. Eye gaze interactions have been proposed as a reliable input modality (X. [START_REF] Zhang | Smartphone-Based Gaze Gesture Communication for People with Motor Disabilities[END_REF], especially for people with motor impairments. The Dwell method which allows selecting a target after a predefined time is one of the most used methods [START_REF] Mott | Improving Dwell-Based Gaze Typing with Dynamic, Cascading Dwell Times[END_REF]. However, this approach requires a prior calibration session where the user fixates on a series of stimuli placed at different locations (T. Santini, Fuhl, and Kasneci, 2017a). The most accurate systems require a 9-points calibration before the gaze direction is accurately estimated [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. In this work, we investigate a novel calibration-free approach that leverages the potential of smooth pursuit eye movement to select a target by following its movement. In addition, the dwell approach is limited by the time threshold. For example, if the threshold is defined for 200 ms, the user cannot fixate on a target for more than 200 ms, otherwise, a selection is triggered. Recently smooth pursuit eye movement has allowed a calibration-free gaze-based interaction. In SmoothMoves, [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] computed the correlation between targets on-screen movements and user's head movement for selection. [START_REF] Delamare | Designing a Gaze Gesture Guiding System[END_REF] proposed G3, a system for selecting different tasks based on the relative movements of the eyes. Orbits [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] and PathWord [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF] allowed selecting a target by matching its movement. Subsequently, a great number of applications using smooth pursuit have been proposed. See [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] for a review.

Implementation

We use a Microsoft Hololens with a Pupil Labs Eye tracker. The device is equipped with one eye camera 1 . The computer vision algorithms used to detect and track the pupil center positions reduced the frame rate by 5%. A C# desktop software was built using the EmguCv 3. 

Overview of the Method

Digits provide a useful and simple way to enter a password in a system. The method has been efficiently implemented on mobile devices to protect users against shoulder surfing and smudge attacks in chapter 5 [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF]. We examine the method in a mixed reality environment. Numbers from zero to nine are drawn on the user interface using simple mathematical formulas (Circles and Lines equation only, see Figure 6.5). For instance, the digit 3 consists of two half circles and the digit 2 is drawn using a three-quarter circle, another quarter circle and a segment between two points (Figure 6.5). The remaining digits are drawn similarly. A moving stimulus (blue circle in Figure 6.2) is displayed on each digit and moves along the trajectory defined by the digit. Therefore, whenever the user needs to select a digit, he carefully follows the moving stimuli (Figure 6.3B) that moves on the digit's shape. While following the stimulus, the user pupil center moves accordingly and implicitly draws the shape of the digit. The 2D points representing the pupil trajectory P = (p 1 , p 2 , . . . , p n ) ∈ R 2n are compared against every digit in order to select the best match. The digit which points are more correlated in both x and y-axes, is likely to be the selected number. However, to avoid false activation and subsequent errors, the correlations must exceed a predefined threshold. On a scale of -1 to 1, we set the threshold to 0.82 based on a pilot study with participants. Remarkably, since the stimuli are moving constantly, the probability to start following it, at the start of its trajectory is very low. In most cases, the user will start following the stimulus after it has already started its movement. However, the simple mathematical shapes used to draw the digits allow obtaining a unique representation for every digit. The lengths of each digit in x and y-axes are different, that is, the number of points used to draw each digit is different. For instance, the digit 1 is drawn with fewer points than the digit 8 . The unique form of the shapes on 1-dimension (x-or y-axis only) is sufficient to obtain accurate results, however, in order to make the algorithm more robust, we used both axes, that is, the correlation in both x and y axes are calculated. 

Interaction and Metric

Figure 6.2 shows the user interface of the proposed approach. The user selects a single digit by following the blue stimulus moving on its shape using their eye. For example, inserting the PIN 2 1 8 7 , begins by following the blue stimulus moving on the shape defined by the digit 2 in the user interface (Figure 6.3). Thereafter, the subsequent digits are selected similarly. Since the blue circle moves gradually at a constant velocity, the pupil positions of the user change accordingly in the eye camera imaging frame. The positions of the blue circles on all digits along with the positions of the pupil centers are stored for further processing. A mathematical measurement that gives the strength of the linear association between two sets of data is computed. This measure is the Pearson product-moment correlation coefficient (Mélodie Vidal, Bulling, and Gellersen, 2013c), named in honor of the English statistician Karl Pearson (1857[START_REF] Fisher | The use of multiple measurements in taxonomic problems[END_REF]. Previous work used this metric, and to the best of our knowledge, [START_REF] Vidal | Pursuits: Spontaneous Interaction with Displays Based on Smooth Pursuit Eye Movement and Moving Targets[END_REF] were the first to initiate this approach for eye tracking interaction. Examples of high (Figure 6.6) and low (Figure 6.7) pupiltarget stimulus correlations are shown below. Initially, the pupil center of the subject is detected and tracked by the infrared camera. An accurate pupil center detection is essential in this prototype. The pupil detection algorithm implemented in this study locates the features of the dark pupil present in the IR illuminated eye camera frame. The algorithm is implemented so that the user can move their head freely, thus, we do not use pupil corneal reflection to compensate small head movements. A 640 × 480 frame is grabbed from the IR illuminated eye camera. The image pixels color are thus converted from 3 channels RGB color space to 1-channel gray intensity value. The grayscale image is, afterward, used for automatic pupil area detection. We call this part automatic thresholding:

x-values y-values

X-values Y-values

starting with a user-defined threshold value T = 21 chosen experimentally, thresholding is used to create a binary image. T must be comprised between 0 and 255. Thresholding consists of replacing each pixel of a grayscale image into black or white. The pixel which has a gray intensity value smaller than the defined threshold (I(i,j) < T) is transformed into black and the pixel having a gray value intensity greater than the threshold (I(i,j) > T) is transformed into black. Since people have different pupil darkness, the user is allowed to define a range of black pixels that will define t heir pupil p ixels. By d efault, we s et a range r = [2000-4000] (chosen empirically). The algorithm checks if the number of black pixels is included in that range. If so, the next step of the pupil detection process is executed, otherwise, the defined threshold value is incremented and the algorithm checks again if the number of black pixels is included in that range. The process is repeated again until the number of black pixels is included in the range.

However, it is important to note that choosing a high value for the range's maximum value may lead to an increase or number of false black pixel appertaining to the pupil. Choosing a small value for the range's minimum may lead to getting small pupil area, thus providing an inaccurate pupil center. If a pupil area is found, the algorithm detects closed contours in the thresholded image Using [START_REF] Fitzgibbon | Direct least square fitting of ellipses[END_REF] algorithm (Figure 6.8), the ellipse that best fits, in a least-square sense, each contour found in the thresholded image is detected (step 4 of Figure 6.8). The center is then saved. The convex Hull [START_REF] Sklansky | Finding the Convex Hull of a Simple Polygon[END_REF] of the points representing each contour is found. The Convex Hull that has the highest isometric quotient, i.e. the best circularity is considered as the one representing the pupil. Its corresponding best fit ellipse center is stored as the pupil center for this frame. 

Pilot Study Results

We have investigated the perceived task load of the technique using a NASA-TLX questionnaire. 7 healthy participants (4 females) were recruited for the experiment. a 5-minutes acquaintance period was given to the participants in order to be familiar with the interaction.

The tasks were counterbalanced to reduce learning effects. The primary results indicated that, among the feature tested, the frustration gave the lowest work load as shown in Figure 6.9, (µ = 4.16, σ = 3.81). The highest load was obtained for Effort (µ = 11.66, σ = 3.72). During the individual interview with the participants, we found that they indicated a high effort load because this is their first smooth pursuit interaction attempt. The remaining perceived loads were as follows: µ Mental = 9.0 (σ Mental = 4.33), µ Physical = 8.33 (σ Physical = 6.15), µ Temporal = 8.83 (σ Temporal = 4.21), µ Per f ormance = 7.5 (σ Mental = 4.41). It can be noted that the effort could be reduced by changing different parameters of the algorithm, for example, the size or the orientation of the targets. In addition, the speed could be modified for each user. 

Limitations

Our approach suffers from common known issues. For example, Lighting conditions, head poses, and eyelashes reduce the accuracy of the pupil detection. Moreover, the digits must have an acceptable size, otherwise, the pupil center positions will appear to be static or unchanged.

This problem may also occur when the user interface is displayed far from the user FOV. We tested our approach with 7 participants and although the initial feedbacks are positive and encouraging, we plan to conduct an experiment in real-world scenarios and report the results in follow-up studies. As we are improving the system, we are implementing algorithms and methods to detect the digits faster. In addition, the algorithm was tested with user with full mobility.

Additional evaluation will help understand the effectiveness of the approach in real-world scenarios with subjects restricted in their motor skills.

Conclusion

In this chapter, we presented and investigated the perceived task load of a novel eye-based interaction entry that uses smooth pursuit eye movement in a mixed-reality environment. A key point of this paradigm is that a selection implies that the user has followed a moving target, thus eliminating the Midas touch problem. Other applications may benefit from this interaction technique, for example entering a flight level in a virtual Air Traffic Control Simulator. Future work will explore digits recognition time and investigate the potential of this method on alphanumeric characters. 
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EyeFlow: Pursuit Interactions Using an Unmodified Camera

Eye-tracking researchers are continually looking for new models and approaches that either increase the accuracy of the existing devices or easier the employed techniques. This desire dates back to 1878 when Javal (1878) was searching for tools that would allow him to analyze the movements of the eyes while the user is performing different tasks (e.g, reading). When eye-tracking systems were first developed, the public wondered whether such systems might be widely used. This interrogation was often raised because of the heavy and intrusive aspect of the existing eye-tracking systems at the time. Today, eye movements research is a thriving domain with several practical research thematics. The intrusiveness of the system was replaced with the advent of new hardware (e.g, HD cameras), and the problems of estimating the gaze position were described with conceptual mathematical rules. One of the challenges in eye movements research is still to develop cheaper eye-tracking systems. This can be done by searching for methods that could facilitate the detection of the eye movements. Many gaze estimation approaches were tackled based on the pupil (or iris) center detection. This chapter is about a solution to one step of the gaze estimation pipeline, that is, the stage of the pupil and pupil center detection. At this point, this approach applies to pursuits interaction. In the two previous chapters (Chapter 5 and Chapter 6), we have substantially talked about a smooth pursuit interaction technique. By gathering data from different participants and knowledge from experience, we found that the need for the pupil (or iris) center detection can be obviated for pursuits interaction or even smooth pursuit eye movements analysis.

In this chaper, we investigate the smooth pursuit eye movement based interaction using an unmodified off-the-shelf RGB camera. In each pair of sequential video frames, we compute the indicative direction of the eye movement by analyzing flow vectors obtained using the Lucas-Kanade optical flow algorithm. We discuss how carefully selected flow vectors could replace the traditional pupil centers detection in smooth pursuit interaction. We examine implications of unused features in the eye camera imaging frame as potential elements for detecting gaze gestures (Figure 7.2). This simple approach is easy to implement and abstains from many of the complexities of pupil based approaches. In particular, EyeFlow does not call for either a 3D pupil model or 2D pupil detection to track the pupil center location. We compare this method to state-of-the-art approaches and find that this can enable pursuit interactions with standard cameras. Results from the evaluation with 12 users data yield an accuracy that compares to previous studies. In addition, the benefit of this work is that the approach does not necessitate highly matured computer vision algorithms and expensive IR-pass cameras.

Gaze gestures have been studied for decades in human-computer interaction. The idea of interacting using eye movements appeared as early as 1983 (M. B. [START_REF] Friedman | Eyetracker communication system[END_REF]. Recently, advances in calibration-free eye tracking interaction paved the way for more natural gaze-input modality. In particular, the introduction of pupil-target correlation produced highly accurate interaction using remote eye trackers [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF] and head-worn eye trackers with smartwatches [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF], mixed reality [START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF] and mobile phones [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF]Khamis, Alt, et al., 2016). Despite these advances, pursuit interaction still requires the detection of the pupil center which may be subject to inaccuracy due to the environment, lighting, head poses and tracking devices. While remote eye trackers allow estimating user gaze with high accuracy on computer screens, they are limited to their narrow field-of-view and cannot be used with smaller surfaces (e.g., smartwatches). Eye tracking devices are used in experiments involving humans, even including infants [START_REF] Gilani | Multimodal Dialogue Management for Multiparty Interaction with Infants[END_REF][START_REF] Franchak | Head-Mounted Eye Tracking: A New Method to Describe Infant Looking[END_REF], that must not be harmed. Most pupil detection algorithms rely on head mounted eye cameras using an infrared light emitter attached next to the eye camera in order to seamlessly extract the pupil from the iris area in the imaging frame (Figure 7.1).

The illuminating of these infrared emitters has not been shown to prevent any occasional harm on human eyes [START_REF] Soderberg | Does infrared or ultraviolet light damage the lens?[END_REF][START_REF] Aly | Effect of infrared radiation on the lens[END_REF]. Additionally, the costs of these .2: Features in the eye image that serve to track the movements of the eye. The approach is developed for normal RGB images, but this image is from the PupilLabs' eye-tracking system. We show that this approach is also applicable for standard eye-tracking systems (with IR-pass filters). Notice the apparition of light reflections at the bottom-right. Also, notice that there are outliers coming from the pixels of the skin (Up-left). In the remaining of this chapter, we will use a normal RGB camera since we want to show that modified eye-trackers' cameras can be replaced by normal RGB cameras.

devices remain high, compared to systems based on RGB cameras. Furthermore, infrared illumination makes eye movement more detectable, but limits outdoor usage due to the interference from the strong infrared in sunlight (X. [START_REF] Zhang | Smartphone-Based Gaze Gesture Communication for People with Motor Disabilities[END_REF]. Therefore, instead of directly detecting the pupil center position, our approach relies solely on the global motion of the eye using an unmodified camera. However, a fundamental issue faced when using low-cost RGB cameras is that state-of-the-art pupil detection algorithms fail to detect the pupil center since the pupil/iris contrast is often too subtle and almost nonexistent for the darkest irises. In this work, we propose a method which obviates the need for detecting the pupil and runs entirely with an unmodified camera. Our approach does not require any infrared illumination or highly developed computer vision techniques. We exploit and carefully select features obtained from the motion of the eye area in the camera and investigate the global eye movement from the pixel displacement of the eye camera.

Contribution Statement

The contribution of this chapter is threefold: (1) we provide the first attempt of detecting smooth pursuit movement without explicitly detecting the pupil location, using an unmodified camera, (2) we provide technical details of detecting the directions of the eye movement based on flow vectors obtained using an optical flow algorithm . (3) Finally, we report on a user study that investigates the accuracy of the proposed approach compared to current techniques.

Related Works

A Reminder of Smooth Pursuit Works

Pursuit interaction has become the prevailing means of interacting with moving targets.It consists of displaying and selecting moving targets by following their movement. Mélodie Vidal, Bulling, and Gellersen (2013c) were the first to introduce this approach for public displays.

Follow-up implementations were proposed by the community. In particular, [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] established a remote pursuit based interaction for smartwatches. The technique was also adopted for semaphoric gaze gesture through the Hololens (Delamare, T. Han, and Irani, 2017), augmented reality [START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF][START_REF] Kytö | Pinpointing: Precise Head-and Eye-Based Target Selection for Augmented Reality[END_REF], eye tracking calibration [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF][START_REF] Hassoumi | Uncertainty visualization of gaze estimation to support operator-controlled calibration[END_REF] cognitive workload evaluations [START_REF] Thomas | Your Eyes Tell: Leveraging Smooth Pursuit for Assessing Cognitive Workload[END_REF]. In the other hand, [START_REF] Cymek | Entering PIN codes by smooth pursuit eye movements[END_REF] and [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF] used pursuit interaction for authentication. However, all theses approaches relied on an IR-pass eye tracking system. In contrast, EyeFlow avoids the difficulty of tracking the exact pupil location. Only the motion of the eye in the camera, if present, is retrieved using the Lucas-Kanade optical low algorithm. It is noted that whilst Lucas-Kanade optical low has been used to track objects, human poses, head movements, and limbus boundary for Optokinetic nystagmus detection [START_REF] Turuwhenua | A method for detecting optokinetic nystagmus based on the optic flow of the limbus[END_REF], we are not aware of a paradigm using this technique for smooth pursuit movement extraction or eye tracking interaction.

7.1. Related Works 125

Optical Flow

Optical Flow is widely used in motion detection [START_REF] Yin | GeoNet: Unsupervised Learning of Dense Depth, Optical Flow and Camera Pose[END_REF] action recognition in static (R. [START_REF] Gao | Im2Flow: Motion Hallucination From Static Images for Action Recognition[END_REF] and video [START_REF] Choutas | PoTion: Pose MoTion Representation for Action Recognition[END_REF] images, 3D tracking [START_REF] Wilson | CrossMotion: Fusing Device and Image Motion for User Identification, Tracking and Device Association[END_REF], etc. A close work to Eyeflow is TraceMatch [START_REF] Clarke | Trace-Match: A Computer Vision Technique for User Input by Tracing of Animated Controls[END_REF], which used hand or head movements to simulate remote control interaction. Features are detected using the FAST feature detector, in contrast to our approach which uses the overall indicative motion of the eye. However, a more refined matching process would be required for non-circular targets. It is therefore surprising that optical flow has attracted little attention in eye movement analysis. Therefore, it becomes natural to leverage its potential in eye movement. However, optical flow is susceptible to noise and uncertainty. This may be the reason why it has been explored for blink detection [START_REF] Radlak | A novel approach to the eye movement analysis using a high speed camera[END_REF] and not for smooth pursuit analysis. We adopted the Lucas-Kanade (LK) Optical Flow to serve as a basis for EyeFlow since it is one of the simplest, yet most powerful algorithm to estimate pixel motions. Other methods such as SimpleFlow (M. [START_REF] Tao | SimpleFlow: A Non-iterative, Sublinear Optical Flow Algorithm[END_REF] or more complex algorithms could be used [START_REF] Kroeger | Fast Optical Flow Using Dense Inverse Search[END_REF]. The LK Optical flow is a suitable trade-off between computation cost, and detection speed which is of primary importance when dealing with motion correlation. The ease of implementation makes it applicable to any application based on motion detection. In particular, [START_REF] Smith | Monitoring head/eye motion for driver alertness with one camera[END_REF] manually select skin region in order to retrieve the eye area, and [START_REF] Bazyluk | Gaze-Driven Object Tracking Based on Optical Flow Estimation[END_REF] corrected gaze fixations by tracking targets detected using optical flow algorithms. Most closely related to the present work is Radlak and Smolka (2012)'s approach which leveraged optical flow to divide pixels into two groups and their respective averages are estimated to detect blink events. These previous works focused on a specific issue and are, thus, not suitable for smooth pursuit interaction. For example, the two clusters proposed by [START_REF] Radlak | A novel approach to the eye movement analysis using a high speed camera[END_REF] encompass the pixels of the upper and lower eyelids. If the eye moves to the right or left, the movement cannot be tracked.

EyeFlow instead allows detecting the movement of the eye in all directions. In addition, it encompasses a metric that allows detecting blink events using the entropy of vector fields.

Pupil Center Detection and Tracking

The most salient circular group of pixels in the IR eye camera is the pupil -the contracting aperture through which light penetrates the eye. There exists a great number of pupil detection methods based on highly developed computer vision algorithms (T. Santini, Fuhl, and Kasneci, 2018). As a case in point, in Starburst (D. [START_REF] Li | Starburst: A hybrid algorithm for video-based eye tracking combining feature-based and model-based approaches[END_REF], an adaptive threshold was employed on a region of interest to localize corneal reflection. [START_REF] Świrski | Robust Real-time Pupil Tracking in Highly Off-axis Images[END_REF] proposed the use of a coarse positioning algorithm using Haar-like features.

Thereafter, [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF] provided an eye tracking system that exploits the Canny edge detector and search for darker areas from the lowest spike in histogram. More recently, [START_REF] Fuhl | ExCuSe: Robust Pupil Detection in Real-World Scenarios[END_REF] introduced ExCuSe which is based on morphologic operations and Angular Integral Projections Function to detect pupil contour. Thereafter, they proposed ElSe (Fuhl, T. C. Santini, et al., 2016), a more sophisticated pupil detection algorithm which uses position refinement. However, though these aforementioned approaches supply Chapter 7. EyeFlow: Pursuit Interactions Using an Unmodified Camera highly accurate pupil center positions, they still appear to face the same challenges. In particular, they perform only on modified IR eye-tracking cameras. They cannot be applied on off-the-shelf cameras in view of the noise, light reflection contamination and the lack of the pupil/iris contrast.

Overview of the approach

EyeFlow matches the movements of the eye with the movements of a target. The matching is operated using the overall motion of the pixels in the eye image. By virtue of the absolute position of the eye camera -i.e. the camera is rigidly attached and fixed near the user's eye -every displacement of pixels comes naturally from a motion in the user's eye area (Figure 7.1). Our approach is guided by the precept that global motions of eye features could replace the pupil detection in smooth pursuit interaction. Smooth pursuit presents many benefits for calibration-less interaction. The advantage of EyeFlow is that the task of detecting the pupil and its center is obviated. Thus, the approach can be used with unmodified RGB eye cameras and may be summarized as follows:

1) Capture eye images from an unmodified RGB camera and continually send the images to a PC running the algorithm.

2) Detect eye motion by leveraging changes in position of pixels using a dense optical flow algorithm. Each flow vector is assessed for validity before being used in the next steps.

3) Compute the overall Indicative-Direction of the eye motion and proceed likewise for the subsequent frames.

4)

Record targets positions and compute their directions.

5)

Insert the eye Indicative-Directions and the target directions in the Position/Indicative-Direction reference system.

6)

As in previous studies, detect matching between the eye Indicative-Directions and the target using the Pearson Correlation.

Capturing Device

Most of the selection-by-matching eye movement methods employ an eye tracker with a modified infrared-pass eye camera located next to a Near-infrared LED which is directed towards the center of the pupil, causing visible reflections in the cornea. It is then possible to obtain accurate pupil-center positions [START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF]. However, these devices tend to be expensive and even by using the modified IR camera, tracking the pupil center position still calls for highly developed computer vision algorithms. As such, there is a growing need for cheap devices and simple methods that favor the potential of eye-tracking interaction in everyday environments.

In this work, an unmodified Logitech C920 captures standard images of the user's eye. Having two sequential images, it is possible to retrieve information about the rearrangement and thus 7.2. Overview of the approach 127 the shift of pixels. The method gives more accurate results when the camera is still and rigidly attached.

Motion Detection

Motion detection has received a sustained attention in computer vision due to its potential for various applications. In EyeFlow, the eye movement direction is extracted using the Lucas-Kanade optical flow, a differential technique which supposes that the flow motion is fundamentally constant in the local vicinity of the pixels, determined by the least square criterion. There are many optical flow algorithms, but the Lucas-Kanade is known to be fast, accurate and widely used [START_REF] Patel | Optical Flow Measurement using Lucas Kanade Method[END_REF]. The pixels that change position relative to their surroundings are considered as the moving flow vectors [START_REF] Royden | Use of speed cues in the detection of moving objects by moving observers[END_REF] and convey the essential meaningful information of the eye motion. In head-worn eye tracking, the eye camera is placed so that the movements of the user's head do not affect the capturing area. More specifically, the camera always captures the eye area even if the user moves their head, acting like a fixed capturing device. As such, every pixel that changes position would most likely originate from the eye features, namely, the eyelashes, the eyelids, the skin, the pupil or the iris. As such, we restrict to the change in position of these features as the only source of information. Our implementation searches for the direction of the pixels using a dense optical flow method. For example, let's assume that a pixel P t 0 (x, y,t 0 ) would have moved by ∆x 0 , ∆y 0 at t 1 and become:

P t 1 (x + ∆x 0 , y + ∆y 0 ,t 1 )
then have moved by ∆x 1 , ∆y 1 at t 2 and the expression became:

P t 2 (x + ∆x 0 + ∆x 1 , y + ∆y 0 + ∆y 1 ,t 2 )
the vectors ---→ P t 0 P t 1 = (∆x 0 , ∆x 0 ) and ---→ P t 1 P t 2 = (∆x 1 , ∆x 1 ) will give two different records about the displacement of the pixel and its direction (Figure 7.3-A and Figure 7.3-B). During an eye movement, many pixels move and provide a set of local direction which are aggregated and transformed into a single direction (the Indicative Direction). Namely, the set of the pixels that moved are used to calculate the principal direction of the eye (Figure 7.3-C). A naive approach would be to store and consider all the detected flow vectors. However, unexpected events such as small camera drift enable the appearance of noisy displacements at the edge of the frame.

Our method constantly detects and removes them during the outliers removal phase as shown in Figure 7.8.

Eye Area Features Movement

A key benefit of head-mounted eye trackers is that the detected motions are limited to either the movements of the eye, eyelids or eyelashes. The motion of the pupil and the iris contributes the most to the set of detected flow vectors. When a user follows a moving object, his pupil moves in the same direction. Consequently, the iris which encompasses the pupil proceeds in a similar fashion. As a result, the iris and the pupil form a compact large object that can trigger the appearance of flow vectors. However, due to the physiological functions of the eye region, movements of the eye naturally actuate motions of the eyelids and, consequently, the eyelashes which grow at their edges. This is especially observed when the user moves their head upwards and downwards (Figure 7.4). As the eye moves away from its initial position, new flow vectors are detected and correspond to a change in position of some pixels. These flow vectors appear whenever the following conditions are met: Pixels have moved since the last frame and the displacement has exceeded a predefined threshold.

Computing the Indicative Directions

Given a set of flow vectors obtained from two successive eye camera frames, the Indicative Direction of the eye motion can be calculated. Each flow vector yields a vector l i whose length depicts its magnitude l i and its direction gives the orientation θ i of the motion of that single flow vector. In order to extract the Indicative Direction θ t of the eye motion, a specialized selection process is performed at every single flow vector. The selection process seeks the flow vectors that most likely appear due to the actual motion of the eye and rejects the flow vectors considered as outliers. The selected flow vector directions are then recorded and the average direction (Figure 7.5) is stored as the Indicative Direction of the eye for the two successive frames. Thus, every pair of frames yields one main eye motion direction with an angle of:

θ t = 1 k k ∑ i=1 α i , k n
Where θ t is the angle between the main eye motion V i and the x-axis. During the smooth pursuit eye movement, a set of Indicative Directions [θ 1 , θ 2 , . . . , θ p ], is stored to calculate the correlation with the target positions.

From Flow Vectors to 1D Time-Series

Let V be a collection of the indicative vectors that describes the overall movements of the eye. V is then a series of 2-dimensional mean vectors (

- → V i = ( V i , θ i ))
that defines each single movement of the eye in the eye camera frame between time t 1 to t n :

V = [ V 1 , ..., V n ] = [( V 1 , θ 1 ), ..., ( V n , θ n )]
Where V i is the magnitude and θ i its angle relative to the positive x-axis i (θ i = ∠( V i , i)). The angles θ i coupled with their position i are inserted into a Position/Indicative-Direction may appear when the eye moves to the right. This is due to the fact that when the eye moves to the right, corresponding to angles of ≈ 180 • , the small eye drifts give angles of ≈ -180 • , resulting in the appearance of fluctuations in the PID. This could be reduced using iterative data normalization [START_REF] Vlachos | Rotation Invariant Distance Measures for Trajectories[END_REF]) and filtering [START_REF] Casiez | 1C Filter: A Simple Speed-based Low-pass Filter for Noisy Input in Interactive Systems[END_REF]. 

Eyelids/Eyelashes and Eye Movement

The appearance of potential flow vectors is estimated at each pixel of the eye images (Figure 7.8b). It may suffice to consider all flow vectors if only the pupil and the iris move, but since we consider the eye movement as a whole, flow vectors obtained from the motion of the eyelids and eyelashes are likely to appear. In particular, when the eye moves upwards and downwards, the eyelids/eyelashes move accordingly (Figure 7.4). We observed that the motions of the eyelid/eyelash flow vectors are correlated to the movements of the eye. This is less obvious when the eye moves in the left/right directions. 

Flow Vectors Filtering

Blink Detection: Blinking and winking could produce a larger number of flow vectors. Winking is a voluntary eye movement and can be avoided. Blinking cannot be obviated since it is a natural bodily function. It particularly helps to refocus the eye and protect the eye from external irritants. This is captured by analyzing the flow field of the eyelash/eyelid in the images. The upper and lower lashes generate clusters of opposing flow vectors indicating the presence of a blink event.

Chapter 7. EyeFlow: Pursuit Interactions Using an Unmodified Camera Pixel Displacement and Flow Vectors: The pixels that do not exhibit a sufficient displacement are discarded. If the displacement d i = √ x i + y i of the flow vector v i = (x i , y i ) is smaller than the size of 2 pixels (chosen empirically), v i will not be recorded, since we consider that the change in position of the pixel is not considerable enough to be taken into account. Nevertheless, the remaining flow vectors still contain many resilient outliers.

Outliers Removal and Consecutive Likelihood Preserving : we need to evaluate the likelihood that a pixel (or a cluster) is a possible candidate of the overall motion in order to estimate the current Indicative Direction. For example, a pixel heading in the opposite direction of the majority of the flow vectors is most likely an outlier and, thus, could be removed from the dataset. Our approach eliminates any flow vector whose direction is not in the interval defined by µ ± 2σ, where µ is the mean and σ the standard deviation of the flow vector directions. 

Frame Abandoning

When calculating the sequence of Indicative Directions, if the current pair of consecutive frames exhibits pixels heading in all directions, the older frame is skipped and the Indicative Direction is not computed. In other words, each pair of consecutive frames is checked for consistency. This is investigated by considering all pixels x i that moved as a sequence of a discrete random variable X = [x 1 , x 2 , ..., x n ] and measuring the uncertainty using the Shannon's entropy defined as follows:

E(x) = n ∑ i=1 p(x i ) log 2 1 p(x i )
where p(x i ) is the probability of the direction of a pixel x i . For example, let us consider four pixels x 1 , x 2 , x 3 and x 4 with the following directions represented as polar angles

A = [x 1 = 7.3. Evaluation 133 π, x 2 = π 2 , x 2 = π 4 , x 4 = 2π 3 ].
The elements x i have different directions. The probability of appearance of each element x i in the list can easily be calculated, i.e. P(x i ) = 1 4 . In such case, the entropy E(A) = log 2 (4) = 2 is high and this is the situation of maximum uncertainty where the exact Indicative Direction cannot be predicted. Now, let us consider a discrete variable

B = [x 1 = π, x 2 = 2π 3 , x 3 = π, x 4 = π].
In this set, there are three pixels (x 1 , x 3 , and x 4 ) that have the same direction (π). The variable B can be transformed into a new variable B = [ x1 , x2 ] where x1 = {x 1 , x 3 , x 4 } and x2 = {x 2 }. The probability of appearance of an element of x1 and x2 are respectively 3 4 and 1 4 . The entropy of B is then E(B) = 3 4 log 2 4 3 + 1 4 log 2 4 = 0.811 < E(A), indicating a low uncertainty. In this situation, the Indicative Direction could be calculated. Note that in the best case scenario where all moving pixels head toward the same direction, there is no uncertainty and the entropy E(X ) = 0. Overall, the Indicative Direction is calculated if the entropy is less than a threshold. We define the threshold as t E = 1 2 [1 + log 2 (n)] corresponding to the entropy where at least half of the flow vectors head toward the same directions. EyeFlow algorithm is described in Algorithm 3.

Algorithm 3: EyeFlow Data: Successive frames f 1 , f 2 , . . . , f n Result: an Array Of Indicative Directions begin Initialize ArrayOfIndicativeDirections for i = 1; i < n; i = i + 1 do f lowFields ←-computeOptical f low( f i , f i+1 ) c ←-count( f lowFields) /* Number of vectors */ t E = 1 2 [1 + log 2 (c)] e ←-computeEntropy( f lowFields) if e < t E then
IndicativeDirection ←-IndicativeDirection( f lowFields) ArrayO f IndicativeDirections.Add(IndicativeDirection) end end end 7.3 Evaluation

Replacing Pupil Center with flow vectors

We argue that tracking the pupil center location is more challenging in environments where lighting conditions are not adequate than tracking the motion of the eye as a whole. Most pupil detection methods rely on different image processing phases which are intimately dependent on the capturing environment (e.g. image segmentation and thresholding). By contrast, this is not the case when considering the global motion of the eye. Moreover, there are a great number of frames where the user does not move their eyes. While most of the existing methods will waste their time tracking the pupil center and providing redundant information about the pupil We used the correlation coefficient, an intuitive similarity measure proposed in previous works [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF][START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF]. The measure is a real value ∈ [-1,1] with 1 indicating a high correlation. A threshold t indicates the minimum Similarity Measure value in order to validate the similarity of the two motion series. However, we observed that relying solely on this metric could induce misinterpretation issues. As an example, consider the three curves (C 1 , C 2 , and C 3 ) below (Figure 7.13). While the correlation result indicates a high similarity, the strokes are quite different. In particular, the correlations between C 1 and C 2 on xand y-axes are respectively r x = 0.99 (p < .001) and r y = 0.77 (p < .001). The correlations are even higher when we compare C 1 and C 3 (r x = 0.99, p < .001 and r y = 0.95, p < .001). Taking into account all these issues, we considered an additional step to validate the result after a high Similarity Measure is found. We used the Dynamic Time Warping (DTW) which was used for comparing trajectories [START_REF] Cai | Trajectory Similarity Measuring with Grid-Based DTW[END_REF], hand gestures (J. [START_REF] Tang | Structured dynamic time warping for continuous hand trajectory gesture recognition[END_REF], time series (Rakthanmanon et al., 2012a), shapes [START_REF] Zhao | shapeDTW: Shape Dynamic Time Warping[END_REF], accelerometer [START_REF] Akl | Accelerometer-based gesture recognition via dynamictime warping, affinity propagation, amp; compressive sensing[END_REF], voice [START_REF] Muda | Voice Recognition Algorithms using Mel Frequency Cepstral Coefficient (MFCC) and Dynamic Time Warping (DTW) Techniques[END_REF], etc. For an overview of the metric, we refer the prospective reader to the works of (Rakthanmanon et al., 2012a) The following studies report the evaluation of EyeFlow accuracy. We first investigate the robustness of the approach. Then, we perform a comparison between different target sizes. 
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Participants, Apparatus and Design

12 users' ground truth eye videos were recorded for the experiment. One participant wore contact lenses. A 24 inch Dell 2408WFP screen1 which has a resolution of 1920x1200 pixels and 24 millisecond response time, running on a 64 bits 2 XPS 15 Dell Laptop , 16GB RAM was used. The Pupil Labs headset IR-pass eye camera was replaced with a full HD Logitech 615 camera (@60Hz, 720 × 480). A world camera was not necessary since only eye movements are captured. In addition, the approach does not require prior calibration. Participants sat ∼75 cm from the screen. A controlled lab in the local institution was set up for the experiment. All participants were subjected to the same task. The participant was asked to select an assigned target, randomly selected among the ones presented in Figure 7.10, by following its moving stimuli. We arranged a scenario in which only a RGB video of the eye movement is captured.

The analysis was performed afterward.

Procedure

An acquaintance time was given to participants in order to become familiar with the system.

The task began after the detailed procedure has been explained. To reduce fatigue effects, the participants were asked to take a pause of one minute after each trial. 72 trials were recorded ( 3Moving target speeds × 2 target selections × 12 participants). The experiment spanned a day and lasted ≈ 15 minutes for each participant. The order of speeds is chosen randomly to reduce learning effects.

Evaluation 1: Accuracy

We start by evaluating the accuracy of EyeFlow. This evaluation proceeds similarly to [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] and Delamare, T. Han, and Irani (2017). It aimed to assess the effectiveness and accuracy of the proposed approach based on the number of correct recognition. The experiment has two goals. First, we explore the accuracy and robustness of the proposed approach. Second, we evaluate three different speed configurations based on recognition rate, in order to determine to which extent the speed levels alter or impact the accuracy of the proposed approach.

The study was structured as a within-subjects design with Moving target Speed as the independent variable. Three levels of speed were considered. The moving stimulus moved at slow (6°, 7.8 cm, 294.80 pix)/s, medium (10°/s, 13.22 cm, 499.65 pixel/s) and fast (14°/s, 18.69 cm, 706.39 pixel/s) speeds. The order of the conditions was counterbalance with a partial Latin-square. The dependent variables were the number of correct and false activations. Each participant was requested to select the target (the "alpha" shape) twice. Consequently, each participant performed 3 Moving target speeds × 2 targets = 6 trials, for a total of 6 × 12 participants = 72 records.

Results: EyeFlow Accuracy The Indicative directions, which only describe the global mo-tion of the eyes, produce good results (approx. 87.5% recognition rate). This supports the importance of flow vectors for eye movement retrieval. Of the recorded videos, two were removed due unwanted eye camera movements. Of the rest, the data recording lasted ≈ 5 seconds. Consequently, EyeFlow is suitable for smooth pursuit based interaction which is in line with our ex-pectations. Descriptive statistics (Figure 7.14) showed that on average, the detection rates were approx. 96%, 92% and 75% respectively for the low (6°, 7.8 cm, 294.80 pix/s), medium (10°/s, 13.22 cm, 499.65 pixel/s) and fast (14°/s, 18.69 cm, 706.39 pixel/s) speed moving stimuli. Using an ANOVA (α = .05), we found no significant effect of Moving target speed on detected targets (F(2, 69) = 2.760, p = .07). Post-hoc analysis with Bonferroni test showed that the comparisons between the level of speeds were not significantly different (p s 1 ,s 2 = 1.00, p s 1 ,s 3 = .089, p s 2 ,s 3 = .24). Rate (%)

Figure 7.14: Mean recognition rate for the three speed configurations.

Evaluation 2: The Effect of Parameters

We investigate the effect of two parameters on the recognition rate: The inter-flow space is the space between consecutive vectors, namely, the minimum number of pixels between two flow vectors. We set the moving stimuli speed to 10°/s and the checking window to 500 ms for all conditions. The variation of the parameters was organized through 12 blocks (3 target sizes × 4 inter-flow spaces). Figure 7.15 illustrates the different sizes used in this evaluation. With all the parameters set to their default values, we investigate the effect of minimum space between consecutive flow vectors that influences the detection of the eye movement. For example, if we abusively consider that the minimum inter-flow space is 30 pixels. The very small eye movement < 28 pixels would barely be detected.

• 3 target sizes (L 1 = 7×7cm 2 , L 2 = 14×14cm 2 , L 3 = 21×21cm 2 ) • 4 
Figure 7.15: Different target sizes (small, medium and large) used in the experiment. One target (α) is represented for simplicity purpose. This variable was used to assess whether the approach could detect a stimuli moving on a different trajectory sizes.

Results: The Effect of Target Size and inter-flow space Overall, the targets L 3 outperforms L 2 and L 1 by approx. 6% and 27% respectively. The lower results of L 1 compared to the two others may be explained by the small pixel displacement of the eye movement. Notice that in section 7.2.7, EyeFlow discards all vector flow whose change in position is smaller than a predefined threshold. For all targets, we observe an increase of the accuracy until L 3 since longer trajec-tories produce more eye movement pixel displacement. The results show that reducing the size of the inter-flow space improves the detection rate. In particular, a twoway ANOVA showed a significant main effect of Target Size on detection rate (F(2, 144) = 4.394, p < .05). No significant effect was found for Inter-flow space (F(3, 144) = .379, p = .768) and no Target Size × Inter-flow Space interaction effect was found (F(6, 144) = .095, p = .997). However, the frame rate decreases with smaller inter-flow spaces. We observe that the checking window size is an unstable parameter. For example, a checking window of 0.1 s as in [START_REF] John | The neurology of eye movements[END_REF]Mélodie Vidal, Bulling, and Gellersen, 2013c) would fail to detect a target whereas changing the size to 0.2 s provides high accuracy. The minimum smooth pursuit time is 0.1 s (Mélodie Vidal, Bulling, and Gellersen, 2013c). This corresponds to only 6 frames using a camera at 60 frames per second, and it is a very small number for calculating correlation. The highest results are achieved when the size is greater than 0.3 s (> 300 ms).

Evaluation 3: Comparison

We compare EyeFlow with Pupil Labs' pupil center detection [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF]. We consider Pupil Lab since many smooth pursuit based interaction relies on its algorithm to record the pupil centers [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF][START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF][START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF]. It is worth noting that previous works compute two correlations per target, on x-and y-axis separately, resulting in two correlation values. In our approach, we use the Motion series of the eye and the target, hence, we only calculate one correlation in a single

pass. An alternative approach would be to use the RV coefficient which is a multi-dimensional approach of the Pearson correlation. Therefore, to make the comparison fair and not misleading, we compute the vectors between each consecutive pupil centers position obtained from the IR camera of Pupil Labs eye tracker, and record it as the Indicative Direction. We can therefore create a Motion series M 1 from the pupil centers and compare it to EyeFlow Motion series M 2 .

For each task, a target is displayed on the screen and the participant is asked to follow it moving stimuli. The independent variables were: No interaction effect of Camera/algorithm × Target type was found (F(7, 192) = .468, p = .857). As expected, A RGB camera could be an alternative for smooth pursuit interaction using EyeFlow (mean detection = 83%, Figure 7.16). We also caluclated the DTW between the two Motion series M 1 and M 2 . The results showed a small distance measure for each type of target. For example, the distance between the mean EyeFlow motion series and the mean pupil based approaches motion series is 4.77 for delete and the highest measure is 8.5. For reference, the distance between the Motion series of curve 1 and 2 of Figure 7.13 is 5.3 and 4.5 between curve 1 and 3. 

Discussion And Limitations

While EyeFlow does not call for a specific eye model, a modified camera, or complex pupil center detection algorithms, it requires the camera to be rigidly attached to the user's head as for head-worn eye trackers. Using a remote eye tracker, the eyes appear still or exhibit hardly noticeable movements when following small targets. However, recent advances on motion magnification can help to increase the movements of the eye in a video [START_REF] Rubinstein | Revealing Invisible Changes in the World[END_REF].

Implications for design choices could be deduced from the results of the evaluations. The speed of the moving stimuli significantly impacts the recognition rate. We noted that at high speed, the moving stimuli compelled the users to make saccadic eye movement to stabilize the stimuli in the fovea. We would recommend the use of stimuli moving at low since, the eyes are able to follow the stimuli seamlessly, however, some users found it tiring.

In addition, we experienced more blinking in such conditions. Smooth pursuit interaction is known to cause issues due to the similarity of targets. EyeFlow is not an exception as the flow Chapter 7. EyeFlow: Pursuit Interactions Using an Unmodified Camera vectors cannot differentiate when the user follows similar targets (e.g. the "delete" and "alpha" targets). The highest accuracy is found when the selected target is unique among the others.

This result implies that, when designing a system using Eyeflow, it would be more interesting to consider targets with very different shapes or similar targets having their stimuli moving at different phases as in [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF].

Moreover, there are a number of additional processing steps that may be worth incorporating in the algorithm for higher precision. For instance, skin-detection algorithms can help to remove pixels that are likely to not appertain to the iris/pupil area. We envision integrating retargeting and coarse estimation which provide a powerful means for eye area segmentation.

EyeFlow may be useful in a number of situations where it is worthwhile using eye tracking systems without resorting to IR light illumination. For example, for participants who do not tolerate LED illumination close to the eyes or for studies involving infants. Additionally, it can be used for different applications, for example, to detect reading events without calibration (Figure 7.17). Different approaches already exist but this can be an interesting research question for future works.

Among different resolutions, 320 × 240 presented good correlation results using EyeFlow.

Lower resolutions (e.g., 120 × 90) are the most efficient. However, they do not allow extracting sufficient features for optical flow. Higher resolutions are slower, likely due to the high number of pixels (388,800 for 720 × 540). They allow extracting a large number of features. Therefore, the computational time increases and the quality of the correlation is not improved since the highest the resolution, the more features and consequently the more outliers are present in the flow fi elds. Our approach cannot yet be used for fixation-based applications since it does not -150 0
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Figure 7.17: Reading events detected using EyeFlow.

allow obtaining the 2D pupil center position.

Conclusion

This chapter has presented an alternative to pupil center location previously used for smooth pursuit interaction for head-worn eye trackers using unmodified cameras. Rather than tracking the pupil with 3D models or 2D complex computer vision approaches as used in often-cited applications, we consider an alternative approach that focuses only on the movement of the eye as a whole. Since EyeFlow matches eye movement and the target trajectory, it is no longer necessary to know the exact pupil center location. Instead, EyeFlow makes an assumption that the change in position of pixels in the eye image provides a clue to the direction of eye movement. These eye movement directions suffice to know the target the user is following by matching their movements. This chapter details the approach which uses the Lucas-Kanade optical flow algorithm to detect motion flow vectors with an unmodified camera.

Conclusion 141

The results of a study showed that the approach was able to detect targets reliably (approx. 87.5% recognition rate). While there are a number of scenarios to improve this approach for remote and mobile eye tracking devices, we believe that EyeFlow is a promising advance towards affordable eye tracking systems. Subsequent studies will be performed to correct the results, confirm and extend this work for hopefully greater results.
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Les scientifiques sont continuellement à la recherche de nouveaux modèles et de nouvelles 

Introduction

While eye tracking data are ubiquitous with various activities like human-computer interaction assessment and user behaviour analysis, little has been done to visually investigate the uncertainty of recorded gaze information. One of the main reasons for this gap is the complexity of gaze processing, starting from pupil detection up to gaze location in the user's field of view (i.e.

world space or world camera space). Gaze processing is considered to be a system with pupil center detection as entry raw data and the user gaze location as the output data. This chapter tries to fill this gap by providing evidence that gaze processing can be depicted considering the uncertainty assessment. Furthermore, we provide an innovative visualization of uncertainty map computation which is based on the standard heat map where the kernel size is adjusted by the pupil location and its corresponding uncertainty. Estimating user gaze with high accuracy and good precision has long been the utmost objective in Human-Computer Interaction and eye tracking research. Binocular eye trackers offer a good level of accuracy but involve supplementary materials and are expensive. The objective of this chapter is to advance research in monocular eye-tracking research and help to make calibration procedure endeavors to be more precise, accurate yet succinct. It is crucial to investigate approaches to reduce calibration errors instead of restarting the calibration procedure. While there are plenty of empirical studies of calibration procedures, relatively limited progress has been made toward correcting estimated gaze error, reducing the time required, or making the calibration less tedious. Hence, we achieve more natural eye tracking calibration with the following benefits: 1) the calibration procedure is easier to perform, 2) gaze estimation is more precise and accurate, resulting in a Mean Angular

Error of µ = 0.25 • (σ=0.15 • after applying the error correction methods we propose and 3) uncertainty is visually inspected. The remainder of the chapter is as follows: First, we explain our gaze processing pipeline. This processing uses a standard head-mounted eye tracking system, where we capture the pupil video stream and the world camera. We then explain our calibration method and clarify its intrinsic calibration uncertainty. A method to correct the estimated gaze positions is presented afterward. Next, we explain the global data processing uncertainty propagation. To provide further insight into our method, we illustrate our findings with two application use cases where the calibration uncertainty is shown with recorded user gaze data.

Finally, we discuss our findings and outline potential further studies.

Related Work

Related works on pupil detection algorithms

Robust gaze tracking is strongly related to accurate eye features detection. The most salient elements in the eye image are the sclera -the white outer layer of the eyeball -, the iristhe contractile muscle forming the colored portion of the eye -and the pupil -the contracting aperture through which light enters the eye. It is surprising to find that there is a wide variety of pupil detection methods that are developed for the same purpose, that is, to detect the true center locations [START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF] and in some cases, the contour of the pupil area. In video-based oculography, visible or infrared imaging data are used. The latter uses either bright pupil or dark pupil images (C. H. [START_REF] Morimoto | Eye gaze tracking techniques for interactive applications[END_REF]. Kondou and Ebisawa used near-infrared LEDs arranged around each of the stereo cameras and configured them so that they were able to turn on and off synchronously (Yuki [START_REF] Kondou | Easy eye-gaze calibration using a moving visual target in the head-free remote eye-gaze detection system[END_REF].

This way, the authors could obtain consecutive bright pupil and dark pupil images. Then, they computed the difference between the two images, making pupil detection easier. Some pupil detection techniques employ a histogram-based threshold [START_REF] Goni | Robust algorithm for pupil-glint vector detection in a video-oculography eyetracking system[END_REF] and give relatively good results under laboratory conditions. For example, in Starburst (D. [START_REF] Li | Starburst: A hybrid algorithm for video-based eye tracking combining feature-based and model-based approaches[END_REF], an adaptive threshold was used on a region of interest to localize corneal reflection, then the corneal reflection was removed from the image using radial interpolation.

Thereafter, the pupil contour candidates were detected using rays coming from the best guess of the pupil center. In 2012, an algorithm employing coarse positioning using Haar-like features was proposed by [START_REF] Świrski | Robust Real-time Pupil Tracking in Highly Off-axis Images[END_REF] and, through their self-designed open source eye tracking system, Pupil Labs [START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF], they exhibited an approach in which edges were detected using a Canny filter. Darker areas are then searched from lowest spike in histogram and pupil candidates are obtained using ellipse fitting. More recently, Fuhl presented ExCuSe: an algorithm based on morphologic operations and the Angular Integral Projection Function to detect pupil contour [START_REF] Fuhl | ExCuSe: Robust Pupil Detection in Real-World Scenarios[END_REF]. However, they still seem to face the same challenges. The algorithms tend to be less robust in real-world environments and changing light conditions, occlusions, viewing angles and head poses. To address those issues, ElSe (Fuhl, T. C. Santini, et al., 2016), analogous to ExCuSe, used Canny edge filter and if no ellipse was found, a second analysis was conducted. It first estimates a likely candidate and then refines its position. The results of a recent experiment designed by [START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF] showed that the ElSe algorithm offers the best results in terms of accurate pupil positions on challenging everyday images when compared with state-of-the-art pupil detection algorithms. However, the methods exhibited above do not mention the uncertainty of their pupil center detection. It is most likely that different pupil detection methods yield different pupil center locations using the same eye image, even if they are slightly different. In this chapter, we address the crux of this issue by investigating an area that the pupil center is likely to be in and we propose a method to visually inspect this area.

Related works on gaze estimation

Based on the information retrieved from the eye image, the gaze is estimated. There are two different leading approaches for estimating gaze position: feature-based and appearance-based gaze estimation. Because of its design and geometric-based aspect, the latter does not ask for a calibration routine, however, the feature-based approach requires eye image informative characteristics, namely the pupil center position and, in some cases, the corneal reflections as an input to provide the gaze position. This approach again splits into two different methods: modelbased and interpolation-based approaches, banking on the type of mapping used to calculate the gaze output from the pupil feature(s) input. In most model-based approaches, the eye is calibration modeled in 3D and gaze vector direction is calculated [START_REF] Sigut | Iris Center Corneal Reflection Method for Gaze Tracking Using Visible Light[END_REF]. Interpolationbased approaches are the most recently used method in both remote and obtrusive eye tracking systems. The method calls for the use of mapping functions which are based on neural networks or polynomial regressions (Cerrolaza, A. Villanueva, M. Villanueva, et al., 2012) 

Toward the calibration data recording pattern

The community's standard and most used eye tracking calibration pattern is the 9-points visual stimulus calibration. Nonetheless, whereas the aim is to present the points sequentially to cover a large part of the visual scene, Pfeuffer et al. ( 2013) described it as tedious, dull and tiring for the eyes. Recent studies (T. Santini, Fuhl, and Kasneci, 2017a) showed that, unlike the conventional fixed-point calibration procedures, the approaches based on moving targets tend to be faster and reliable. Typically, the most convenient feature of this approach is the ability to ob- an accuracy under 1 • for both the constant and accelerated speed calibration greater than 10 s.

However, they did not apply estimation corrections to their results. In [START_REF] Evans | Collecting and Analyzing Eye-Tracking Data in Outdoor Environments[END_REF], the authors investigated the collection of calibration points while following a supervisor's thumb relocated to five different positions, compared with an approach consisting of a user looking at a fixed point and moving his head in an asterisk-like trajectory. Approximately 20 calibration points were gathered, and an offline calibration computation gave a mean error of 0.83 • .

Similarly, in CalibMe (T. Santini, Fuhl, and Kasneci, 2017b), the authors proposed a method to collect a large array of calibration points using automatically detecting fiducial markers, without the assistance of a supervisor. They also came up with a custom outliers' removal method.

Also, they provided a parameterizable method to automatically reserve evaluation points. Because the calibration procedure enabled a large number of points to be assembled, evaluation points could be selected from among those collected points and the remaining points served to calculate the mapping function. In their second calibration methods, Kondou and Ebisawa proposed a method in which one visual marker was shown on the screen and moved from a position P1 to a position P2 onward and backward Yuki [START_REF] Kondou | Easy eye-gaze calibration using a moving visual target in the head-free remote eye-gaze detection system[END_REF]. user was asked to fixate on the marker during the entire movement, making a smooth pursuit eye movement. The results showed that the moving target calibration was better than the two-fixedpoints calibration also proposed in the same chapter. Significant differences between the two calibration methods (P<0.05) using a t-test were found. Unfortunately, no information about the Mean Angular Error was provided by the authors. Also, although their methods seem to give good results, supplementary materials were used (stereo wide view cameras and an additional pan-tilt-zoom camera) and NIR LEDs arranged around each camera.

Gaze Estimation Method

In this section, we explain the gaze data processing. The gaze positions are estimated using pupil center positions and a mapping function obtained during a calibration procedure. 1). This marker will serve later on for the calibration. After that, the subject performed one of the two following calibration procedures: fixating on the center of the marker while moving his head to make a rotation as in CalibMe (T. Santini, Fuhl, and Kasneci, 2017b) or fixating on a moving object while keeping his head still as in Pursuit calibration [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]. In a pilot study, we asked some participants to do a different calibration procedure which consisted of fixating on a moving target (smooth pursuit) and rotating their head (vestibule-ocular movement) at the calibration same time. The participants reported that this calibration procedure was difficult as they found it arduous and uncomfortable. Thus, we removed it from our experiment setup. After the initial stage of the calibration procedure, the pupil and the marker centers' coordinates were gathered and stored for further processing. Each pupil center position corresponds to a marker center position at a specific t ime. Thus, the same number of pupil centers and marker centers are stored as pairs. The two sets of gathered data are used to get coefficients of a mapping function using a bivariate second order polynomial regression. This mapping function will be used to calculate the final planar gaze estimations based on new pupil centers given as input. After obtaining the mapping functions, we can then estimate the marker positions with the pupil center positions obtained during the calibration procedure to verify the reliability of the function. The estimated positions do not have exactly the same positions as the actual marker positions. We then correct the positions of those estimated marker centers with Inverse Distance Weighting (Shepard, 1968a). Thus, every pupil center detected next will be corrected by Inverse Distance Weighting.

Overview of the Gaze Estimation System

Finally, we propose a method based on kernel density to visualize the uncertainty of the overall gaze estimation.

Pupil Area and Center Detection

Accurate pupil center detection [START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF] is the first and most important step of accurate gaze estimation. This section corresponds to step 2 of Fig. 1. While there are many pupil detection algorithms that proved to give good results [START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF][START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF], and they would probably perform well in this study, we have developed our own easy and fast detection algorithm for flexibility and to have full control of the processes which will help with the visualization of the uncertainty (Uncertainty Computation Section). The pupil detection algorithm implemented in this study locates the features of the dark pupil present in the IR illuminated eye camera frame. Since our chapter focuses on uncertainty visualization from pupil detection, the calibration algorithm is implemented so that the user can move his head freely, thus, we do not use pupil corneal reflection to compensate for small head movements. As such, we use the distance transform presented in [START_REF] Strzodka | Generalized distance transforms and skeletons in graphics hardware[END_REF] to compute the resulting uncertainty of the pupil area, taking into account the detected pupil center location. The outcomes of the algorithm were sufficient to obtain an accurate pupil area and center, and give valid results in laboratory conditions.

Marker Detection

During the initial stage of user calibration, a user is asked to look at a reference point represented by the center of a marker. Choosing a marker to use is a well-studied problem (T. Santini, Fuhl, and Kasneci, 2017a). A simple marker, the shape of which is not confused with any other object in the room, is appropriate; the marker must not have many details, so as to not distract the participant, and its center must easily be computable with affordable computer vision techniques. The marker consists of a thick black circle containing a white circle which in turn encompass a smaller filled black circle drawn on a white paper, comparable to the markers calibration used by Tobii and Pupil Labs. A white cross is drawn on its center. The marker is tracked using computer vision methods with OpenCv 3.1.

Pairing Target and Pupil Center Positions

As the marker is fixed in a plane, the planar position of its center (Mx, My), obtained from the world camera, changes as soon as the subject moves his head or whenever the marker itself moves. In the same vein, if the subject is asked to look at the center (Mx, My) of the marker placed in the experimental environment while moving his head, the position of his pupil center (XPupil-center, YPupil-center) changes accordingly. Namely, either gazing at the marker center while rotating the head, or fixating on the center of the marker while it moves, enables different paired positions of the marker and pupil centers to be obtained. Each marker center position then corresponds to a pupil center position. Thus, using the paired positions (pupil centers-marker centers) obtained, we can estimate gaze position using polynomial regression. The aim is to determine a transformation T such that the estimated gaze positions map as closely as possible to where the user is actually gazing (Chapter 4). The result of this transformation is a form of isomorphism obtained thanks to a linear algebra method called Singular Value Decomposition SVD [START_REF] Cerrolaza | Taxonomic Study of Polynomial Regressions Applied to the Calibration of Video-oculographic Systems[END_REF]). There are downsides of using a higher order polynomial in a visual stimuli-type calibration, and the quality can decrease if there are not enough points [START_REF] Blignaut | Mapping the Pupil-Glint Vector to Gaze Coordinates in a Simple Video-Based Eye Tracker[END_REF]). In most calibration procedures, a marker is used as visual stimuli. Five, nine or fifteen visual stimuli are displayed to the user. In our study, as the marker is not fixed in the world camera image, its position changes when the subject moves his head. The more the user moves and rotates his head in every direction, the more marker center positions are obtained and so the better the calibration process quality. For a set of n points, a polynomial of n order of less can be used. Consequently, care should be taken because going to a higher degree does not necessarily improve accuracy. The given known points may be accurate and well estimated by the polynomial regression, but the interpolated points may give surprisingly false results.

Calibration Correction

Many feature-based calibration studies focused on comparing mapping functions (Cerrolaza, A. Villanueva, M. Villanueva, et al., 2012) to pin down the best gaze estimation results. However, improving the results, reducing the error of gaze estimation after the monocular calibration, and minimizing the residuals have not been rigorously examined. In this section, by considering two different approaches, more effective methods to reduce calibration errors are proposed.

Raw Estimated Gaze

We refer to raw estimated gazes as the gaze positions directly inferred by the mapping functions using the pupil center locations as input.

Inverse Distance Weighting

Inverse Distance Weighting (IDW) is an interpolation method that enables the unknown value of a point to be estimated according to the known values of its surrounding points based on their relative distance (Shepard, 1968a). The theory is that nearby points devote more to the interpolated value than distant ones. The benefit of this method is that it is fast and easy to implement. The applicability of this method in this study is as follows:

1. Following the calibration procedure, paired pupil center and marker center points are gathered as shown in Figure 8.2-A and Figure 8.2-B respectively.

2. Then, the same pupil center points are used to compute the estimated marker centers.

Those estimated marker centers are called the reprojection points. They are slightly different from the actual marker centers. We now have a set of residuals which are the differences between the marker centers and the reprojection points.

3. Thereafter, a new pupil center will be used to estimate the gaze position and the error of this estimated gaze position with regard to the actual gaze position can be corrected because we know the errors of the surrounding points obtained during the calibration procedure. The closest points will contribute more to the correction and the furthest ones will have a small impact.

The function of the IDW is given by:

v p = ∑ n i=1 v i 1 d r ∑ n i=1 1 d r (8.1)
Where v i denotes the set of all correction vectors between the calibration points and the estimated points. d is the Euclidean distance between the calibration points P(x i , y i ) and the estimated points P(x p , y p ) given by:

d = (x i -x p ) 2 + (y i -y p ) 2
And r is a positive real number chosen arbitrarily. For this study, it was determined that the most appropriate value for r was 2.

Modified Inverse Distance Weighting

The Modified Inverse Distance Weighting is original from this study. In this approach, the same function in (Eq.1) is applied. However, the calibration points used to approximate the interpolated value are selected differently. (Eq.1) is extended with the equation below:

v s = ∀e ∈ v i , |t N p(x,y) -t e | ≤ T (8.2)
Where v i is the set of all correction vectors between the calibration points and the estimated point, t (N p(x,y)) is the timestamp of the nearest point, t e is the timestamp of an element of the calibration points and T is the length of the time window which serves to verify if e is in the calibration First, for each new estimated gaze position E p(x,y), we search for the nearest point N p(x,y) to this point among all marker center positions gathered during the calibration procedure as shown in Figure 8.3. Because, E p(x,y) is estimated by the mapping function, its position is likely to be incorrect with respect to its actual position. To find this potential error and correct it, From among all marker points recorded during the calibration procedure, the closest one is selected.

we will not consider all the marker points and their relative distances as in the IDW, instead, only the marker points recorded 200 milliseconds before and after the nearest point N p(x,y) will be used. The length of the time window is adjustable and defined by the user. In this study, we chose a time window of 200 milliseconds which is large enough to encapsulate sufficient points but not too large so as to avoid introducing distant points. To properly illustrate this, Figure 8.4 shows the representation of the marker points and the estimated marker points for the Y and X values separately.

The difference between the points selected using the Modified I DW m ethod a nd t he I DW is shown in the figures below (Figure 8.5 and Figure 8 .6). The impact area using IDW is larger and outlined by a circle. The points outside the circle's contribution are negligible or insignificant and the points inside devote more weight relative to their distance from the interpolated point. The considered points for the Modified IDW are selected as described above and represented in the yellow, blue-contoured overlay in Figure 8.6.

Experimental Evaluation

Through a series of calibration procedures, we investigated the results of the gaze estimations.

The participants were only asked to perform the calibration procedure; all post-processing and calculations were carried out after the experiment. To this end, only data were collected during the experiment. The experiment spanned two days. We conducted an experiment with 12 participants, making a particular effort to include participants with different qualifications and educational levels. 3 participants were women, aged from 18 to 26 years old, and 9 were men, aged from 18 to 30 years old. The completed questionnaires showed that 2 participants were familiar with eye tracking, 2 had vaguely heard about it and 8 were completely ignorant of its existence. 6 participants were university students, 2 were researchers in human factors and 4 were Airline pilot students. Firstly, the purpose of the study 8.4. Experimental Evaluation 159 was explained to the participants, thereafter they carefully read and signed a consent form. 2 participants wore glasses during the experiments.

Apparatus and Analysis

A Pupil Labs Eye tracker was used during the experiment. The device was equipped with one world camera (sampling rate: @120Hz, resolution: 1920 × 1080 pixels) and one eye camera (sampling rate: @120HZ, resolution: 640 × 480 pixels). The computer vision algorithms used to detect and track the different targets in the world camera reduced the frame speed by 5%, and 5% of the eye camera speed was reduced by the pupil detection area and center location.

Thus, pairs of points were collected at approximately 116 frames per second for both world and eye camera. A C# desktop software was built for the experiment including EmguCv 3.1 (an OpenCV 3.1 wrapper for C#) for the computer vision's part implementation. The equipment setup was an XPS 15 9530 Dell Laptop 64 bits with an Intel(R) Core(TM) I7-4712HQ CPU@ 2.30GHz,2301 MHz, 4 core(s), 8 processes, 16 GB of Random Access Memory, 2GB swapping Memory. We used a 24 inches Dell 2408WFP monitor (L ×W ×H Dimensions : 22 × 8.17 × 15.62inches) with a resolution of 1920x1200 pixels and a 24-millisecond response time. The marker was placed 75 cm from the participants on a plane surface (screen) to avoid introducing errors due to distortion of the target location.

Procedure and Tasks

The study was structured as a between-subjects experiment wherein each participant of group A performed a short-time calibration procedure, and each participant of group B performed a long-time calibration procedure. We used the term short-time calibration to refer to any calibration procedure that is performed in less than 6 seconds, and long-time calibration to refer to any calibration procedure that takes more than 6 seconds. Each calibration time must not exceed 12 seconds, otherwise, it was not considered in the analysis. First, the experimenter gave the participant general instructions and reminded him that he was going to perform a calibration procedure and that the resulting points would be stored for further processing. To avoid unintentional shifts in glances, participants were given instructions to: "Please do not speak during the calibration procedure". The task was to look at the target and turn the head to make two rotations. Only one target was shown in the scene. In CalibMe (T. Santini, Fuhl, and Kasneci, 2017a), the users were asked to make a spiral pattern backward and forward with their head while fixating on the t arget. No such instruction was required in this s tudy. Once all the instructions had been given and understood, the task began. When the participant was ready to perform a calibration, he was asked to say "READY". Then the experimenter hit the button to start collecting the calibration data. At the end of the calibration, the participant was asked to remain quiet because speaking in order to inform the experimenter that the task was complete may have led to false data registration before the experimenter effectively stopped the data collection. In the same vein, if the participant hits a button on the keyboard or the mouse, false data may have been produced due to pupil shifts when looking for the key or the mouse.

calibration

The participant could have been asked to leave his finger on the completion button but in this case, the participant may have focused on not losing the button during the calibration.

Data Collection and Cleansing

The data cleansing tasks were a significant feature of the proposed study. This involved developing a cleaning process for all collected points. No filtering was done during the collection.

If the calibration lasted 2 seconds, N <= 2*116 paired points were recorded as the cameras retrieved 116 frames per second. Each frame enabled the detection of one or zero points (zero if there was no detection). For each calibration, we are excluding duplicated points' entries and their corresponding pairs.

Results and statistical Analysis

We are providing the results of our calibration method (in degree and in cm) from the betweensubjects experiment designed with 12 participants in a laboratory.

Through a series of calibrations performed by the participants, we explored the difference in results on how IDW and Modified IDW improve accuracy. The initial analysis showed that the two methods can improve the accuracy of gaze estimation at a cost of additional time processing.

We provide:

1. Results for raw estimated gaze data, namely the estimated points without any post processing and without correction.

2. Results for estimated gaze data corrected using the Inverse Distance Weighting.

3. And results for estimated gaze data corrected using the Modified Inverse Distance Weighting.

We found that the IDW method gave better results compared to the raw estimated data. And the Modified IDW gave the smallest Mean Angular Error (MAE) compared to the two precedents, aggregating results for all participants:

1. Raw Estimated Gaze data MAE: 1.644 cm (1.26°, SD=0.51°) 2. IDW MAE: 1.4609 cm (1.16°, SD = 0.31°) 3. Modified IDW MAE: 0.326 cm (0.25°, SD=0.15°).

During the experiment, we compared two calibration types: Short-time Calibration procedure 

Comparison between short time calibrations:

A paired sample T-test showed that on average the Modified IDW is better than the raw gaze estimation given by the mapping function by about 1.52 cm (t = 4.777, p=0.0025) for short time calibration. Also, we found that the IDW enabled the MAE to be reduced but no significant difference between the IDW results and the raw estimated points was found statistically for short time calibration (t (1,5)= 0.95, p=0.19), however, the mean of the differences is 0.18 cm.

To be concise, we are giving the mean results for the 6 participants in cm. The extended version of this table in the Appendix gives detailed results in cm and in degree of visual angle.

Comparison between long time calibrations:

On average the Modified I DW i s s tatistically b etter t han t he r aw e stimated p oint r esults by about 1.10 cm (t = 6.04, p<0.001), based on a paired Student T-test. Although the IDW helped to reduce the MAE, no significant d ifference b etween t he I DW a nd t he r aw e stimated points was found statistically for long time calibration (t (1,5)= 1.7, p=0.074).

Summary of the Calibration Assessment

Overall, the results showed that calibration time can heavily influence a ccuracy. When considering raw estimated points, unsurprisingly, long time calibration is most accurate. However, this is sacrificed at the cost of calibration time, as it is the lowest calibration p rocedure. In particular, if time is not an issue for users performing the calibration procedure, taking more time to complete the calibration has significant value in terms of accuracy for a monocular eye tracker.

Nevertheless, we did not test a calibration time of more than 12 seconds. When accuracy is not 8.7. Uncertainty Computation 163 an absolute need, for instance using gaze location on larger targets (big buttons, areas, etc.), one may prefer to consider a short calibration procedure. However, when using the Modified IDW method to correct raw estimated point errors, the difference between short and long calibration results is very small (0.352 cm Vs. 0.299 cm). This indicates that, instead of performing longtime calibration, approximatively the same results can be obtained with short-time calibration using the Modified IDW. As shown, the Mean Angular Error (MAE) was usually computed to assess the quantitative evaluation of this calibration process. This corresponded to the mean of the sum of the error norms between the actual and the estimated gaze location. While this value gives a global metric to assess the quality of the calibration, in the following section, we propose visualization methods for such errors in order to offer interesting qualitative insights.

Uncertainty Computation

Uncertainty and Pupil Detection

understanding eye tracking data quality is essential to the research community [START_REF] Holmqvist | Eye tracking: A comprehensive guide to methods and measures[END_REF]. There are many sources of gaze estimation errors [START_REF] Nyström | The influence of calibration method and eye physiology on eyetracking data quality[END_REF], including pupil dynamics (J. [START_REF] Drewes | Shifts in Reported Gaze Position Due to Changes in Pupil Size: Ground Truth and Compensation[END_REF]. Different pupil center detection algorithms exist. However, whatever algorithm is used, there is an inherent uncertainty over the exact position of where gaze vector "passes" through the pupil. The worst estimate is the convex polygon (or ellipse) constituting the border of the detected pupil. The pupil center position may be incorrect due to many artifacts in the eye image (experimental environment, noise, light, corneal reflection or even the algorithm itself). That is why, in this study, after the detection of the pupil center, we proposed an uncertainty area (Fig. 8) from the detected center, within which the exact pupil center may be. The uncertainty varies from 0 (red color in Figure 8.8-B)

to 1 (blue color in Figure 8.8-B). calibration

Uncertainty and the Calibration Method

The choice of calibration method is important. The mapping functions tend to give more accurate estimations in the area where the markers were placed during the calibration procedure.

The common calibration method used is the nine visual stimuli arrangement in a uniform grid because it enables covering a large area of the estimation plan. However, whatever calibration method is used, there is still uncertainty in the gaze data processing results as the polynomial regression tends to give results that fit the calibration points and try to interpolate the points inside the calibration area. In section 8.3.5, we proposed a method to correct the positions of the points estimated by the polynomial regression after the calibration procedure.

Qualitative Evaluation

Uncertainty visualization of gaze estimation during the calibration procedure provides information about the influence of the calibration setup (camera position, light conditions, calibration method) on eye tracking data quality (Figure 8.10). In this section, we illustrate the insights obtained using the visualizations generated with the proposed pipeline. By the time we had assessed and confirmed the validity of our gaze estimation method during the previous experiment, we were able to use the calibration procedure with different patterns and setups. To investigate different visualizations, we considered three different calibration procedures (Figure 8.9):

1. Standard 9-points calibration using a uniform grid, 2. Smooth pursuit calibration: where the participant is asked to fixate on a moving target on a screen.

3. Head rotation or Vestibulo ocular calibration: where the participant is asked to rotate his head while fixating on a static target.

Next, we illustrate the advantage of the proposed visualization, how it makes it possible to choose between different calibration setups, and helps with investigating the error of the calibration mapping. 

Uncertainty Visualization

Figure 8.11 shows the advantage of using varying shape distance transform to visualize the uncertainty of gaze estimation after calibration. Figure 8.11-A indicates only which parts of frontal field camera were covered during the calibration, and thus, will correspond to the most accurate area during the gaze estimation. Figure 8.11-B clearly shows that the uncertainty induced by the pupil center detection is not constant across the field camera image. In particular, we note that the ellipses are pulled vertically, indicating that the uncertainty is greater in the vertical direction compared to the horizontal. This means that the certainty of detecting a gaze shift between two objects placed on the same vertical line is higher compared to when these objects are on the same horizontal line. We also note that the ellipses are more stretched out on the upper part of the image, meaning that the uncertainty is higher when the object that a participant is looking at is placed in the upper part of the frontal field camera.

In addition, when following "+" alike trajectory (Figure 8.12), the uncertainty seems to be uniform with the Gaussian kernel, but with the varying-pupil-polygon kernel, one can clearly calibration see that the uncertainty is greater on the right horizontal axis and tends to lessen on the lower and upper edges of the vertical axis. .12: Uncertainty visualization using Gaussian kernel (A) and pupil-shape-dependent kernel (B) after performing "+" pattern calibration. The Gaussian kernel in (A) is circular, but the one used in (B) depends on the orientation, the size, and the shape of each pupil.

Homogeneous error

Uncertainty visualization also gives us insights when comparing different eye camera positions.

Figure 8.13 shows different visualizations corresponding to two different eye camera positions (placed in front of the eye and at the bottom) and two different pupil sizes (large and small) induced by the room lighting conditions. The images tell us that the frontal position of the eye camera is preferable because it corresponds to smaller and more homogeneous uncertainty. This 8.10. Homogeneous error 167 is especially visible during the calibration with large pupil size. We also note that, generally, the uncertainty is higher when the calibration is performed with dimmer light conditions (and the pupil is dilated). 

Polynomial Regression Errors and Weakness

The mapping function enables the interpolation of points within the calibration area during the initial stage of the calibration procedure. Figure 8.15 shows that the points outside the area (rectangle) result in inaccurate estimations. One can see clearly that there is a folding area on the top left corner of the estimated pupil boundary in the top right image. This folding area is due to the weakness of the polynomial regression in extrapolating points that are outside the calibration points' area.

Visualization of the Mapping Function Results

In this example, we provide evidence of visualization usages to explore the result of a calibration process in detail. As previously explained, the computation of the user gaze location is done during a calibration phase. During this calibration, a set of pupil center locations and their corresponding user gaze locations are recorded. The calibration estimates a transfer function which turns every pupil location into its corresponding gaze location. This function is, in most feature-based calibrations, a polynomial function [START_REF] Blignaut | Mapping the Pupil-Glint Vector to Gaze Coordinates in a Simple Video-Based Eye Tracker[END_REF]. Considering Figure 8.2 (A-D) with recorded pupil and gaze position, one can visualize the residuals between the estimated gaze locations and their true locations. Since this error is only known where the calibration has a recorded position, we estimate the errors in every location with the Inverse Distance Weighting 8.12. Visualization of the Mapping Function Results 169 (Shepard, 1968a). In Figure 8.2-D, the gaze location is corrected thanks to this estimated error.

Figure 8.17 shows a map of the global error estimation. While this estimation is based on the known points, one can detect that some gaze locations suffer from a high error value. In this sense, the error map provides effective insight to assess the global quality of the calibration.

One possible way of improving the recorded calibration data, could be to remove the calibration points where the estimated error is too high. 

Conclusion and Further Works

In this chapter, we present our gaze data visualization results to better support the understanding of calibration quality. We first explain the gaze estimation methods and through a betweensubjects experiment, we showed the validity of our gaze estimation pipeline. This led us to gather calibration data and test two different methods to reduce the mean angular error. The best of the two methods yielded a mean angular error of 0.25°. Also, the experiment served to compare short and long calibration procedures and the results showed that the long calibration procedure provides better accuracy, which is in line with our thoughts. Next, we visually inspected the uncertainty of the whole gaze estimation pipeline taking into account, the pupil area, the mapping function, the eye camera position relative to the eye, the lighting conditions and the pupil size, which gave us an effective tool to depict the quality of the calibration. In the near future, we plan to expand on this study in various areas. Firstly, we will provide qualitative measurements extracted from the presented visualizations. In comparison with existing measurements, which are based on data analytical computation, we will perform image-based computation and thus will qualify the visual results. Secondly, we will investigate how these produced visualizations can be a support for interaction and thus provide new interactive tools where the user can adjust the calibration process (for instance, the user may add or remove calibration points). Existing calibration systems only provide limited interaction tools and future research in this area may greatly improve calibration efficiency. We believe that this work would serve as an important guide for monocular eye tracking system calibration and uncertainty visualization.

Supporting information

We provide supporting information in the Appendix B. It contains the overall results for:

1. Short Time Calibration projection intégrale angulaire pour détecter le contour de la pupille [START_REF] Fuhl | ExCuSe: Robust Pupil Detection in Real-World Scenarios[END_REF].

Cependant, ils semblent toujours faire face aux mêmes défis. Les algorithmes ont tendance à être moins robustes dans des environnements réels et des conditions de lumière changeantes, des occlusions, des angles de vue et des poses de tête différentes. Pour répondre à ces questions, ElSe (Fuhl, T. C. Santini, et al., 2016) brushing technique which not only relies on the actual brushing location but also on the shape of the brushed area. The process can be described as follows. Firstly, the user brushes the region where trajectories of interest are visible (standard brushing technique). Secondly, the shape of the brushed area is used to select similar items. Thirdly, the user can adjust the degree of similarity to filter out the requested trajectories. This brushing technique encompasses two types of comparison metrics, the piece-wise Pearson correlation and the similarity measurement based on information geometry. To show the efficiency of this novel brushing method, we apply it to concrete scenarios with datasets from air traffic control, eye-tracking data and GPS trajectories. Brushing techniques (R. A. [START_REF] Becker | Brushing Scatterplots[END_REF], which are part of the standard InfoVis pipeline for data visualization and exploration (Stuart K. Card, Mackinlay, and Ben Shneiderman, 1999a), already have a long history . They are now standard interaction techniques in visualization systems [START_REF] Ward | XmdvTool: Integrating Multiple Methods for Visualizing Multivariate Data[END_REF] and toolkits [START_REF] Satyanarayan | Vega-Lite: A Grammar of Interactive Graphics[END_REF]Bostock, Ogievetsky, and Heer, 2011). Such techniques help to visually select items of interest with interactive paradigms (i.e. lasso, boxes, brush) in a view. When the user visually detects a relevant pattern (i.e. a specific curve or a trend), the brushing technique can then be applied to select it.

Selected trail

While this selection can be seamlessly performed, the user may still face issues when the view becomes cluttered with many tangled items. In such dense visualization, existing brushing techniques also select items in the vicinity of the target and thus capture part of the clutter (see Figure 9.1). To address such an issue, the user can adjust the brushing parameters by changing the brush size or the selection box locations. This may take time and requests many iterations or trials. In order to restore brushing efficiency in dense visualization, this chapter proposes a novel class of brushing technique where the shape of the brushing area is also considered as a filtering parameter. As such, this technique optimizes the usage of the existing brushing techniques. While in its current form, only the brush area is considered to select items (every item touching the brush area is selected), this chapter leverages existing brushing technique by also using its shape as a filtering criterion where only similar items in shape will be selected.

As opposed to standard brushing technique, this novel paradigm combines two filtering parameters with one user's input: the area and the shape of the brush. This dual input is provided at the same time and opens novel opportunities for brushing techniques. Nevertheless, some constraints are identified. The cornerstone of such a technique relies on a shape comparison algorithm. This algorithm must provide a numerical similarity measurement which is ordered (low value for unrelated shapes, and high value for correlated shapes), continuous (no steps in the computed metric) and with a semantic so that the user can partially understand the logic behind this similarity measurement. Thus, to build such a dual filtering technique, the following design requirements (DR) must be fulfilled:

• DR1: The technique enables users to select occluded trajectories in dense or cluttered view.

• DR2: The shape comparison metric is flexible with continuous, ordered and meaningful values.

• DR3: The technique enables incremental selection refinement.

• DR4: The technique is interactive.

Taking into account the identified requirements (DR1-DR4), this chapter presents a novel shape-based brushing tool. To the best of our knowledge, such a combination of brushing and shape comparison technique has not yet been explored in trajectory analysis and this chapter fills this gap. In the remainder of the chapter the following subjects are presented. First, previous works in the domain of brushing and shape comparison are provided. Second, the brushing pipeline is detailed with explanations of the comparison metric data processing. Next, the use of such a technique through different use-cases is demonstrated. The brushing technique is discussed in terms of usefulness, specific application and possible limitations. Finally, the chapter concludes with a summary of our contribution and provides future research directions.

Related Work

There are various domain-specific techniques targeting trail exploration and analysis. In this section, we explore four major components of selection techniques for trail-set exploration and analysis relevant to our work: brushing, query-by-content, similarity measurement and interactive systems.

Brushing in Trajectory Visualization

Trail-set exploration relies on pattern discovery (Stuart K. Card, Mackinlay, and Ben Shneiderman, 1999b) where relevant trails need to be selected for further analysis. Brushing is a

Chapter 9. Interactive Shape Based Brushing Technique for Trail Sets selection technique for information visualization, where the user interactively highlights a subset of the data by defining an area of interest. This technique has been shown to be a powerful and generic interaction technique for information retrieval (R. A. [START_REF] Becker | Brushing Scatterplots[END_REF]. The selection can be further refined using interactive filtering techniques [START_REF] Gennady | Visual Analytics of Movement[END_REF] Subsets of trails can then be selected thanks to filtering techniques using interactive tools [START_REF] Gennady | Visual Analytics of Movement[END_REF]. Our approach is based on dynamic queries (Ben [START_REF] Shneiderman | Dynamic Queries for Visual Information Seeking[END_REF] and direct manipulation (B. [START_REF] Shneiderman | Human-computer Interaction[END_REF] which is motivated by the advances on visual query and analysis. Many extensions to the standard brushing technique have been suggested. Using parallel coordinate representations, the composite brushes allowed analysts to more precisely define their area of interest [START_REF] Martin | High Dimensional Brushing for Interactive Exploration of Multivariate Data[END_REF]. Later, [START_REF] Hauser | Angular brushing of extended parallel coordinates[END_REF] showed the brushing effectiveness by allowing the user to jointly visualize highly interesting lines in more detail as well as the remaining lines in a reduced style (Focus+Context).

Nunes, Matković, and Bühler (2015) used the Convex-Hull algorithm to define the brushing area. More recently, (R. C. [START_REF] Roberts | Smart Brushing for Parallel Coordinates[END_REF] defined two different smart brushing techniques in which the user selects datasets of parallel coordinates by providing the area of interest on each parallel axes. [START_REF] Aupetit | A multidimensional brush for scatterplot data analytics[END_REF] proposed a scatter plot brushing approach which allows clustering 3D cloud points.

Systems designed specifically for spatio-temporal visualization and in particular in trajectory visualizations are very complex because of their 3D and time varying nature. Due to this, several systems and frameworks have been especially designed to visualize them (Christophe [START_REF] Hurter | FromDaDy: Spreading Aircraft Trajectories Across Views to Support Iterative Queries[END_REF][START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF][START_REF] Scheepens | Visualization, Selection, and Analysis of Traffic Flows[END_REF][START_REF] Andrienko | An event-based conceptual model for context-aware movement analysis[END_REF][START_REF] Andrienko | A General Framework for Using Aggregation in Visual Exploration of Movement Data[END_REF][START_REF] Bach | A Descriptive Framework for Temporal Data Visualizations Based on Generalized Space-Time Cubes[END_REF]. Most of these systems include selection techniques based on brushing, and some of them enable further query refinement through boolean operations [START_REF] Hurter | FromDaDy: Spreading Aircraft Trajectories Across Views to Support Iterative Queries[END_REF][START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF].

These techniques do not take into account the shape of the trails, so selecting a specific one with a particular shape requires many manipulations and iterations to fine tune the selection.

Query-by-Content

While this chapter attempts to suggest a shape-based brushing technique for trail sets, researchers have explored shape-based selection techniques in different contexts, both using arbitrary shapes and sketch-based queries.

Sketch-based querying presents several advantages over traditional selection [START_REF] Correll | The semantics of sketch: Flexibility in visual query systems for time series data[END_REF]. It has been used for volumetric data sets (Owada, F. Nielsen, and Igarashi, 2005) and neural pathway selection [START_REF] Akers | CINCH: A Cooperatively Designed Marking Interface for 3D Pathway Selection[END_REF]. This last work is the closest to the current study.

However, the authors presented a domain-specific application and they based their algorithm on the Euclidean distance. This is not an intuitive metric for similarity detection since it is hard to provide a value indicating a high similarity and varies greatly according to the domain and the data considered. In addition, this metric does not support direction and orientation matching nor the combination of brushing with filtering.

In addition, user-sketched pattern matching plays an important role in searching and localizing time series patterns of interest [START_REF] Muthumanickam | Shape grammar extraction for efficient query-bysketch pattern matching in long time series[END_REF][START_REF] Holz | Relaxed Selection Techniques for Querying Timeseries Graphs[END_REF]. For example, [START_REF] Holz | Relaxed Selection Techniques for Querying Timeseries Graphs[END_REF]) defined a relaxed selection technique in which the users draw a query to select the relevant part of a displayed time-series. [START_REF] Correll | The semantics of sketch: Flexibility in visual query systems for time series data[END_REF] propose a sketch-based query system to retrieve time series using dynamic time wrapping, mean square error or the Hough transform. They present all matches individually in a small multiple, arranged according to the similarity measurement. These techniques, as the one proposed here, also take advantage of sketches to manipulate data. However, they are designed for querying rather than selecting, and specifically for 2D d ata. In CINCH [START_REF] Akers | CINCH: A Cooperatively Designed Marking Interface for 3D Pathway Selection[END_REF], the authors proposed a bi-manual interface that uses a pen and a trackball for pathway selection. The selection is based on a marking language designed with scientists.

Using volumetric datasets, (Owada, F. Nielsen, and Igarashi, 2005) allowed the users to sketch the contour of a target region on the screen and retrieve a plausible 3D region by applying a segmentation algorithm. Other approaches use boxes and spheres to specify the regions of interest [START_REF] Akers | Exploration of the Brain's White Matter Pathways with Dynamic Queries[END_REF][START_REF] Hauser | Angular brushing of extended parallel coordinates[END_REF], and the desired trails are obtained if they pass through these regions of interest. However, many parameters must be changed by the analysts in order to achieve a simple selection. The regions of interest must be re-scaled, re-positioned back and forth, multiple times. Using this approach, many selection box modifications are requested to refine the selection and thus hinder the selection efficiency [START_REF] Akers | Exploration of the Brain's White Matter Pathways with Dynamic Queries[END_REF]. More recently, [START_REF] Igarashi | Interactive Volume Segmentation with Threshold Field Painting[END_REF] proposed an interactive data segmentation tool wherein the user uses a threshold field to select regions of the data and then draws the remaining part to select a bigger region. similarity constraints using 2D circled region of interest. Scribble Query (M. [START_REF] Nielsen | Scribble Query: Fluid Touch Brushing for Multivariate Data Visualization[END_REF] allows users to sketch a path that is used to filter d ata. The data, rendered on a touch-enabled display, is selected when the path crosses and intersects axes and points in the interface. Unlike these interfaces, our approach is aimed at accurate selections and addresses brushing issue of trails set in dense areas where lot of occlusions hinder the selection of specific items.

Similarity measures

Given a set of trajectories, we are interested in retrieving the most similar subset of trajectories with a user-sketched query. Common approaches include selecting the K-nearest-neighbors (KNN) based on the Euclidean distance (ED) or elastic matching metrics (e.g, Dynamic Time

Warping -DTWs). The KNN approach can't deal with the uncertainty area since it considers closest vertices (Figure 9.2). Affinity cues have also been used to group o bjects. For example, objects of identical color are given a high similarity coefficient for the color affinity [START_REF] Lindlbauer | Perceptual Grouping: Selection Assistance for Digital Sketching[END_REF].

The euclidean distance is done with assessment of graphical operation. et al., 2016) which are usually bound between 0 and 1 or -1 and 1, ED is unbounded and not intuitive. A number of works have suggested transforming the raw data into a lower-dimensional representation, for example, SAX [START_REF] Lin | Experiencing SAX: A Novel Symbolic Representation of Time Series[END_REF][START_REF] Luo | Efficient Similarity Joins on Massive High-Dimensional Datasets Using MapReduce[END_REF], PAA [START_REF] Lin | A Symbolic Representation of Time Series, with Implications for Streaming Algorithms[END_REF]Y. Ma, Meng, and S. Wang, 2016). However, they require adjusting many abstract parameters which are dataset-dependant and thus reduce their flexibility. In [START_REF] Lindlbauer | Perceptual Grouping: Selection Assistance for Digital Sketching[END_REF], global and local proximity of 2D are presented. The second measure is used for similarity detection where an object is contained within another one, and is not relevant to this work. While the first measure refers to the distance between two objects (mostly circles and lines), there is no guarantee that the approach could be generalized to large datasets such as eye-tracking, GPS or aircraircraft trajectories. In contrast, Dynamic Time Warping has been considered as the best measurement [START_REF] Ding | Querying and Mining of Time Series Data: Experimental Comparison of Representations and Distance Measures[END_REF] in various applications (Rakthanmanon et al., 2012b) to select shapes by matching their representation. It has been used in gestures recognition (Wobbrock, Wilson, and Y. Li, 2007a), eye movements [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF] and shapes [START_REF] Zhao | shapeDTW: Shape Dynamic Time Warping[END_REF], accelerometer [START_REF] Akl | Accelerometer-based gesture recognition via dynamictime warping, affinity propagation, amp; compressive sensing[END_REF], voice [START_REF] Muda | Voice Recognition Algorithms using Mel Frequency Cepstral Coefficient (MFCC) and Dynamic Time Warping (DTW) Techniques[END_REF], etc. An overview of existing metrics is available (Rakthanmanon et al., 2012b).

The k-Nearest Neighbor (KNN) approach has also long been studied for trail similarity detection [START_REF] Chen | Searching Trajectories by Locations: An Efficiency Study[END_REF]Y. Tao, Papadias, and Q. Shen, 2002). It consists on retrieving the top-K trails having the minimum aggregate distance to a given Query or a set of points (L.-A. [START_REF] Tang | Retrieving K-nearest Neighboring Trajectories by a Set of Point Locations[END_REF]. The distance between a single point p and a trail T can be defined as the distance from p to its closest point t i in T , defined as d(p, T ) = min t i ∈T d(p,t i ). This can be extended to the distance between a Query Q and a trail T denoted d(Q, T ) = ∑ q i ∈Q e -d(q i ,T ) [START_REF] Zheng | Trajectory Data Mining: An Overview[END_REF]. Incorporating the exponential function allows increasing the contribution of the closest pairs of points q i and t i while decreasing the value to the other pairs. The primary concern is that the two trails may provide a good connection (i.e, a small difference measure) but can have very different shapes. It is also possible to calculate trajectory segments similarity using the Minimum Bounding Rectangles (MBR) [START_REF] Jeung | Trajectory Pattern Mining[END_REF], Fréchet

Distance [START_REF] Devogele | Optimized Discrete FrÉChet Distance Between Trajectories[END_REF] or Trajectory-Hausdorff Distance (D H auss) (Lee, J. Han, and Whang, 2007) which leverages the perpendicular distance, the parallel distance and the angular distance in order to compute the distance between two trajectories.
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In order to address the aforementioned issues, we propose and investigate two different approaches (section 9.2.1). The first approach is based on directly calculating the correlations on x-axis and y-axis independently between the Query and the trails. The second approach is based on the geometrical information of the trails, i.e, the trails are transformed into a new space (using eigenvectors of the co-variance matrix) that is more suitable for similarity detection. Our approach leverage the potential of the intuitiveness of these two metrics to foster efficient shape-based brushing for large occluded datasets. As such, it allows performing targeting and detailed motif discovery interactively. Moreover, it has implications for additional tasks, including sub-sequences discovery.

Interactive system for trails exploration

Many tools for trails set exploration and manipulation exist. Selection boxes help to filter object of interest [START_REF] Hochheiser | Interactive Exploration of Time Series Data[END_REF][START_REF] Buono | Interactive pattern search in time series[END_REF], particle systems help to understand flow directions [START_REF] Scheepens | Visualization, Selection, and Analysis of Traffic Flows[END_REF]. Specific types of movement event can be located in moving object selection [START_REF] Andrienko | An event-based conceptual model for context-aware movement analysis[END_REF] or in comparison with defined trajectories [START_REF] Laube | Discovering relative motion patterns in groups of moving point objects[END_REF] (S. [START_REF] Dodge | Revealing the physics of movement: Comparing the similarity of movement characteristics of different types of moving objects[END_REF]. More recently, image-based techniques (Christophe Hurter, 2015a) have been applied for trajectory analysis (C. [START_REF] Hurter | Interactive image-based information visualization for aircraft trajectory analysis[END_REF].

Boolean operation can be performed to combine selections of trajectories (Christophe Hurter, Benjamin Tissoires, and Stéphane Conversy, 2009) on a 2D screen or in virtual reality (C. [START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF]. Exploring, analyzing and visualizing temporal data has a long history. Time series analysis [START_REF] Cryer | Time Series Analysis. 1st[END_REF]) helps to extract relevant information. Different Frameworks (G. [START_REF] Andrienko | An event-based conceptual model for context-aware movement analysis[END_REF] are available and allow gaining a better understanding of such complex time-varying dataset thanks to aggregation technique [START_REF] Andrienko | A General Framework for Using Aggregation in Visual Exploration of Movement Data[END_REF]. Specific events can be retrieved [START_REF] Beard | A Framework for Visualization and Exploration of Events[END_REF] thanks to data exploration paradigms [START_REF] Roddick | A survey of temporal knowledge discovery paradigms and methods[END_REF]. Recent visualization frameworks have been provided to structure efficient temporal data representations [START_REF] Bach | A Descriptive Framework for Temporal Data Visualizations Based on Generalized Space-Time Cubes[END_REF]. While most of these systems include a brushing technique, none encompass a shapebased selection technique. The trajectory filtering needs many manipulations to fine-tune the selection which may be cumbersome especially in very dense area. In this sense, our brushing technique will provide an additional tool for trail set data selection.

Interaction Pipeline

This section presents the interactive pipeline (Figure 9.4) which fulfills the identified design requirements (DR1-DR4). As for any interactive system, user input plays the main role and will operate at every stage of the data processing. First, the input data (i.e. trail set) is given.

Next, the user inputs a brush where the pipeline extracts the brushed items, the brush area and its shape. Then, two comparison metrics are computed between every brushed item and the shape of the brush (similarity measurement). Followed by the binning process and its filtering, the resulting data is presented to the user. The user can then refine the brush area and choose another comparison metric until the desired items are selected. Figure 9.3-A illustrates the query. It is composed of connected vertices. Notice that there is a minimum query length in order to start the similarity detection. Moreover, as discussed in Chapter 7, Figure 7.13, the approach must able to differentiate between curves that have approximately similar shapes (Figure 9.3-B).

Metrics

As previously detailed in the related word section, many comparison metrics exist. While our pipeline can use any metrics that fulfill the design requirement DR2 (continuous, ordered and meaningful comparison), the presented pipeline contains only two complementary algorithms:

Pearson and FPCA. The first one focuses on a shape comparison basis with correlation between their representative vertices, while the latter focuses on curvature comparison. As shown in Figure 9.7, each metric produces different results. The user can use either of them depending on the type of filtering to be performed. The two following sections detail each algorithm.

Pearson's Correlation (PC)

Pearson's Correlation (PC) is a statistical tool that measures the correlation between two datasets and produces a continuous measurement between ∈ [-1, 1] with 1 indicating a high degree of similarity, and -1 an anti-correlation indicating an opposite trend [START_REF] Karl | Note on regression and inheritance in the case of two parents[END_REF]. This metric is considered as intuitive and understandable (DR2) to measure dataset similarity (i.e. in trajectory points) (Mélodie Vidal, Bulling, and Gellersen, 2013c;[START_REF] Clarke | Remote Control by Body Movement in Synchrony with Orbiting Widgets: An Evaluation of TraceMatch[END_REF].

The Pearson's Correlation between two trails T i and T j on the xaxis can be defined as follows:

r x = COV (T i x , T j x ) σ T ix σ T jx , COV (T i x , T j x ) = E[(T i x -T i x )(T j x -T j x )] (9.1)
Where T i x and T j x are the means, E the expectation and σ T ix , σ T jx the standard deviations. The correlation is computed on the yaxis and the xaxis for two dimensional points.

This metric is invariant in point translation and trajectory scale. Basically, this measures attempts to draw a line of best fit through the two datasets and indicates how well the data fit to this line (Figure 9.8). Therefore, the pipeline also considers the FPCA metric more appropriate to trajectory shape but it does not take into account negative correlation. This figure shows the interaction pipeline to filtered items thanks to the user brush input. The pipeline extracts the brushed items but also the shape of the brush which will be then used as a comparison with the brushed items (metrics stage). Then, brushed items are stored in bins displayed with small multiples where the user can interactivity refine the selection (i.e. binning and filtering stage). Finally, the user can adjust the selection with additional brushing interactions. The user brushed around curve 3 and thus also selected curves 1 and 2. Thanks to the Pearson computation, the associated small multiples show that only curve 2 is correlated to the shape of the brush. Curve 3 is anti correlated since it in an opposite direction to the shape of the brush. The FPCA computation does not take into account the direction but rather the curvature similarity. As such, only shape 3 is considered as highly similar to the brush shape input.

Functional Principal Component Analysis

Functional Data Analysis is a well-known information geometry approach [START_REF] Ramsay | Functional Data Analysis[END_REF]) that captures the statistical properties of multivariate data functions, such as curves modeled as a point in an infinite-dimensional space (usually the L 2 space of square integrable functions [START_REF] Ramsay | Functional Data Analysis[END_REF]). The Functional Principal Component Analysis (FPCA) computes the data variability around the mean curve of a cluster while estimating the Karhunen-Loeve expansion scores. A simple analogy can be drawn with the Principal Component Analysis (PCA) algorithm where eigen vectors and their eigen values are computed, the FCPA performs the same operations with eigen functions (piece-wise splices) and their principal component scores to model the statistical properties of a considered cluster (C. Hurter, Puechmorel, et al., 2018a): uses the two first Principal Components (PC) to define the representative point of a considered trajectory. Then, the metric is computed by the euclidean distance between the shape of the brush and each brushed trajectory in the Cartesian scatterplot PC1/PC2 (Figure 9.9 and 9.10) .

Each distance is then normalized between [0, 1] with 1 corresponding to the largest difference in shape between the considered shape of the brush of the corresponding trajectory. 

Binning and small multiple filtering

Taking into account the computed comparison metrics, the pipeline stores the resulting values into bins. Items can then be sorted in continuous ways from the less similar to the most similar ones. While the Pearson measurements ∈ [-1, 1] and the FPCA ∈ [0, 1], this binning process operates in the same way. Each bin is then used to visually show the trajectories it contains though small multiples The user can then interactively filter the selected items (DR4) with a range slider on top of the small multiple visualization. The user is thus able to decide whether to remove uncorrelated items or refine the correlated one with a more restricted criteria (DR3).

Though this binning process offers an efficient way of showing the similarity, it can be designed in two different manners:

1. The first design consists of storing and grouping the trails that provide approximately similar values of correlation into each bin. For example in Figure 9.11, there are 20 bins.

If the FPCA measure is used, the first bin will store the trails having a similarity value ∈ [0, 0.05], the second one will store the trails ∈ [0.05, 0.1], ..., the last one will store the trails ∈ [0.95, 1].

2. The second design consists of accumulating and grouping the trails that provide a similarity value greater or equal to (1/bins) × i, where i ∈ [0, bins] is the position of the bin and bins is the number of bins. For example in Figure 9.12, there are 20 bins. If the FPCA measure is used, the first bin will store the trails having a similarity value ≥ 0.0, the second one will store the trails ≥ 0.05, ..., the last one will store the trails ≥ 0.95.

Therefore in the small muliple of the Figure 9.12, we can observe that all the trails are accumulated in the first bin.

For more clarity a simplified example with bins = 4 is provided in Figure 9.13. In the remaining of this chapter, we will use 5 small multiples which gives a good compromise between visualization, compactness and trajectory visibility. Therefore in the small muliple, we can observe that all the trails are accumulated in the first bin.

Interaction Paradigm by example

This technique is designed to enable flexible and rapid brushing of trajectories, by both the location and the shape of the brush. The technique's interaction paradigm is now described and 

Scenario Introduction

Aircraft trajectories can be visually represented as connected line segments that form a path on a map. Given the flight level (altitude) of the aircraft, the trajectories can be presented in 3D and visualized by varying their appearances (N. [START_REF] Andrienko | Analysis of Flight Variability: a Systematic Approach[END_REF] or changing their representation to basic geometry types [START_REF] Buschmann | Animated visualization of spatial-temporal trajectory data for air-traffic analysis[END_REF]. Since the visualization considers a large number of trajectories that compete for the visual space, these visualizations often present occlusion and visual clutter issues, rendering exploration difficult. Edge bundling techniques (A. [START_REF] Lhuillier | State of the Art in Edge and Trail Bundling Techniques[END_REF] have been used to reduce clutter and occlusion but they come at the cost of distorting the trajectory shapes which might not always be desirable.
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Analysts need to explore this kind of datasets in order to perform diverse tasks. Some of these tasks compare expected aircraft trajectories with the actual trajectories. Other tasks detect unexpected patterns and perform out traffic analysis in complex areas with dense traffic (N. [START_REF] Andrienko | Analysis of Flight Variability: a Systematic Approach[END_REF][START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF]. To this end, various trajectory properties such as aircraft direction, flight level and shape are examined. However, most systems only support selection techniques that rely on starting and end points, or predefined regions. We argue that the interactive shape brush technique would be helpful for these kinds of tasks, as they require the visual inspection of the data, the detection of the specific patterns and then their selection for further examination. As these specific patterns might differ from the rest of the data precisely because of their shape, a technique that enables their selection through this characteristic will make their manipulation easier, as detailed in the example scenario. We consider a dataset that includes 4320 aircraft trajectories of variable lengths from one day of flight traffic over the French airspace.

Brushing

We define the trail T as a set of real-valued consecutive points:

T = [(T x 1 , T y 1 )) , (T x 2 , T y 2 ) , . . . , (T x n , T y n ) ]
where n is the number of points and (T x i , T y i ) corresponds to the i -th coordinate of the trail. The where m is the number of points. Note that while the length n of each trail is fixed, the length m of the Shape depends on the length of the user brush. The Shape is smoothed using a 1Cfilter [START_REF] Casiez | 1C Filter: A Simple Speed-based Low-pass Filter for Noisy Input in Interactive Systems[END_REF] and then resampled to facilitate the trail comparison.

The similarity metrics are then used in subsequences of the shape of approximately the same length as the brush Shape. In order to do this, each trial is first resampled so that each pair of consecutive vertices on the trail has the same distance l vertices [START_REF] Everts | Exploration of the Brain's White Matter Structure through Visual Abstraction and Multi-Scale Local Fiber Tract Contraction[END_REF].

The user starts by exploring the data using pan and zoom operations. They are interested in the trajectories from the south-east of France to Paris. The user can choose if they are looking for a subsequence match or an exact match. A subsequence match involves the detection of trajectories having a subsequence similar to the Shape locally. Exact match comparison also takes into account the length of the trajectory and the Shape in order to select a trajectory, i.e, its length must be approximately similar to the length of the Shape (general measurements).

This option is especially useful to select a trajectory by its start and end points (e.g, finding trajectories taking off from an airport A and landing at an airport B). The exact matching is supported by analyzing the length of the trail and the Shape before applying the similarity metric algorithm.

The analyst in the scenario activates the subsequence match and starts brushing in the vicinity of the target trajectories following the trajectory shape with the mouse. This will define both (1) the brush region and (2) the brush shape. Once the brushing has been completed, the selected trajectories are highlighted in green, as depicted in Figure 9.14-(a). 

Small Multiples and User filtering

The similarity calculation between the Shape and the brushed region will produce a similarity value for each trail contained in the brushed region and the trails are distributed in small multiples as detailed in Section 9.2. Since the similarity value can be mapped to [-1,1] or to [0,1] it is possible to distribute the trials in equally-sized bins according to their similarity value. Once the user has brushed, he can adjust the selection by selecting one of the bins displayed in the small multiples and using its range slider. This enables a fine control over the final selection and makes the algorithm thresholding easier to understand as the user has control over both the granularity of the exploration and the chosen similarity level. The range slider position controls the similarity level, and its size determines the number of trajectories selected at each slider position: the smallest size selects one trajectory at a time. The range slider size and position are adjusted by direct manipulation. As the bins are equally sized, the distribution of the similarity might not be linear across the small multiples. This makes navigation easier since the trajectories distribution in the small multiples is continuous. However, this also entails that not every bin will correspond to the same similarity value interval. To keep this information available to the user, a colored heatmap (from red to green) displays the actual distribution.

In the current scenario, the expert, as they wish to select only the flights to Paris and not from Paris, selects the trajectories that are correlated with the original brush. These trajectories are on the right side of the small multiple, highlighted in green as depicted in Figure 9.14-(b).

The expert is then interested in exploring the flights that land on the north landing strip but that are not coming from the east. For this, they perform a new shape brush to identify the planes 9.3. Interaction Paradigm by example 193 that do come from the east, and distinguishable by the "C" shape in the trajectories, as depicted in Figure 9.16. To be able to select the geometry precisely, the expert changes to the FPCA metric, using the keyboard shortcut. In this case the small multiple arranges the trajectories from less similar to more similar. This entails that the small multiple based on FPCA also enables the selection of all the trajectories that do not match the specified Shape but which are contained in the brushing region. As all trajectories passing through the north landing strip are contained in the brushing region, the most similar trajectories will correspond to the ones that have a "C" shape, in the same orientation as the Shape, and thus come from the east. The less similar will be the ones that interest the analyst, so they can select them by choosing the most dissimilar small multiple as depicted in Figure 9.16-(b). The user filters the trajectories that land on the north runway in Paris by brushing following the "C" shape. This retrieves the flights that come from the east. (b) They change the selection on the small multiples, to select all the dissimilar Shapes, resulting in the trajectories that land on the north landing strip strip but that do not come from the east. 9.4. Applications 195

Applications

We argue that there is a strong demand for targeted brushing to select motifs in datasets. In various domains, including aircraft trajectories, eye-tracking, GPS trajectories or brain fiber analysis, there is a substantial need to be able to discover hidden motifs in large datasets. Undoubtedly, retrieving desired trails in such datasets would help analysts to focus on the most interesting parts of the data. The system was built using C# and OpenTK on a 64bit1 XPS 15 Dell Laptop. Although, both PC and FPCA provide different but valuable results, the running performance was 10 times faster with PC compared to FPCA .

Eye-tracking Data

Figure 9.17: Eye-tracking Data Eye-tracking technologies are gaining popularity for analyzing human behaviour, in visualization analysis, human factors, human-computer interaction, neuroscience, psychology and training. The principle consists in finding the likely objects of interest by tracking the movements of the user's eyes. Using a camera, the pupil center position is detected and the gaze, i.e, the point in the scene the user is fixating on, is computed using a prior calibration procedure [START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF]T. Santini, Fuhl, and Kasneci, 2017b). Therefore, the gaze data consist of sampled trails representing the movements of the user's eye gaze while completing a given task (Figure 9.17).

Two important types of recorded movements characterize eye behaviour: the fixations and saccades (A. [START_REF] Duchowski | Eye tracking methodology: Theory and practice[END_REF]. Fixations are the eye positions the user fixates for a certain amount of time, in other words, they describe the locations that captured the attention of the user. The saccades connect the different fixations, i.e, they represent the rapid movements of the eye from one location to another. The combination of these eye movements are called the scanpath (Figure 9.18-A). The scanpath is subject to overplotting. This challenge may be addressed through precise brushing techniques to select specific trails. Usually, fixation events are studied to create an attention map which shows the salient elements in the scene. The salient elements are 196 Chapter 9. Interactive Shape Based Brushing Technique for Trail Sets located at high density fixation areas. However, the temporal connections of the different fixations provide additional information. The saccades enable the links between the fixations to be maintained and the temporal meaning of the eye movement to be held. Discovering patterns in the raw scanpath data is difficult since, in contrast to aircraft trajectories, eye movements are sparser and less regular (Figure 9.18). To address this, different kinds of visualizations for scanpaths have been proposed in the literature. For example, edge bundling techniques (C. Hurter, Puechmorel, et al., 2018b) minimize visual clutter of large and occluded graphs. However, these techniques either alter trail properties such as shape and geometric information, or are otherwise computationally expensive, which makes them unsuitable for precise exploration and mining of large trail datasets. Moreover, it is possible to animate eye movements in order to have an insight of the different fixations and saccades. However, given the large datasets of eye movements retrieved from lengthy experiments containing thousands of saccades, this approach is unnecessarily time-consuming and expensive.

Therefore, we next describe how this study's approach supports proper and more efficient motif discovery on such eye-tracking datasets. The tested dataset is adapted from (V. [START_REF] Peysakhovich | Attribute-driven edge bundling for general graphs with applications in trail analysis[END_REF], where a continuous recording of eye movement in a cockpit was performed. The gaze data was recorded at 50 Hz. Sequential points located in a square of 20 × 20 pixels and separated by at least 200 ms were stored as a fixation event and replaced by their average in order to reduce noise coming from the microsaccades and the tracking device.

In order to illustrate some examples, we could consider a domain expert who wishes to explore the movements of the pilot's eyes in a cockpit. When performing a task, the pilot scans the different instruments in the cockpit, focuses more on certain instruments or interacts with them.

Especially in this context, the order of pilot attention is important since checking a parameter in one instrument may give an indication of the information displayed in another instrument. For example, the priority of the Primary Flight Display (PFD) instrument compared to Flight Control Unit (FCU) will differ for the cruise phase as compared to the final landing approach (V. [START_REF] Peysakhovich | Attribute-driven edge bundling for general graphs with applications in trail analysis[END_REF]. As an example of analysis, the user wishes to explore the movement of the eye from the Primary Flight Display (PFD) to the Navigation Display (ND). Selecting these scanpaths using traditional brushing techniques would be challenging because of the clutter, selecting those scanpaths would introduce additional accidental selections.

Therefore, the brushes these scanpaths using a shape that extends from the PFD to the ND, applying the Pearson metric to consider the direction. Figure 9.18-A depicts the brushed eye movements that correspond to the most correlated trails in the small multiple. There are several saccades between those two devices, and this is inline with the fact that saccadic movements between the PFD and the ND are typically caused by parameter checking routines.

However, when the user changes the selection and brushes the scanpath between the ND and the FCU, it is surprising to see that there is only one saccade between them. Brushing now with a shape that goes between the PFD and the FCU (Figure 9.18-C reveals only one scanpath. This is difficult to visualize in the raw data or using the standard brushing technique. A final Shape searching for an eye movement from the PFD to the LAI and passing by the FCU, results in only one saccade (Figure 9.18-D). To determine the meaning of this behavior, the tool also enables the expert to exploit a continuous transition to increase the visibility and gain insight on when different moving targets such as autonomous vehicles, pedestrians, natural phenomena, etc. The commonness of these datasets calls for novel approaches in order to discover information and mine the data [START_REF] Zheng | Trajectory Data Mining: An Overview[END_REF]. Standard plots of GPS trajectry data often reveal trends in people trajectories, but often the trajectories are simply too dense for meaningful insight.

Traditionally, researchers analyse GPS logs by defining a distance function (e.g, KNN) between two trajectories and then applying expensive processing algorithms to address the similarity detection. For example, they first convert the trajectories into a set of road segments by leveraging map-matching algorithms. Afterwards, the relationship between trajectories is managed using indexing structures (Y. [START_REF] Wang | Travel Time Estimation of a Path Using Sparse Trajectories[END_REF][START_REF] Zheng | Trajectory Data Mining: An Overview[END_REF]. Using the data provided by Zheng et al. [START_REF] Zheng | Mining Interesting Locations and Travel Sequences from GPS Trajectories[END_REF], we seek to investigate different locations followed by the users in Beijing. The data consists of GPS trajectories collected for the Geolife project by 182 users during a period of over five years (from April 2007 to August 2012) [START_REF] Zheng | Mining Interesting Locations and Travel Sequences from GPS Trajectories[END_REF].

Each trajectory is represented by a 3D latitude, longitude and altitude point. A range of users' outdoor movements were recorded, including life routines such as travelling to work, sports, shopping, etc.

As the quantity of GPS data is becoming increasingly large and complex, proper brushing is challenging. Using bounding boxes somewhat alleviate this difficulty by setting the key of interest on the major corners. However, many boxes must be placed carefully for one single selection. The boxes can help the analysts to select all the trajectories that pass through a specific location, but do not simplify the analysis of overlapping and directional trajectories. This study's approach intuitively supports path differentiation for both overlapping trajectories and takes direction into account. For example, we are interested in answering questions about the activities people perform and their sequential order [START_REF] Zheng | Mining Interesting Locations and Travel Sequences from GPS Trajectories[END_REF]. For this dataset, the authors were interested in finding event sequences that could inform tourists. The shape based brushing could serve as a tool to further explore their results. For example, if they find an interesting classical sequence that passes through locations A and B they can further explore if this sequence corresponds to a larger sequence and what other locations are visited before or after. A first brushing and refinement using the FPCA metric and small multiples enables them to select all the trajectories that include a precise event sequence passing through a set of locations, as depicted in Figure 9.20. A second brushing using the Pearson metric enables further explorations that also take into account the direction of the trajectories. Switching between the correlated trajectories and the anti-correlated ones, the user can gain insight about the visitation order of the selected locations. 

Discussion

The proposed brushing technique leverages existing methods with the novel usage of the shape of the brush as an additional filtering parameter. The interaction pipeline shows different data processing steps where the comparison algorithm between the brushed items and the shape of the brush plays a central role. While the presented pipeline contains two specific and complementary comparison metric computations, another one can be used as long as it fulfills the continuity and metric semantic requirements (DR2). The FPCA distance comparison provides an accurate curve similarity measurement while the Pearson metric provides a complementary criteria with the direction of the trajectory.

In terms of visualization, the binning process provides a valuable overview of the order of the trajectory shapes. This important step eases the filtering and adjustment of the selected items.

It is important to mention that this filtering operates in a continuous manner as such trajectories are added or removed one by one when adjusting this filtering parameter. This practice helps to fine tune the selected items with accurate filtering parameters. The presented scenario shows how small multiple interaction can provide flexibility. This is especially the case when the user brushes specific trajectories to be then removed when setting the compatibility metrics to uncorrelated. This operation performs a brush removal. The proposed filtering method can also consider other types of binning and allows different possible representations (i.e. various visual mapping solutions). This chapter illustrates the shape based brushing technique with three application domains (air traffic, eye-tracking, gps data), but it can be extended to any moving object dataset. Moreover, it can be used in datasets representing static connexions. For example, the white matter structure of the human brain could be represented as a trail set and analyzed with this technique. In Additionally, multiple queries (only two in this example) using this technique can permit a user to isolate a single fiber a s s hown i n F igure 9 .22. H owever, o ur e valuation i s l imited b y the number of studied application domains. Furthermore, even if various users and practitioners participated in the design of the technique, and assessed the simplicity and intuitiveness of the method, we did not conduct a more formal evaluation. The shape based brush is aimed at complementing the traditional brush, and in no way do we argue that it is more efficient or effective than the original technique for all cases. The scenarios are examples of how this technique enables the selection of trails that would be otherwise difficult to manipulate, and how the usage of the brush area and its shape to perform comparison opens novel brushing perspectives. We believe they provide strong evidence of the potential of such a technique.

The technique also presents limitations in its selection flexibility, as it is not yet possible to combine selections. Many extensions can be applied to the last step of the pipeline to support this. This step mainly addresses the DR4 where the selection can be refined t hanks t o user inputs. As such, multiple selections can be envisaged and finally be c omposed. Boolean operations can be considered with the standard And, Or, Not. While this composition is easy to model, it remains difficult for an end user to master the operations when there are more than 2 subset operations (D. [START_REF] Young | A Graphical Filter/Flow Representation of Boolean Queries: A Prototype Implementation and Evaluation[END_REF][START_REF] Hurter | FromDaDy: Spreading Aircraft Trajectories Across Views to Support Iterative Queries[END_REF]. As a solution, Christophe [START_REF] Hurter | FromDaDy: Spreading Aircraft Trajectories Across Views to Support Iterative Queries[END_REF] proposed an implicit item composition with a simple drag and drop technique. The pipeline can be extended with the same paradigm where a place holder can store filtered items and then be composed to produce the final re sult. The user can then refine the selection by adding, removing or merging multiple selections.

Conclusion

In this chapter, a novel sketch-based brushing technique for trail selection was proposed and investigated. This approach facilitates user selection in occluded and cluttered data visualization where the selection is performed on a standard brush basis while taking into account the shape of the brush area as a filtering t ool. T his b rushing t ool w orks a s f ollows. F irstly, the user brushes the trajectory of interest trying to follow its shape as closely as possible. Then the system pre-selects every trajectory which touches the brush area. Next, the algorithm computes a distance between every brushed shape and the shape of the brushed area. Comparison scores are then sorted and the system displays visual bins presenting trajectories from the lowest scores (unrelated -or dissimilar trajectories) to the highest values/scores (highly correlated or similar trajectories). The user can then adjust a filtering parameter to refine the actual selected trajectories that touch the brushed area and which have a suitable correlation with the shape of the brushed area. The cornerstone of this shape-based technique relies on the shape comparison method. Therefore, we choose two algorithms which provide enough flexibility to adjust the set of selected trajectories. One algorithm relies on functional decomposition analysis which insures a shape curvature comparison, while the other method ensures an accurate geometric based comparison (Pearson algorithm). To validate the efficiency of this method, we show three This work can be extended in many directions. We can first extend it with additional application domains and other types of dataset such as car or animal movements or any type of time varying data. We can also consider other types of input to extend the mouse pointer usage.

Virtual Reality data exploration with the so called immersive analytic domain gives a relevant work extension which will be investigated in the near future. Finally, we can also consider adding machine learning to help users brush relevant trajectories. For instance, in a very dense area, where the relevant trajectories or even a part of the trajectories are not visible due to the occlusion, additional visual processing may be useful to guide the user during the brushing process. Cleveland, 1987). La sélection peut être affinée en utilisant des techniques de filtrage interactives [START_REF] Gennady | Visual Analytics of Movement[END_REF].

Résumé Chapter 9 en Français

Requête par contenu

Bien que ce chapitre tente de proposer une technique de brushing basée sur la forme, des chercheurs ont aussi déjà exploré des techniques de sélection basées sur la forme dans différents contextes, en utilisant à la fois des formes arbitraires et des requêtes basées sur des croquis.
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Chapter 9. Interactive Shape Based Brushing Technique for Trail Sets La requête basée sur une forme présente plusieurs avantages par rapport à la sélection traditionnelle (correll016). Elle a été utilisée pour les ensembles de données volumétriques (Owada, F. Nielsen, and Igarashi, 2005) et la sélection des voies neuronales [START_REF] Akers | CINCH: A Cooperatively Designed Marking Interface for 3D Pathway Selection[END_REF]. Cependant, les auteurs ont présenté une application propre à leur domaine et ont basé leur algorithme sur la distance euclidienne qui n'est pas une mesure intuitive pour la détection de similarités, car il est difficile de dire exactement à partir de quelle valeur la similarité est vérifiée. En outre, elle varie grandement selon le domaine et les données considérées.

Mesures de similarité

Nous nous intéressons à récupérer les trajectoires ressemblant le plus à une forme esquissée par l'utilisateur. Les approches courantes incluent la sélection des k-plus proches voisins (Knearest-neighbors) en fonction de la distance euclidienne ou des mesures élastique (DTWs).

Dans d'autres domaines, des indices d'affinité ont également été utilisés pour grouper des objets. Par exemple, les objets de couleur identique se voient attribuer un coefficient de similarité élevé [START_REF] Lindlbauer | Perceptual Grouping: Selection Assistance for Digital Sketching[END_REF].

Système Interactif pour l'exploration de trajectoires

Il existe de nombreux outils d'exploration et de manipulation de trajectoires. Les boîtes de sélection aident à filtrer les objets d'intérêt [START_REF] Hochheiser | Interactive Exploration of Time Series Data[END_REF][START_REF] Buono | Interactive pattern search in time series[END_REF], les systèmes de particules aident à comprendre les directions [START_REF] Scheepens | Visualization, Selection, and Analysis of Traffic Flows[END_REF]. Des types spécifiques d'événements de mouvement peuvent être localisés dans la sélection d'objet en mouvement [START_REF] Andrienko | An event-based conceptual model for context-aware movement analysis[END_REF] ou en comparaison avec des trajectoires définies [START_REF] Laube | Discovering relative motion patterns in groups of moving point objects[END_REF]) (S. [START_REF] Dodge | Revealing the physics of movement: Comparing the similarity of movement characteristics of different types of moving objects[END_REF]. Plus récemment, les techniques basées sur l'image (Christophe Hurter, 2015a) ont été appliquées pour l'analyse de trajectoire (C. [START_REF] Hurter | Interactive image-based information visualization for aircraft trajectory analysis[END_REF]. We can imagine an application where a user wants to selects a small part from a set of brain fibers (A). He knows the shape of the fibers he is willing to select. Using the traditional brushing technique, all the fibers that are touched during the drawing of the Query are undesirably selected-red fibers in (B).

Pipeline de la méthode

Our approach allows circumventing this issue by providing the fibers that resemble the drawn Query (Green fibers in C and D). In addition, it is also possible to know accurately the position in the selected fibers where the similarity is detected (E).

Figure 9.22: Brain Fiber Analysis with multiple queries. Another way to analyze the fibers is to use multiple queries, that is, the user can start with a simple Query (the straight stroke in A) where she selects a set of fibers (B) in order to increase the visibility. Then, she can draw a more complex shape in the remaining set. As such, she is able to select a single fiber (C) that is almost invisible in the primary dataset. Finally, data patterns found in different views can be selected and interactively combined to generate new views on the fly.

In summary, our contributions are

• a novel representation of the view space based on a small multiple metaphor;

• a set of interaction techniques to continuously navigate the view space and combine partial insights obtained from different views.

We demonstrate our proposed techniques with the visual exploration of real-world multidimensional datasets represented by multidimensional projections and bundled graph drawings taken from the domains of air traffic control, software maintenance, and machine learning.

The remainder of this chapter is structured as follows. Section 10.1 overviews related techniques for visualizing multidimensional data using element-based plots, as well as techniques for interactive view-space exploration. Section 10.1.2 introduces the design and implementation of our proposed visualization and interaction. Section 10.3 shows applications of our techniques to different types of element-based plots. Section 10.4 discusses our proposal and results. Finally, Section 10.5 concludes the chapter.

Related Work

We overview next related work to our proposal, structured along two directions: the types of methods used for visualizing element-based plots (Sec. 10.1.1) and the usage of animation for multidimensional data exploration (Sec. 10.1.2).

Element-based plots

Let D = {d i }, 1 ≤ i ≤ N, be a dataset containing n-dimensional elements d i ⊂ R n . Further, let P = {p i } ∈ P be the set of parameters that controls a visualization and V (P, D) ∈ V the resulting view for the given dataset D. In the following, we use the term visualization to denote the function that creates a depiction (image) of a dataset, and the term view to denote such a depiction. That is, a visualization is a function that inputs datasets, is controlled by parameters, and output views. Moreover, for notation simplicity, we will shorten V (P, D) to V (P) when the input dataset D is constant and only the visualization parameters P vary, and respectively to V (D) when the visualization parameters P are constant but only the input datasets D change.

We define an element-based plot as a 2D drawing V (D) = {V (d i )} ⊂ R 2 consisting of N visual shapes V (d i ), each mapping a dataset element d i . Introduced as a concept by [START_REF] Hurter | MoleView: An attribute and structure-based semantic lens for large element-based plots[END_REF], element-based plots generalize many Chapter 10. Multidimensional data exploration by explicitly controlled animation encoding similarity when D resides on highly curved manifolds in n-D. ISOMAP [START_REF] Tenenbaum | A global geometric framework for nonlinear dimensionality reduction[END_REF] first determines which n-D points are neighbors to build a neighborhood graph, then computes the distances over the neighborhood graph, and finally performs MDS with those distances. Finally, LAMP [START_REF] Joia | Local Affine Multidimensional Projection[END_REF] uses a small number of so-called landmark points that are projected to 2D with a classical MP technique (such as MDS), while the remaining points are arranged around the landmarks using locally affine transformations.

We also note that other classification of MP techniques exist. For instance, these can be grouped into global (scatterplots, PCA, star coordinates (Kandogan, 2001;[START_REF] Kandogan | Star Coordinates: A Multi-Dimensional Visualization Technique with Uniform Treatment of Dimensions[END_REF], orthographic star coordinates (Dirk J. [START_REF] Lehmann | Orthographic Star Coordinates[END_REF], biplots (Rubio-Sánchez, Sanchez, and Dirk J. [START_REF] Rubio-Sánchez | Adaptable Radial Axes Plots for Improved Multivariate Data Visualization[END_REF][START_REF] Gabriel | The biplot graphic display of matrices with application to principal component analysis[END_REF]), radial visualizations (Rubio-Sanchez et al., 2016;[START_REF] Daniels | Properties of normalized radial visualizations[END_REF]); and local (LAMP, LLE [START_REF] Roweis | Nonlinear Dimensionality Reduction by Locally Linear Embedding[END_REF], t-SNE [START_REF] Maaten | Visualizing High-dimensional Data using t-SNE[END_REF]). Global techniques use the same transformation to project all points to the target (2D) space. They are simpler and faster to compute, but may generate large projection errors. Local techniques may use different transformations for different point neighborhoods.

They are in general more complex and slower than local techniques, but they preserve the socalled 'data structure' better after the projection than local techniques. Among all aforementioned multidimensional visualization techniques (scatterplots, table lenses, PCP's, and projections), the latter are the most visually scalable and clutter free, as they map an n-D point to a 2D point. However, projections are fundamentaly weak in accurately showing similarities between n-D points for the entire input dataset D [START_REF] Martins | Visual analysis of dimensionality reduction quality for parameterized projections[END_REF]. As such, given such a dataset D, there is typically no single projection V (D) which can faithfully show all patterns D. We shall show in Sec. 10.3 how we effectively address this problem by interactively combining insights obtained from different projections of a given dataset D.

Graph drawings (GDs) are a second important type of element-based plots. In detail, a graph is a dataset D = (N, E) with nodes n ∈ N and edges e ∈ E. Both nodes and edges can have data attributes, thereby making D a multidimensional dataset. A graph drawing is a visualization

V (D) = (V (N),V (E)), where V (D) is typically a 2D scatterplot of points V (n)|n ∈ N. V (D)
is typically created by embedding methods such as force-directed layouts [START_REF] Tollis | Graph drawing: Algorithms for the visualization of graphs[END_REF] but also, as shown recently, multidimensional projections [START_REF] Kruiger | Graph Layouts by t-SNE[END_REF]. V (E) can be either a set of straight line segments V (e)|e ∈ E. However, V (e) can also be 2D curves, as follows. Drawing large graphs (thousands of edges or more) with straight line easily creates massive clutter which renders such drawings close to useless. One prominent method to simplify, or tidy up, such drawings is to bundle their edges, thereby trading clutter for overdraw -that is, many bundled edges will overlap in V (E). This creates empty space between the edge bundles which allows one to easily follow them visually, thereby assessing the coarse-scale connections between groups of related nodes in V (N) more easily than in an unbundled drawing. The drawback of bundling is that individual edges in V (E) are harder to distinguish due to the overlap. Numerous edge bundling (EB) methods exist [START_REF] Holten | Hierarchical edge bundles: Visualization of adjacency relations in hierarchical data[END_REF][START_REF] Ersoy | Skeleton-based edge bundling for graph visualization[END_REF][START_REF] Hurter | Graph bundling by kernel density estimation[END_REF][START_REF] Peysakhovich | Attribute-Driven Edge Bundling for General Graphs with Applications in Trail Analysis[END_REF][START_REF] Lhuillier | FFTEB: Edge Bundling of Huge Graphs by the Fast Fourier Transform[END_REF][START_REF] Hofmann | Visual Exploration of Global Trade Networks with Time-Dependent and Weighted Hierarchical Edge Bundles on GPU[END_REF].

However, as a recent survey points out (Antoine Lhuillier, Christophe Hurter, and Alex Telea, 10.1. Related Work 211 2017), no such method is optimal from all perspectives. For instance, some methods offer a very precise control of the shape and positions of the bundled edges, but only handle particular types of graphs [START_REF] Holten | Hierarchical edge bundles: Visualization of adjacency relations in hierarchical data[END_REF][START_REF] Hofmann | Visual Exploration of Global Trade Networks with Time-Dependent and Weighted Hierarchical Edge Bundles on GPU[END_REF]. Other methods can handle graphs of any kind, are very scalable, but offer far less control on the resulting look-and-feel of the bundled drawing [START_REF] Ersoy | Skeleton-based edge bundling for graph visualization[END_REF][START_REF] Hurter | Graph bundling by kernel density estimation[END_REF]). Yet other methods fall in-between the above two extremes, but generate a very wide set of drawing styles [START_REF] Zwan | CUBu: Universal real-time bundling for large graphs[END_REF].

Navigating multidimensional data visualizations

Exploring the space of visualizations that one can create for a given multidimensional dataset is a wide topic. Several technique classes exist to this end, as follows.

Animation is a prominent technique that supports exploring the parameter space P and the related view space V . Animation has a long history in data exploration (Tversky, J. B. Morrison, and Betrancourt, 2002;[START_REF] Chevalier | Animations 25 Years Later: New Roles and Opportunities[END_REF]. In this context, animation corresponds to a (smooth) change of the visual variables used to encode the input data V (D) [START_REF] Bertin | Semiology of Graphics[END_REF]Stuart K. Card, Mackinlay, and Ben Shneiderman, 1999b).

Animation has proven to help users transition between visual configurations (Niklas [START_REF] Elmqvist | DataMeadow: a visual canvas for analysis of large-scale multivariate data[END_REF] while maintaining the mental map of the data exploration (Archambault, Purchase, and Pinaud, 2011). The simplest form of animation, used by virtually all visualization tools, lets an user vary the value of p i interactively by a classical user interface (GUI) while watching how the V (P) changes. While simple, this type of animation does not 'guide' the user in the exploration of the parameter space P and the related view space V in any way. Within the scope of multidimensional visualization, parameter-space animations include Rolling-the-Dice (N. [START_REF] Elmqvist | Rolling the dice: Multidimensional visual exploration using scatterplot matrix navigation[END_REF], where the user controls the plane on which the multidimensional data is projected; the grand tour [START_REF] Asimov | The grand tour: a tool for viewing multidimensional data[END_REF], where a large sequence of 2D projections are displayed from a multidimensional dataset in a flipbook-animation manner (the parameters P controlling projection-plane orientation in nD being varied randomly); the class tour [START_REF] Dhillon | Class visualization of high-dimensional data with applications[END_REF], which refines the grand tour so as to generate projections which preserve class separation of the data points; combinations of the grand tour with projection pursuit [START_REF] Huber | Projection pursuit[END_REF] (the parameters P controlling the projection-plane orientation being varied along the derivatives of the so-called projection pursuit index, so as to drive the tour through interesting projections); and drawing faded trails that connect two consecutive views in a tour to give a feeling of how the projection plane changed in between [START_REF] Huh | Visualization of Multidimensional Data Using Modifications of the Grand Tour[END_REF]. A limitation of most grand tour techniques is that they only handle attribute-based projections [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF].

Small multiples: Explicitly showing a sampling of V partially addresses this issue. One can show a history of views V (P i ) obtained for various parameter settings P i used in the exploration so far. The history can be shown as a linear, gridl-like, or hierarchical set of thumbnails depicting V (P i ) -a metaphor also called 'projection board' [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF]. By clicking on the desired thumbnail, the user can go back to the corresponding state P i and associated view V (P i ),

and scatterplots (Hurter, Tissoires, and Conversy, 2009;[START_REF] Hurter | and for graphs or trail-sets, d i are weighted relations or trajectories in some Euclidean space[END_REF].

Smooth real-time animations of large datasets have been made possible by using GPU-based techniques (Christophe Hurter, 2015b). For multidimensional projections, we have the following direct manipulation techniques. Control-point-based projections, such as LSP [START_REF] Paulovich | Least square projection: A fast high-precision multidimensional projection technique and its application to document mapping[END_REF], PLMP [START_REF] Paulovich | Two-phase mapping for projecting massive data sets[END_REF], generalized Sammon mapping [START_REF] Pekalska | A new method of generalizing Sammon mapping with application to algorithm speed-up[END_REF], hybrid MDS (A. [START_REF] Morrison | A pivot-based routine for improved parent-finding in hybrid MDS[END_REF], and LAMP [START_REF] Joia | Local Affine Multidimensional Projection[END_REF], allow users to interactively (dis)place a small subset of V (D), called control points, on the 2D view plane, after which they arrange the remaining points around these controls so as to best preserve the nD data structure. This effectively allows users to customize their projections, at the risk of creating visual structures which do not relate well to the data. Targeted projection pursuit (TPP) [START_REF] Faith | Targeted Projection Pursuit for Interactive Exploration of High-Dimensional Data Sets[END_REF] allows users to drag elements in a multidimensional projection plot V (D) to e.g. better separate classes. From the resulting scatterplot V user (D), it seeks the parameters P for an actual projection V (P, D) that is close to V user (D). While powerful as an interaction mechanism, TPP limits itself to only linear projections. Recently, ProjInspector use a preset controller, where the k presets correspond to user-chosen DR projections V i (D), 1 ≤ i ≤ k. When one drags the point of interest in the controller, the tool generates a view V (D) that blends all V k (D) by means of mean values coordinates interpolation [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF].

ProjInspector is arguably the closest technique to the one we present here; as such, we will discuss the similarities and differences in detail in Sec. 10.4.

Interaction techniques: All above-mentioned visualization techniques use a mix of interaction techniques to enable exploration. While these are not specific to multidimensional data exploration, it is worth mentioning them here, as they next allow us better placing our contribution. First, as already explained, the parameters P can be changed by means of classical GUIs;

the elements of the view V (D), the control points of a preset controller [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF][START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF], and the control points of a projection [START_REF] Joia | Local Affine Multidimensional Projection[END_REF][START_REF] Paulovich | Least square projection: A fast high-precision multidimensional projection technique and its application to document mapping[END_REF][START_REF] Paulovich | Two-phase mapping for projecting massive data sets[END_REF][START_REF] Pekalska | A new method of generalizing Sammon mapping with application to algorithm speed-up[END_REF][START_REF] Morrison | A pivot-based routine for improved parent-finding in hybrid MDS[END_REF] are changed by simple mouse-based click-and-drag. Techniques can be next classified as single-view or multiple-view. Single-view techniques are either interactionless, e.g. some grand tour and projection pursuit variants, or require direct manipulation in the single view, as explained earlier. Multiple-view techniques display several views V i (D) of the data. If direct manipulation is implemented in one view V i (D), then the elements undergoing change should be updated in all other views V j (D) -a well-known technique under the name of linked views (J. C. [START_REF] Roberts | Exploratory Visualization with Multiple Linked Views[END_REF] or coordinated views [START_REF] North | A taxonomy of multiple window coordination[END_REF].

Depending on the exact semantics of the views, either unidirectional or bidirectional linking can be used [START_REF] Baldonaldo | Guidelines for using multiple views in information visualization[END_REF]. For instance, a preset controller is unidirectionally linked to the data view(s) it controls. Finally, brushing and selection are ubiquitous techniques for exploring the view space, by showing details of the data element under the mouse, respectively click-and-drag (typically) to select a subset of V (D) for special treatment (R. [START_REF] Becker | Brushing scatterplots[END_REF]. We will use all these techniques in the design of our exploratory visualization in Sec. 10.1.2.

Chapter 10. Multidimensional data exploration by explicitly controlled animation Implicit and free transition: In FromDady (Hurter, Tissoires, and Conversy, 2009), the user can interactively define views to animate between, based on desired combinations of the dataset's attribute-pairs. In contrast to ScatterDice, the user can control the transition speed and direction (V 1 to V 2 or conversely) with a mouse drag gesture. However, the set of preset views V i is given by the pair-wise combinations of dimensions in the input data. Moreover,the transition is not entirely free -although one can control its direction and speed, its path is still a linear interpolation between V 1 and V 2 .

Explicit and guided transition: The user can define an open set of preset views V i that can be interpolated. For example, in the preset controller, these views are arbitrary parameter-sets P i that generate corresponding views V (P i ) [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF]. However, the transitions between views are still automatically determined, typically by linear interpolation. Further examples hereof are [START_REF] Chevalier | Histomages: Fully Synchronized Views for Image Editing[END_REF][START_REF] Hurter | MoleView: An attribute and structure-based semantic lens for large element-based plots[END_REF][START_REF] Hurter | and for graphs or trail-sets, d i are weighted relations or trajectories in some Euclidean space[END_REF].

Explicit and free transition: To our knowledge, no existing technique allows freely defining both the endpoints V i ⊂ V and the controllable interpolation path for the animation. Our proposal, described next, fills this gap.

Our proposal

Our key idea is to combine the main strengths of the explicit and free animation methods existing in prior work, in an efficient and effective way. To this end, we choose to

• Depict the view presets V (P i ) by a simple grid-like small-multiple metaphor (as in (Jankun-Kelly and K.-L. [START_REF] Jankun-Kelly | Visualization exploration and encapsulation via a Spreadsheet-like interface[END_REF]); this way, users see directly which visualizations V (P i ) they can interpolate between, rather than seeing the more abstract parameters P i that would generate these visualizations (as in [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF]);

• Allow one to freely sketch the interpolation path between two such view presets V (P i ), in an interactive and visual way (as in [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF]), rather than automatically controlling the interpolation via a linear formula. We proceed as follows. Figure 10.2 illustrates the process for a multidimensional dataset D that we visualize using multidimensional projections, which are introduced in Sec. 10.1.1. We proceed by allowing users to specify any (small) set of views V i for the given dataset D. These can be created either by the same visualization method, but using different parameter values P i , or by completely different methods. The only restriction is that these should be element-based 10.2. Proposed Method 217 plots, i.e., consist each of N visual elements V i (d j ), 1 ≤ j ≤ N, one for each data element d j ∈ D. We organize these view presets in a simple square grid, much like (Jankun-Kelly and K.-L. [START_REF] Jankun-Kelly | Visualization exploration and encapsulation via a Spreadsheet-like interface[END_REF], to minimize the used screen space to display them (see Fig. 10.2b).

As explained in Sec. 10.1.2, manually generating a rich set of view presets V i can be delicate.

Typically, one starts with a small set of just a few salient view presets, for instance, one for each type of visualization method considered for a given dataset. In our running example in Fig. 10.2, we have five such presets, corresponding to five multidimensional projection methods (PCA [START_REF] Jolliffe | Principal Component Analysis[END_REF], Isomap [START_REF] Tenenbaum | A global geometric framework for nonlinear dimensionality reduction[END_REF], LAMP [START_REF] Joia | Local Affine Multidimensional Projection[END_REF], MDS [START_REF] Borg | Modern Multidimensional Scaling: Theory and applications[END_REF], and t-SNE [START_REF] Maaten | Visualizing High-dimensional Data using t-SNE[END_REF]). In general, these views can be very different. In other words, they are a very sparse sampling of the rich view space V . We do not know what lies in between, so, navigating between them can be unintuitive.

To alleviate this, and also to realize our animation-based exploration mechanism presented next, we propose a view-space interpolation mechanism, as follows. Let x ∈ R 2 be a point in the 2D grid space where we place the view thumbnails. Placement of thumbnails can be freely specified by the user, based on perceived similarities between the views, following the design of the original preset controller [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF]. Let now x i be the centers of the thumbnails V i in this grid. We use an Inverse Distance Weighting (IDW) method, such as the Shepard method (Shepard, 1968b), to compute the elements V (x, d j ) of the interpolated view at position x as

V (x, d j ) =                N ∑ i=1 w i (x)V i (d j ) N ∑ i=1 w i (x)
, if xx i = 0 for all i V i (d j ), if xx i = 0 for some i (10.1)

Here, • denotes 2D Euclidean distance, and w i (x) = 1 x-x i p is the interpolating basis function controlled by the power parameter p > 1. Typically we use p = 2, which leads to classical inverse quadratic Shepard interpolation. Key to our idea is the fact that all element-based plots consist of sets of simple graphical elements V i (d j ) such as dots or line segments. These can be thus easily interpolated using Eqn. 10.1. If desired, different types of (smooth) scattered-point interpolation can be used, such as radial basis functions or mean values coordinates [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF].

Having now a way to interpolate between views, we supersample the view space V to generate additional views between the presets provided by the user, and display these additional interpolated views along with the provided ones. Figure 10.2c shows this: Here, from the original five presets, we create an additional number of 20 presets, yielding to a total grid of 5 × 5 = 25 views. The interpolated views now give a better idea of what the animation-based exploration will produce when we will navigate the view space between the originally provided views.

Having now the densely-sampled view space, we provide an interactive way for users to generate arbitrary views. For this, the user drags a so-called focus point x over the thumbnail grid. Note that x can assume any pixel position over the extent of the grid, i.e., is not constrained to the centers of the grid cells only. We then generate the view V (x) corresponding to this point, using the same interpolation (Eqn. 10.1) as for the view-space supersampling, based on the distance of x to the centers of the originally-provided views (Fig. 10.2d), and display this view at full resolution in a separate window (Fig. 10.2e).

As noted, the original views can be freely arranged over the thumbnails grid. This, and changing the power p in Eqn. 10.1, offers a flexible way of specifying how the original views are mixed to yield the view V (x) at some position x. To better understand this, Figure 10.3 shows the effects of these two changes. Here, we have five views V 1 . . .V 5 , arranged on a 5 by 5 thumbnails grid. Each entire view (and thus thumbnail) is simply a colored pixel in RGB space, for illustration purposes: V 1 =red, V 2 =green, V 3 =yellow, V 4 =purple, V 5 =blue, and V 6 =purple. As such, we can render the interpolated views V (x) at all the positions x over the thumbnails grid.

In other words, the color images in Fig. 10.3 show the entire view space V that can be generated from the five presets, something we cannot do, of course, for actual views of complex datasets. Several types of exploration of the view space are now possible using these mechanisms (see also Fig. 10.4). The simplest is to click on one of the cells of the thumbnails grid. This sets the current view to the preset view V i corresponding to that cell (Fig. 10.4a). Separately, one can drag the mouse to follow a path in the view space. Making this path pass through a number of preset views V i essentially constructs a 'visual story' that leads the user through the insights provided by these views, in visiting order (Fig. 10.4b). In this sense, our technique is a specific instance of the design space model proposed in (Hans-Jorg [START_REF] Schulz | A Design Space of Visualization Tasks[END_REF].
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We offer the possibility of saving such a path and explicitly drawing it atop the thumbnails grid. This allows one to revisit an earlier-inspected view in the view space, thus, to backtrack the exploration, following well-known principles in information visualization (B. Shneiderman, 1996) (Fig. 10.4c). 

Implementation details

We next detail the implementation of our proposal. Since we heavily rely on animation, we need to be able to generate the current view V (x), by using the interpolation in Eqn. 10.1, in real-time for large element-based plots containing hundreds of thousands of points or more.

We developed our exploration tool in C# using .NET 4.5 and using OpenGL for rendering. To support scalable animation, we investigated different solutions. We first found that the fixed OpenGL pipeline (used earlier for similar animation-based explorations (Christophe Hurter, Alexandru [START_REF] Hurter | MoleView: An attribute and structure-based semantic lens for large element-based plots[END_REF]) and the render-to-texture OpenGL extension (also used earlier for similar goals (Hurter, Tissoires, and Conversy, 2009)) do not provide enough scalability.

We next investigated the use of the OpenGL transform feedback (also used earlier for similar goals [START_REF] Hurter | and for graphs or trail-sets, d i are weighted relations or trajectories in some Euclidean space[END_REF]). This technique addresses scalability issues, and is faster than the render-to-texture solution. However, the implementation becomes quite complex, as one has to code all the interaction and interpolation in a fragment shader whose code becomes hard to manage. We therefore explored another solution based on coding Eqn. 10.1 in NVIDIA's CUDA parallel programming language. This solution proved to be even faster than the transform feedback one, while allowing for a simple implementation too. As a result, our tool can generate fluent animations of datasets having up to one million visual elements (points) on a modern GPU.

Applications

We now demonstrate the working of our proposed animation-based exploration techniques by applying them to two types of element-based plots -multidimensional projections (Sec. 10.3.1)

Chapter 10. Multidimensional data exploration by explicitly controlled animation and bundled graph drawings (Sec. 10.3.2). Additional video material illustrating our animationbased exploration is available online (The Authors, 2017).

Multidimensional projections

Our datasets D are here tables where each row corresponds to an observation and each column to a different (numerical) property measured for the respective observations. Hence D can be seen as point sets in a high-dimensional space. The preset views V i we start with are various projections of such nD datasets to two dimensions. We consider three such datasets, and associated projections, as follows. 

Software dataset

In this dataset, observations correspond to N = 6733 software repositories from SourceForge.net.

The n = 12 dimensions are different quality metrics of the software repositories, such as the number of lines per method, coupling between objects, and the cyclomatic complexity of methods. For each repository (observation), metric values are averaged over all its units of computation (classes, methods, files). Details on these metrics and the data are available [START_REF] Meirelles | A study of the relationships between source code metrics and attractiveness in free software projects[END_REF]. Additionally, every observation is labeled by its type (e.g., small library, large library, monolithic application).

One interesting question for this dataset is whether projections can help us separate repositories of one kind (say, small class libraries) from those of other kinds (say, large monolithic systems). Note that none of the metric values present in the data contains absolute size information.

Figure 10.5 shows a 5-by-5 thumbnail grid based on the Isomap, LAMP, t-SNE, PCA, and MDS projections. Here and next, we chose these projections as they are well-known in the literature and often used in practice when analyzing multidimensional data. The projected points are colored based on their class (repository kind) attribute, which is not used by the 10.3. Applications projection. In the thumbnails, but even more so when interactively navigating the view space by clicking anywhere in the thumbnail grid, we see that no single view can separate well points of one color (class) from the others. The view which yields the best separation is t-SNE, also shown in detail in the right image in Fig. 10.5. However, even in this view, we see no clear segregation of points of one class from the others. We conclude that the 11 recorded metrics are not a good predictor of the type of software system in a repository -in other words, systems of different kinds can have similar qualities, and conversely. Interestingly, the same result was noted by the original paper which analyzed this dataset [START_REF] Meirelles | A study of the relationships between source code metrics and attractiveness in free software projects[END_REF], which did not use multidimensional visualization. Separately, a different work also showed that using 2D

projections cannot achieve the desired separation, but that such a separation is better possible using a 3D projection [START_REF] Coimbra | Explaining three-dimensional dimensionality reduction plots[END_REF].

Segmentation dataset

In this use-case, the dataset D is a set of seven images. Every dataset element d i ∈ D corresponds to a 3-by-3 block of pixels from one of the images, that is manually labeled into six classes (e.g., brickface, sky, grass, etc). Each of the N = 2300 elements has 17 dimensions which describe image features computed on the block of pixels. This dataset is well known in the machine learning literature , in the context of designing classifiers able to predict the six classes from the 17 measured dimensions [START_REF] Lichman | UCI Machine Learning Repository[END_REF]. To do this, one way is to engineer discriminating features using the raw 17 ones present in the data. Projections can help us in determining how good the engineered features are: If we find a projection where same-class points are well separated into clusters, then the features that the projection has used as input are a good start for building a good classifier [START_REF] Rauber | Projections as Visual Aids for Classification System Design[END_REF]. This is a key insight which we interactively refine further (see Fig. 10.7). We start from the central t-SNE view (a). Next, we see in the tumbnail grid that the LAMP view V 1 separates cluster 1 (red) very well from the rest (f). We navigate to V 1 , where we can easily select the red points and lock them for transitions (b) From here, we notice another view (V 2 , image (g))

where clusters 2 (gray-blue) and 3 (purple) are well separated. We navigate from V 1 to V 2 .

Since cluster 1 is locked, it will stay well separated during this process. We now can easily select clusters 2 and 3 and lock them. Next, we repeat the process by finding V 3 where we can separate cluster 4, and finally V 4 , which separates the two remaining clusters 5 and 6. The entire process takes around two minutes and requires only basic click, drag, and brush mouse interaction. The iterative lock-and-view-change process is equivalent with an iterative classifier design where one finds specific features (given by the projections corresponding to the views V i ) which are good to separate one or a few classes from the rest. While we have not created and tested such a 'cascading' classifier, doing so should be relatively straightforward now that we know which configurations are good in separating one class from the rest, and the order of these configurations. 

Bundled graph drawings

Graphs are used to encode large relational datasets, such as the dependencies between components in a software system. As outlined in Sec. 10.1, a graph drawing can also be seen as an element-based plot, where the drawn edges are the elements. As also explained there, edge bundling (EB) is an established effective instrument for reducing clutter in large graph drawings, allowing one to follow easier the coarse structure of a graph. However, we have outlined that no single bundling method is ideal. The situation here is very similar to the visual exploration of multidimensional projections: We can generate a right set of bundled drawings; each drawing may be good for conveying partial insights in the input graph; but no drawing is 10.3. Applications 223 optimal in this respect. Hence, having a way to merge the insights obtained from multiple EB drawings is useful.

We can use our method to mix several drawings created by different EB methods, as follows.

For this, we consider a dataset having 1024 nodes, which are functions of a software system, and N = 4021 edges, which model function calls. The nodes are laid out in a radial way (for details, see the radial dataset in (Christophe [START_REF] Hurter | Graph bundling by kernel density estimation[END_REF][START_REF] Ersoy | Skeleton-based edge bundling for graph visualization[END_REF]). Figure 10.8 (1) shows the unbundled graph, where one clearly cannot see any structure. The thumbnail grid is based on five presets, containing the bundling of the graph by the KDEEB method (Christophe Hurter, Ersoy, and Alexandru Telea, 2012) (images 2 and 3; we used here two parameter sets for KDEEB, the first by pre-clustering graph edges based on their spatial similarity, and the second by using no clustering), the SBEB method [START_REF] Ersoy | Skeleton-based edge bundling for graph visualization[END_REF]) (image 4), and the ADEB method (Vsevolod Peysakhovich, Christophe Hurter, and Alexandru Telea, 2015) (image 5). We start our navigation from the unbundled view to view 2, where we see three bundles which are well separated from the others. As such, we want to keep these, so we lock them. We continue the same process by going through views 3 to 5, each time locating bundles which are well readable in the current view, and locking these. The final image (6) shows the locked bundles in the context of a view which is very close to the original unbundled graph. This represents thus a 'patchwork', or mix, between four types of bundling, applied selectively on different parts of the data, and the original data. Obtaining such a view is not possible by using any of the EB algorithms in existence. A second use-case regards the visual comparison of EB techniques. Given several such techniques (or results of the same technique but obtained for different parameter values), an important question is which are the main differences between them. Knowing this helps users in e.g. assessing which techniques behave similarly, thus, can be substituted for each other in an application. Figure 10.9 shows how we can answer this question. We use here the same thumbnails grid and dataset as in Fig. 10.8 However, we only perform four simple navigations, Chapter 10. Multidimensional data exploration by explicitly controlled animation by going several times to-and-fro between the four preset views in the grid corners. The right image in Fig. 10.9 shows intermediate frames during these animations. We see here that going from SBEB to ADEB, or SBEB to KDEEB-NoCluster, creates relatively structured in-between frames. Hence, the methods SBEB, ADEB, and KDEEB-NoCluster provide similar layouts in terms of their visual signatures. In contrast, going from KDEEB-Cluster to KDEEB-NoCluster or to ADEB creates intermediate views which look completely messy. This tells us that the KDEEB-Cluster method has a very different visual signature (style of result) than the other methods. A second use-case for this scenario is to compare the quality of two EB techniques A and B: If we know that e.g. A is of high quality, and our animation shows only small differences between A and B, then we can infer that B is also of good quality (the converse being also true). In the examples above, we had as input data general graphs, and as such, we used generalgraph bundling methods such as KDEEB, SBEB, and ADEB. Hence, even if the nodes are laid out on a circle, the bundling methods we use should not be confused with e.g. HEB [START_REF] Holten | Hierarchical edge bundles: Visualization of adjacency relations in hierarchical data[END_REF]; the only resemblance is that both bundling methods read an input graph whose nodes were laid out on a circle. However, this does not mean that we cannot use HEB or any other method for hierarchical graphs as a preset view, as long as the input graph is hierarchical, of course.

As a final note, we remark that our animation technique provides for free the standard relaxation introduced by Holten [START_REF] Holten | Hierarchical edge bundles: Visualization of adjacency relations in hierarchical data[END_REF], and since then implemented by virtually all other EB techniques. Briefly put, this technique generates intermediate views between the fully unbundled and fully bundled one by linear interpolation. Our technique does this by default if we add the unbundled view as a preset and then simply animate our focus point between this view and any preset corresponding to a fully bundled view (see Fig. 10.10)). 

Discussion

We next discuss several aspects of our proposed exploration method.

Generality: Our technique can be applied to any so-called element-based plots, i.e., visualizations that consist of a (large) number of simple geometric objects such as points or lines. Scatterplots, projections, graph drawings, Cartesian uniformly-sampled fields, and parallel coordinate plots (the latter two not illustrated in this chapter) fall into this class. All that one needs is a number of such plots expressed as a set of 2D primitives.

Another generic aspect is the generation of the preset views used for the thumbnails grid.

For this, we used here a different visualization method (projection technique or bundling method) for each preset view. However, many more options are possible. For example, one can use any suitable scagnostics or projection pursuit-like technique to generate a (small) set of interesting views (given any application-specific definition of interestingness), and directly use them as presets. In particular, the projections of high-dimensional data of Lehmann and Theisel (Dirk J. Lehmann and Theisel, 2015) is interesting, as it captures (much of) the structure of an nD dataset with only n/2 projections. As above, the only constraint here is that all these presets are element-based plots of the same dataset.

Scalability and simplicity: Our technique is simple to implement, requiring only the application of Eqn. 10.1 on the sets of 2D primitives corresponding to the preset views. Our current CUDA-based implementation can handle interpolation of datasets of roughly 10 preset views, each having about 1 million points, in real time on a modern GPU.

Ease of use: The technique is fully automatic, requiring no user parameter setting, apart from organizing the available preset views in the thumbnails matrix -which can be done by a simple click-to-place process. Apart from that, all interactions are done via mouse dragging (to control the animation) and brushing (to lock or unlock elements in the current view).

Related techniques:

We have discussed several related techniques in Sec. 10.1. It is insightful to visit these after the presentation of our own method to pinpoint similarities and differences. Grand tours: As this family of techniques, we aim to explore a nD space by means of projections, and use animation to transition from a projection to another. However, our techniques are applicable to any element-based plot, beyond projections, e.g. bundled graph drawings; for projections, we can handle any projection type, whereas tours are (to our knowledge) limited to attribute-based projections; we explicitly show the view space V , and exploration path therein, in the thumbnail grid, wheras tours do not do this; we propose the lock mechanism to combine insights from different views in a synthesized view.

Projection pursuit techniques: As this family of techniques, we pre-select a small set of preset views to start the exploration from. We do not propose any specific ways to choose these presets, whereas the key goal of pursuit techniques is precisely how to find interesting projections.

However, animation for exploration of the view space between these presets is our key contribution, whereas pursuit techniques typically present these interesting views in a static (table like) fashion. Separately, we mention a similarity between targeted projection pursuit (TPP) [START_REF] Faith | Targeted Projection Pursuit for Interactive Exploration of High-Dimensional Data Sets[END_REF] and our work in the sense that both techniques use direct manipulation to modify the view. However, TPP does this by moving elements (points) in the view, and next automatically searches for a projection that best fits the user-modified view. In contrast, we lock elements in the current view and we go to the next view(s) under user control. Finally, we note that TPP only handles linear projections, whereas we handle any projection type, and actually any element-based plot.

Projection inspector: As already mentioned, ProjInspector [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF] is arguably the closest technique to ours. Both techniques use a weighted interpolation of a small number of precomputed projections to generate on-the-fly a new projection. The interpolation is directly controlled by the user using a preset controller metaphor. Yet, key differences exist: (a) ProjInspector's preset controller must be a regular k-sided convex polygon (where k is the number of presets), since they use mean values coordinates to compute the preset weights. In contrast, we use Shepard-type interpolation, which does not have such constraints. The difference is very important. It allows us to arrange our presets in any way so as to flexibly define regions over the thumbnail grid where only certain presets have a large influence. The importance of this flexibility was demonstrated earlier by [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF]. In contrast, projections [START_REF] Joia | Local Affine Multidimensional Projection[END_REF][START_REF] Paulovich | Least square projection: A fast high-precision multidimensional projection technique and its application to document mapping[END_REF][START_REF] Paulovich | Two-phase mapping for projecting massive data sets[END_REF][START_REF] Pekalska | A new method of generalizing Sammon mapping with application to algorithm speed-up[END_REF][START_REF] Morrison | A pivot-based routine for improved parent-finding in hybrid MDS[END_REF]. As outlined several times, we handle any projection, and actually any element-based plot. (d) ProjInspector is designed to work interactively for datasets of moderate size; the largest dataset at which the authors report interactive exploration has 19029 points. Our GPU-based implementation allows handling up to one million points at interactive rates (Sec. 10.2.

2).

Limitations and open points: Our technique has, however, several limitations, as follows.

First, different placements of the preset views in specific places in the thumbnails grid can result in significantly different view-space explorations, due to the fact that the interpolation in Eqn. 10.1 considers the distances form the current focus point to these preset views. As such, certain intermediate views can or cannot be possible to realize, depending on where the presets are placed. Finding the optimal placement of presets for a given exploration of the view space is a challenging, and not yet solved, problem. However, we note that the same issue exists for all comparable techniques, most notably the original preset controller [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF] and ProjInspector [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF].

Secondly, we note that some intermediate views created by interpolation typically may not correspond to an actual view of the input dataset realized by any given visualization method. On the one side, this is a positive thing, in the sense that they let us create views on our data which would not have been possible by using any of the considered existing visualization methods.

However, this can also be dangerous, in the sense that the created views may reflect the actual data in misleading ways. Whether the latter is the case has to be determined on a case-by-case basis, using the semantics of the actual visualizations at hand and what is important that any view preserves from the data. We should also note that the same problem is present in basically all control-point-based projection methods [START_REF] Joia | Local Affine Multidimensional Projection[END_REF][START_REF] Paulovich | Least square projection: A fast high-precision multidimensional projection technique and its application to document mapping[END_REF][START_REF] Paulovich | Two-phase mapping for projecting massive data sets[END_REF][START_REF] Pekalska | A new method of generalizing Sammon mapping with application to algorithm speed-up[END_REF][START_REF] Morrison | A pivot-based routine for improved parent-finding in hybrid MDS[END_REF]):

An important use-case thereof allows uswrs to freely place the controls, with no relation to the underlying data similarity. As such, the resulting projection(s) may be misleading. However, this freedom is important when the underlying data dimensions do not fully reflect the true similarity of the observations, e.g. when the dimensions are features extracted automatically from complex data such as images, video, or music [START_REF] Joia | Local Affine Multidimensional Projection[END_REF]. Manually arranging the controls allows users to craft a projection that best matches their own understanding of similarity. Precisely the same freedom is offered by our interactive navigation combined with the lock mechanism.

Conclusion

In this chapter,we presented a new technique to support the interactive visual exploration of multidimensional datasets. For this, we leverage the user's cognitive ability in terms of discovering stable and/or changing patterns in an animated view that is created under direct control of Chapter 10. Multidimensional data exploration by explicitly controlled animation the user, by interpolation from a number of so-called preset views. Our technique combines and generalizes earlier animation and interaction techniques for exploring multidimensional data from a variety of viewpoints. Our proposal is generic (works for any element-based plot consisting of a set of 2D point or line primitives), simple to implement and use, and scalable up to roughly one million data elements. We demonstrate our technique by applying it on multidimensional projections and bundled graph layouts and on several real-world datasets.

Future work can target a number of directions. First, it is interesting to explore semiautomatic ways for detecting patterns of interest in the views created by animation, so that the user can select and lock these more easily when creating mixed views. Secondly, a more flexible layout than the grid one can be considered for the presets. Finally, and most challengingly, extending our technique to handle more types of visualizations than element-based plot would open its applicability to even wider areas of information visualization. Our studies have also exposed us to working on interaction techniques in eye-tracking research.

These include smooth-pursuit interaction based on the pupil center detection and on the global area of the eye region.

The algorithms used to detect the target followed by the eyes bring us to investigate how we can leverage the potential of shape similarity to detect patterns in eye-tracking, Aircraft trajectories or GPS data. Since the availability of data is exponentially increasing, this latter technique will probably serve for the analysis of large datasets.

The main contributions of this work are the following :

1. Calibration: In Chapter 3 and 4, a method to improve the accuracy of gaze estimation was explored. We demonstrated the benefit of using symbolic regression on calibration accuracy with reasonable extra computation time. We have shown that allowing a regression method to learn not only the model structure but also its coefficients, offer many benefits.

2. Gaze-based Interaction: In Chapter 5, 6 and 7, we investigate a smooth pursuit interaction technique. We investigated gaze-based interactions with computing devices, without any prior calibration, and how they are used to solve practical applications. We have also shown that for such interaction, the eye region could replace the standard pupil center detection approach.

3. Visualization: In Chapter 8 and 9, we proposed novel visualization assets for investigating gaze uncertainty and for analyzing eye movements. The latter technique has also been used to select patterns in large overplotted and occluded datasets: Aircraft and GPS trajectories.

Eye-tracking is a relatively complex field that draws on many sub-disciplines from eye movements analysis, calibration, pupil detection, saliency detection, cognitive load assessment, among other subjects. Given the diversity of topics covered in this manuscript, what could be the interesting developments that we will observe in the future? Many daily applications can benefit from the potential of eye-tracking (on mobile devices for example), however, the principal problem is that the eye-tracking device, if used on these systems, usually requires a prior calibration to work properly. As such, one of the recent trends in eye-tracking research is developing calibrationless devices. Calibrationless eye-tracking has already been proposed in the community.

As an example, PupilLabs (2019) has developed a new calibrationless eye-tracker that is powered by a novel end-to-end gaze estimation pipeline. Their device is based on deep learning, a data-driven approach that used massive amounts of labeled eye data for learning different features and their relative positions, and allow estimating future gaze positions. The success of deep learning in estimating output variables is observed in many fields, especially in computer vision, but also in speech synthesis, autonomous vehicles, translation, computer graphics, etc.

Whatever the results of these research endeavors, eye-tracking is already showing an important influence in many fields, including web marketing, augmented, virtual and mixed reality, usability testing, games, knowledge transfer, cognitive load assessment, etc. Regarding the Human-Computer Interaction (HCI) field, we have not yet seen tremendous success of gazebased interaction. Some games and applications try to incorporate eye gaze in the pipeline, however, we are far from having the same success as the computer mouse had years ago. This is probably because the main function of eyes is to receive information, and it is still difficult to differentiate between when a person is fixating on a target to observe it or to interact with it.

The eye is a complex organ, the complexity of how the gaze works, and its intricate connexion with the human brain, ensure that eye-tracking will still be an exciting field of study for years to come. Dans ce manuscrit de thèse, nous avons couvert un ensemble de sujets de la recherche sur le suivi visuel. En commençant par la régression polynomiale, nous avons montré comment la calibration des systèmes de suivi oculaire pourrait utiliser la régression symbolique, différentes trajectoires de cible et le post-traitement pour augmenter la précision de l'estimation du regard.

Traditionnellement, l'estimation du regard bénéficie de plusieurs modèles polynomiaux différents proposés par des travaux antérieurs, cependant, ces modèles pourraient être transformés en de modèles robustes qui interpolent mieux la position du regard dans la zone observée. Nos études nous ont également permis de travailler sur des techniques d'interaction dans le cadre de la recherche sur le suivi oculaire. Il s'agit notamment d'une interaction de poursuite lisse basée sur la détection du centre de la pupille et sur la zone globale de la région de l'oeil.

Les algorithmes utilisés pour détecter la cible suivie par les yeux nous amènent à étudier comment nous pouvons exploiter le potentiel de la similarité de forme pour détecter des formes dans les trajectoires des mouvements des yeux, des trajectoires d'avion ou des données GPS. Comme la sauvegarde et la disponibilité des données augmentent de façon exponentielle, cette dernière technique servira probablement à l'analyse de grands ensembles de données.

Les principales contributions de ce travail sont les suivantes :

1. Calibration: Dans le chapitre 3 et 4, une méthode visant à améliorer la précision de l'estimation du regard a été explorée. Nous avons démontré les avantages de l'utilisation de la régression symbolique lors de la calibration avec un temps de calcul supplémentaire raisonnable. Nous avons montré que le fait de permettre à une méthode de régression d'apprendre non seulement la structure du modèle, mais aussi ses coefficients, offre de nombreux avantages. Le suivi des yeux est un domaine relativement complexe qui fait appel à de nombreuses sousdisciplines, notamment l'analyse des mouvements oculaires, la calibration, la détection de la pupille, l'évaluation de la charge cognitive. Vu la diversité des sujets traités dans ce manuscrit, quels pourraient être les développements intéressants que nous observerons à l'avenir ? De nombreuses applications quotidiennes peuvent bénéficier du potentiel du suivi oculaire (sur les appareils mobiles, par exemple), mais le principal problème est que le dispositif de suivi oculaire, s'il est utilisé sur ces systèmes, nécessite généralement une calibration préalable pour
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  Figure 1.1: Jan Purkyne (1787 -1869), Czech physiologist who discoverd the Purkinje effect.
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 1 Figure 1.2: Ewald Hering (1834-1918), German physiologist and inventor.
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 1 Figure 1.3: The eye movements on a face during free examination(Yarbus, 1967a).
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 1 Figure 1.5: A user eye in infrared light.
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 16 Figure 1.6: Anatomy, internal and external structures of the eye (Janet and Jane, 2014).

Figure 1

 1 Figure 1.7: A-B) Head-mounted ET (SMI and Pupil Labs). C-D) Remote ET (Tobii and SMI).
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 21 Figure 2.1: Some pioneers of eye movement research (Chronological order).From left to right:Louis Émile Javal (1839 -1907) -French ophthalmologist who noticed, that readers' eyes do not move fluently while reading a text, but make saccades and fixations. Edmund Huey (1870 -1913)who is known to have built the first eye tracker. The device was intrusive and the experiment participants had to wear a contact lens with a small aperture for the pupil. GeorgeStratton (1865Stratton ( -1957) -an American psychologist who worked on perception, binocular vision and inverted glasses. AlfredYarbus (1914Yarbus ( -1986) ) -who pioneered the exploration of complex images and natural scenes, and showed that eye trajectories depend on the task.
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  Figure 2.2: An illustartion of the eye tracking system used by Edmund B. Huey (1898).

Figure

  Figure 2.3: Stratton (1902)'s system for eye movements number and paths recording.
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  Figure 2.4: R. Dodge and Cline (1902)'s eye tracking system.
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  Figure 2.5: Barany (1910)'s system for eye movements recording using a light (L) illumination.

Figure

  Figure 2.6: Coburn (1905)'s system for vertical and horizontal eye movements recording.

Figure

  Figure 2.7: Koch (1908)'s system for recording eye movements angle velocity.

Figure

  Figure 2.8: Schackwitz (1913)'s system for recording the duration of eye movements

Figure

  Figure 2.9: Figure from Dale et al. (2001), chapter 20 showing the movement of the eye during saccades.

Figure

  Figure 2.10: Yarbus (1967b)'s contact lens based eye tracking system.

Figure

  Figure 2.11: Kenyon (1985)'s magnetic search coil eye tracking system.

  different purposes. First, they illuminate the eyes and allows the camera (s) to record clear images of the eye region. Second, they are used to provide spot reflections in order to strengthen the calculation of the gaze direction. These reflections of small objects on the surface of the eye are known as the Purkinje images. The near infrared light is mostly colocated in the immediate vicinity of the camera. The cameras are modified to capture infrared light and the systems are becoming increasingly cheaper and accurate. The first h ead m ounted e ye t racker w as a ssumed t o b e i nvented b y H artridge a nd Thomson (1948), eliminating the head movement constraints. While recently, one of the most used headmounted eye tracker (Kassner, Patera, and Bulling, 2014) does not call for the Purkinje images in order to compute the gaze position, there exist systems that require Purkinje images and have long benefit from their mathematical p roperties. At least four Purkinje images are observed on the eye (Figure 2.12) and are the reflections f rom t he o uter s urface o f t he c ornea ( P1), from the inner surface of the cornea (P2), from the anterior surface of the lens (P3), and from the posterior surface of the lens. The comparison between the Purkinge image P1 (or P2) with P3

  narrow view camera was used to detect the pupil center and the corneal reflection. Near infrared LEDs are arranged around each of the stereo cameras and they are configured so that they can turn on and off synchronously. This way, they authors are able to obtain consecutive bright pupil image and dark pupil image. Each of the stereo camera contains the bright and dark pupil images alternatively. Then, they compute the difference of the two images which make the pupil detection easier. The vector from the corneal reflection to the pupil center, r, is retrieved and is used to compute the gaze estimation by means of proportionality with an angle θ.

Figure 2 .

 2 Figure 2.14: Yuki Kondou and Yoshinobu Ebisawa (2008)'s approach. A) A bright and B) dark pupil frames. C) the resulting difference frame.
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 31 Figure 3.1: The operations for finding new models. Two models (left) are exploited to generate new models using reproduction (in blue), mutation (two elements are

Figure 3

 3 Figure 3.2: Behavior of the extracted models on the validation points.

  at t 500 , (d) at t 800 . The fitness quality is represented by the area between the red and violet curves.

Figure 3

 3 Figure 3.3: Pearson's correlation. (a) A scatter plot indicating the strong positive linear relationship between the x-values of pupil data and the x-values of the target (r = 0.9958, p < .0001). (b) There is no linear relationship between the y-values of pupil data and the x-values of the target (r = -0.5557, p < .0001).

  the estimated points are close to the training points in Fig 3.4, we also observe a significant displacement between the true lattice points position and the estimated lattice points position (Fig 3.5). In particular, the circular and spiral calibration patterns (Fig 3.5a and 3.5c) resulted in lower accuracy compared to the 9-point and rectangular calibration patterns (Fig 3.5b and 3.5d).

Figure 3 . 4 :Figure 3 . 5 :

 3435 Figure 3.4: Fitted models obtained using symbolic regression on 6 different calibration patterns. The blue circles represent the training points and the red circles represent the estimated points. Symbolic regression was able to find reliable models that map the pupil positions to the target positions for the 6 calibration patterns.

  Trajectory of the marker: Different paths have been tested in recent studies. Pfeuffer et al., 2013 used a rectangular path, varying the speed of the moving target. Hassoumi, Vsevolod Peysakhovich, and Christophe Hurter, 2018, T. Santini, Fuhl, and Kasneci, 2017a and Celebi et al., 2014 considered spiral paths, while Evans et al., 2012 employed a star pattern. Blignaut, 2017 studied a vertical and horizontal path for difficult to calibrate participants. Since, to our knowledge, there is no study that has proved empirically which path provides more accurate results, we considered a circular smooth trajectory starting from the left and following a complete circle as shown in Fig 3.6. This path has the advantage of circumventing the problem of abrupt

Figure 3 . 6 :

 36 Figure 3.6: Illustration of the marker used in Study 1.A white cross is drawn on the center of the marker and corresponds to the point the user is requested to fixate on during the calibration. The curve printed in the gray stroke corresponds to the pattern followed by the marker. It is represented here for illustration purposes and is not visible on the monitor.

Fig 3 .

 3 Fig 3.7B depicts the eye tracking system. A Pupil Labs Eye tracker was used during the two experiments. The device is equipped with one world camera (Sampling rate: @120Hz, 1920X1080 pixels) and one eye camera (Sampling rate: @120Hz, 640X480 pixels). The data collection was processed at 114 Hz. A C# desktop software was built with EmguCv 3.1 for the computer vision technique implementation. The equipment setup was a XPS 15 9530 Dell Laptop ×64, Intel Core I7-4712HQ CPU@2.30GHz, 2.3 GHz, 16 GB of Random Access Memory, 2GB swapping Memory. We used a 24 inch Dell 2408 WFP monitor (L x W x H Dimensions: 22 x 8.17 x 15.62 inches) which has a resolution of 1920x1200 pixels and 24 Milliseconds response time. The marker was displayed in the monitor which is placed 75 cm from the participants. The experimental setup is illustrated in Fig 3.7A.

3. 5 .

 5 Figure 3.7: Setup and Apparatus. Illustration of (A) the experimental setup and (B) the Pupil Labs eye tracking system. One eye camera was used during the study .

Figure 3

 3 Figure 3.8: Finger calibration. (a) A user performing a calibration using her thumb as a target. A red marker is attached to the tip of her thumb to allow easy detection of her thumb using computer vision techniques. (b) Illustration of a frame obtained in the world camera video stream.

Fig 3. 9

 9 Fig 3.9 shows to what extent symbolic reduction decreased the mean absolute errors for all participants. For clarity purposes, only data on x-axis and for finger calibration were reported.

Figure 3

 3 Figure3.10: Reduction of the MAE over time using symbolic regression for one participant. The algorithm stabilizes after a few milliseconds and no better model is extracted.

  Il se réfère à la façon dont un petit changement dans les entrées fournit des erreurs élevées dans les résultats. La fonction qui souffre d'un mauvais conditionnement change rapidement par rapport à des modifications mineures. Afin d'évaluer un modèle quantitatif, le coefficient de performance doit être me suré. La précision est souvent mesurée comme le coefficient qui représente la qualité du m odèle. D'une certaine manière, la qualité peut être définie comme la proportion pour laquelle le modèle donne de bons résultats. Certains chercheurs présentent une mesure équivalente, le taux d'erreur, c'est-à-dire la mesure indiquant le nombre d'erreurs produit par le modèle. Ce qui nous intéresse le plus est la façon dont le modèle fonctionne sur des données qui ne sont pas fournies pendant sa construction, car cela montre comment il généralisera sur des données qui n'ont pas été vues auparavant. Cela s'appelle la généralisation, c'est-à-dire la capacité de produire de bons résultats sur de nouvelles entrées. Les entrées non vues et l'échantillon utilisé pour la formation du modèle doivent être distribués de manière identique. Par conséquent, ce que nous voulons finalement, c'est réduire l'erreur lors de la formation, et réduire la différence entre l'erreur lors de la formation et l'erreur lors du test. Cela nous amène aux problèmes susmentionnés, c'est-à-dire l'underfitting et l'overfitting. Le premier se produit lorsque le mod-èle formé ne peut pas fournir une erreur basse lors de la formation, et le second se produit lorsque la différence entre l'erreur lors de formation et l'erreur d'évaluation est importante. En d'autres termes, le modèle est capable d'obtenir de bons résultats sur les entrées données lors de la formation et donne finalement des résultats inattendus au cours de la généralisation avec des entrées non vues. Il est presque impossible de construire un modèle en utilisant toutes les données, car il est difficile de recueillir tous les ensembles de données existantes dans le monde réel. Par conséquent, il est important d'évaluer le modèle avec des données d'évaluation qui n'ont pas été utilisées pour la formation du modèle.

  Figure 4.1: Calibration data are obtained from the target and pupil centers. A subset (66%) of the data, the operators and function individuals are used to feed the symbolic

  This section briefly r ecalls t he s tandard r egresion-based a pproach. U sing a h ead-worn eye tracker, the gaze positions are estimated using the pupil center positions and a mapping function obtained during a prior calibration. The calibration allows collecting pairs of eye features (e.g., pupil center or iris center) and corresponding target positions. The point of regard in the world camera is obtained by calculating the coefficients of a predefined polynomial using a regression method. Let P = [(Px 1 ,Py 1 )) , (Px 2 ,Py 2 ) ,..., (Px n ,Py n ) ] and T = [(Ty 1 ,Ty 1 ) , (Tx 2 ,Ty 2 ) ,..., (Tx n ,Ty n ) ]4.2. Regression-based approaches 63 be the set of pupil center positions and their corresponding target center positions. Regressionbased approaches define two polynomial models f x () and f y () of the form:

Figure 4 .Figure 4 . 3 :

 443 Figure 4.2: Selected Iterations of the approach. In all of the figures, are shown the validation targets (black), the current estimated target produced by the algorithm (red), and the offset corresponding to the error to minimize (blue). Without (Top.row) and Given (Bottom) a predefined model(Mardanbegi, Kurauchi, and C. Morimoto (2018) model).
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 44 Figure 4.4: A) Errors density and B) Average errors on xand y-axes

Figure 4 . 5 :

 45 Figure 4.5: MAE by regression type.
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 46 Figure 4.6: Consistency of the regression type per participant.
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  PathWord: A Multimodal Password Entry Method using Smooth Pursuit Eye Movements Daily Use ATM Public Transportation

Figure 5 .

 5 Figure 5.1:In a real-world environment, it is easy to spy on users inserting their personal identification number (PIN) or passwords on a cash-dispensing machine or other electronic devices. This is known as the Shoulder Surfing Attack (SSA) which is based on using direct observation or looking over someone's shoulder, to see what he is doing and get information. Shoulder surfing is an efficient way to steal information since when a person is entering a PIN, he uses his fingers to tap on the desired digits. This contact between the finger and the device allows getting an insight into the desired digit. Therefore, it's relatively easy to observe the position of his finger on the user interface, especially if the intruder stands next to him. What is malicious in this technique is that the intruder does not require any special skills. Observing the user's device when he is typing the information is sufficient. In crowded places, it even easier for an intruder to spy on the victim (e.g., public transportation), especially if he is not paying attention.

Figure 5 . 3 :

 53 Figure 5.3: Pathword overview: (Left) A user's eye, as seen through the infrared eye camera, following the red stimulus moving on the digit "3". The pupil center implicitly draws the digit shape. (Middle) Aggregated pupil center positions of 12 participants trying to select the digit "3". (Right) A user entering a PIN in a traditional interface. Intruders can easily steal the PIN.

Figure 5 . 4 :

 54 Figure 5.4: PathWord's interface displayed in a 138.3 x 67.1 mm mobile phone screen. On each digit, a stimulus is drawn and travels its shape. As such, in addition to remaining visual clues as in the standard interfaces, the digits serves also as trajectories for the moving stimuli.
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 55 Figure 5.5: Thermal attacks. Courtesy of[START_REF] Abdelrahman | Stay Cool! Understanding Thermal Attacks on Mobilebased User Authentication[END_REF] and smudge attaks. Courtesy of[START_REF] Aviv | Smudge Attacks on Smartphone Touch Screens[END_REF].
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 56 Figure 5.6: Key steps of transforming the unnoticeable raw pupil center locations into a noiseless rotation invariant shape for similarity matching.

  Figure 5.7: The user is ready to interact.

Figure 5 .

 5 Figure 5.8: The user covers the camera to start the colection.

Figure 5 .

 5 Figure 5.9: (Left) PathWord user interface with stimuli moving on each digit. (Right Top) The trajectories followed by the stimuli for Whole Trajectories case. (Right Bottom) The trajectories followed by the stimuli for Reduced (Simulated Annealing solution) Trajectories case. Notice that the Simulated Annealing algorithm was able to obtain reduced trajectory lengths while keeping the variability between the digits for proper dissociation.

Figure 5 .

 5 Figure 5.10: Results of experiment 1 for the three different speeds.

Figure 5 .

 5 Figure 5.12: Experiment 2 relative Camera(s)-to-User distance for the three different attacks configuration.

Figure 5 .

 5 Figure 5.13: (A) a view of the experiment setup. Because the sizes of the digits are small in the mobile phone (0.74 × 0.74 in), attackers were not able to properly see the movements of the users' eye. Thus, in addition to C1, we gave a closer view of the user's face (B) and the view of the Pupil lab eye camera (C). Consequently, C1 is always accompanied by the view (B) and (C). (D) A user is covering the camera to activate pupil positions collection. (E) The user releases the camera to stop collection. Notice how it is difficult for an intruder to distinguish the actions and be aware of the moment the user is entering the PIN. (F) A view from the camera C2. Here, the user is entering the PIN as in a traditional UI (direct touch). The intruder can easily see the PIN the user is entering.
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 514 Figure 5.14: Results of experiment 2. In all attack configurations, PathWord resulted in a lower recognition rate, i.e., the intruder (s) recognized fewer PINs compared to Baseline.

Figure 5

 5 Figure 5.15: Same target colors.

Figure 5

 5 Figure 5.16: Different target colors.

  basée sur le regard est une branche de la recherche sur le mouvement des yeux qui est largement utilisée dans le domaine de L'Interaction Homme-Machine(IHM). Des études récentes ont montré le potentiel de l'utilisation des yeux pour interagir avec des ordinateurs. Les saccades -comportement oculaire permettant d'explorer l'environnement, la poursuite lissemouvement des yeux permettant de suivre un objet en mouvement et la fixation -action de regarder un objet fixe sont autant de modalités utilisées en Interaction Homme-Machine pour communiquer avec des systèmes informatiques. Ces moyens de communication ont permis non seulement d'annihiler le problème de Fat-Finger[START_REF] Siek | Fat Finger Worries: How Older and Younger Users Physically Interact with PDAs[END_REF], c'est-àdire la difficulté d'utiliser les doigts sur des petits écrans tactiles en raison de la taille et de l'espace intra-icônes, mais aussi de permettre à des personnes à mobilité réduite de jouir d'un canal de communication naturel, longtemps utilisé comme moyen de réception de l'information.Des recherches récentes comme Orbitz[START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF] ont exploité les mouvements oculaires en poursuite lisse pour sélectionner et interagir avec des applications sur les montres intelligentes. Plus récemment, ils ont utilisé la même méthode dans un environnement mixte[START_REF] Esteves | SmoothMoves: Smooth Pursuits Head Movements for Augmented Reality[END_REF]. Vidal a utilisé la poursuite lisse pour la calibration d'un oculomètre(Mélodie Vidal, Bulling, and Gellersen, 2013c), Mais l'idée d'utiliser les yeux comme moyen d'interaction a commencé depuis les années 1983 (M. B.[START_REF] Friedman | Eyetracker communication system[END_REF]. Le Midas-Touch[START_REF] Velichkovsky | Towards gaze-mediated interaction: Collecting solutions of the "Midas touch problem[END_REF] ou la difficulté de séparer la volonté de regarder ou sélectionner un objet avec les yeux a été l'un des premiers problèmes de l'utilisation des yeux dans l'Interaction Homme-Machine. Des chercheurs ont proposé d'utiliser le dwell -technique permettant d'activer la sélection d'un objet en le regardant plus longtemps (500 ms).Cependant, l'interaction basée sur le regard n'a pas encore prouvé son indispensabilité dans les applications quotidiennes, et nombreuses sont les personnes qui ont peu (par exemple dans les jeux de réalité virtuelle) ou pas d'expérience avec cette nouvelle forme d'interaction. On retrouve pourtant ce type d'interaction dans les applications pour les personnes ne pouvant pas utiliser leurs membres. Un exemple illustrant ce besoin est le système ACAT (Assistive Context-Aware Toolkit) de Intel (ACAT, 2019). C'est un logiciel libre qui permet aux personnes séverement handicapées de communiquer en utilisant les mouvements des yeux, des sourcils ou même de la joue.Toutefois, l'un des principaux défis de l'interaction basée sur le regard est la précision de l'estimation du regard. La précision est essentielle pour déclencher un événement en fixant un bouton sur un écran d'ordinateur par exemple. Il faut alors trouver soit un moyen de rendre l'estimation du regard encore plus précise, soit augmenter la taille des boutons ou alors trouver des solutions qui peuvent marcher tout en gardant la précision des outils actuels. Dans le premier cas, comme nous l'avons bien souligné dans les chapitre 3 et 4, et même si nous avons pu améliorer la précision, nous sommes perpétuellement à la recherche de nouvelles méthodes qui permettront d'améliorer cette précision davantage. Le prix des oculumètres ayant une très Movements bonne précision ne permettent pas leur utilisation par le grand public. Ici, nous cherchons des méthodes efficaces et pas coûteuses qui permettront aux concepteurs d'incorporer des capteurs du mouvements du regard dans les appareils numériques de tous les jours (téléphone portable, ordinateur, etc.). Dans le second cas, même si l'augmentation de la taille des boutons paraît être une solution satisfaisante, elle s'oppose au défi actuel des concepteurs de proposer des outils plus petits et utilisables. L'augmentation de la taille des boutons impliquera probablement l'élargissement de la taille des écrans si on veut garder le même nombre de composants sur une interface (par exemple, l'affichage de la liste des applications dur l'écran d'accueil d'un téléphone). D'ailleurs, même si la taille des boutons est augmentée, il y aura toujours un problème si la précision de l'oculomètre n'est pas suffisante, car on peut imaginer des utilisateurs qui essayeront de cliquer sur un bouton en regardant ses bords. Toutefois, comme nous l'avons vu dans la partie précédente, la calibration est une procédure lourde et fastidieuse qui est nécessaire pour obtenir une bonne estimation du regard. Malgré cette procédure, les résultats de l'estimation du regard doivent être à nouveau améliorés pour obtenir la précision nécessaire afin que le regard puisse être utilisé comme moyen d'interaction sur un petit écran d'affichage.Pour pallier ces problèmes, une approche intéressante pourrait être d'utiliser de nouvelles approches qui contournent la nécessité d'avoir recours à une bonne précision de l'estimation du regard, tout en gardant une efficacité d'interaction.Cette partie du manuscrit décrit de nouvelles techniques qui sont mieux adaptées à l'interaction moderne sans calibration préalable du dispositif de détection du regard. Nous commençons par proposer une nouvelle approche qui permet à un utilisateur d'entrer un texte en utilisant ses mouvements oculaires. Nous présentons les outils mathématiques adéquats et les paramètres qui fonctionnent mieux pour de telles approches. Nous introduisons le RV -coefficient couplé avec des mouvements oculaires pour détecter les caractéristiques qui nous permettent de s'assurer que l'utilisateur est prêt à interagir avec le système 5. L'utilisation de cette approche dans un environnement mixte est proposée 6. En outre, pour aller plus loin, nous proposons une approche qui, en plus de supprimer le calibration et l'estimation du regard, élimine également la détection de la pupille et de son centre 7.L'interaction basée sur la poursuite lisse, aussi appelée interaction Pursuit (MélodieVidal, Bulling, and Gellersen, 2013c), est un sujet émergent de l'interaction basée sur le regard. Le but est d'interagir avec les interfaces utilisateur en déplaçant les yeux en continu. Le principe de cette technique vient du domaine de la sélection active dans l'IHM, et a été étudié depuis les années 2000[START_REF] Doherty | Continuous interaction and human control[END_REF] dans différents scénarios -Interaction continue.La parole, les gestes(Wobbrock, Wilson, and Y. Li, 2007a) ou les animations sont une forme d'interaction continue.[START_REF] Williamson | Pointing Without a Pointer[END_REF] définit déjà cette approche en présentant une méthode de sélection des objets basée sur un contrôle continu d'agents utilisés pour déterminer les intentions de l'utilisateur.La croissance rapide des technologies émergentes nécessite des techniques d'interaction modernes qui pourraient être très différentes des interactions discrètes (clics, appui long, etc.) qui sont les techniques utilisées dans de nombreuses approches application en IHM aujourd'hui.5.8. Résumé Chapter 5 en Français 107[START_REF] Doherty | Continuous interaction and human control[END_REF] décrit l'interaction continue (répétée par[START_REF] Williamson | Pointing Without a Pointer[END_REF]) comme suit: ...l'utilisateur est continuellement en interaction avec le système informatique sur une période de temps. L'interaction n'est plus basée sur l'échange de discrets messages qui pourraient être considérés comme des opérations atomiques, mais l'entrée fournie par l'utilisateur et/ou la sortie fournie par le système informatique est un processus continu d'échange d'informations à une résolution relativement élevée... Une façon de comprendre cette approche consiste à considérer l'interface utilisateur comme une mise en oeuvre de différents agents en concurrence pour attirer l'attention des utilisateurs. Permettre la sélection avec les yeux a également un avantage efficace dans l'interaction multiutilisateurs. Par exemple, en utilisant un affichage partagé, deux utilisateurs peuvent insérer un mot dans deux vues de texte différentes en même temps. L'utilisation des yeux présente également un avantage potentiel intéressant dans les situations où la protection de la vie privée est requise. Par exemple, proposer des interfaces utilisateur et des interactions plus résistantes aux menaces. Dans ce chapitre, nous avons présenté PathWord (PATH passWORD), une méthode multimodale d'entrée de chiffres pour l'authentification basée sur la forme des chiffres et les mouvements relatifs des yeux de l'utilisateur. PathWord est une modalité d'entrée sans contact, basée sur le regard, qui tente de diminuer les attaques lors de l'authentification dans un système à l'aide de PINs. En plus de montrer des taux de précision élevés (étude 1: 87,1% d'entrées réussies) et une forte confidentialité grâce à des évaluations détaillées avec 42 participants (étude 2), nous démontrons comment PathWord réduit considérablement le vol de mots de passe (en moyenne 2,38% de mots de passe volés avec PathWord contre plus de 90% avec l'écran PIN traditionnel). Nous présentons des cas d'utilisation de PathWord et discutons de ses avantages par rapport aux modalités d'entrée traditionnelles. Nous envisageons PathWord comme un outil important qui sera utilisé et qui permettra sans nul doute d'entrer un texte, mot de passe ou un PIN à travers les mouvements des yeux.

Figure 6 . 1 :

 61 Figure 6.1: A keyboard interface in a mixed reality environment. Selection is made with Air Tap and Bloom gestures.

Figure 6 . 2 :

 62 Figure 6.2: Our proposed PIN entry interface that uses user relative smooth pursuit eye movement for selection.

  1 2 on an XPS 15 9530 Dell Laptop 64 bits with an Intel(R) Core(TM) I7-4712HQ CPU 2.30GHz, 4 core(s), 8 processes, 16GB of Random Access Memory, 2GB swapping Memory.

Figure 6 . 3 :

 63 Figure 6.3: A user trying to select the digit 2. A-A user eye under infrared light, captured by the camera. See how the pupil is darker compared to other features of the eye. B-The digit being selected.

Figure 6 . 4 :

 64 Figure 6.4: Representation of the digit from zero to nine in x (left) and y-axis (right).

Figure 6 . 5 :

 65 Figure 6.5: Composition of the digit 2 using simple mathematical formulas. (C 1 ) represents a three-quarter circle, (C 2 ) a quarter of a second circle and (S 1 ) is the segment representing the bottom line of the digit.
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 6667 Figure 6.6: Illustration of a high similarity between pupil center positions (blue circles) and a moving stimulus position (red circles)

Figure 6 . 8 :

 68 Figure 6.8: Illustration of pupil tracking and detection pipeline.
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 69 Figure 6.9: Results of the pilot study evaluation.

Figure 7 . 1 :

 71 Figure 7.1: (Left) Pupil center detected from an IR head-worn eye tracker. (B) Using an unmodified camera, the eye movements are estimated based on the overall movement of the eye using the Lucas-Kanade optical flow algorithm.

Figure 7

 7 Figure7.2: Features in the eye image that serve to track the movements of the eye. The approach is developed for normal RGB images, but this image is from the PupilLabs' eye-tracking system. We show that this approach is also applicable for standard eye-tracking systems (with IR-pass filters). Notice the apparition of light reflections at the bottom-right. Also, notice that there are outliers coming from the pixels of the skin (Up-left). In the remaining of this chapter, we will use a normal RGB camera since we want to show that modified eye-trackers' cameras can be replaced by normal RGB cameras.

Figure 7

 7 Figure 7.3: A) A pixel Pi represented by a point (x, y). B) The position of the pixel in time. The vector calculated from the current and the last positions serves to compute the pixel motion direction. C) The same process is applied for every pixel in the image. The grey arrow indicates the mean direction of all the pixel.

Figure 7 . 5 :

 75 Figure 7.4:Eye pixels when the eye moves upwards (Green). The blue (red) pixels show the pixels moving to the left (right). The average vector will result in an upward direction, due to the large number of green pixels and the opposing blue and red directions.
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 7677 Figure 7.6: Directions in the Position/Indicative Direction reference system. the white stroke in each eye image shows the followed trajectory. Left-the eye moves upwards (≈ 90 • ), and then downwards (≈ -90 • ). At the positions 180 to 201, oscillations appear in the recorded data, since when the eye moves to the right corresponding to ≈ 180 • , the small eye drifts and the uncertainty of the calculations give angles of ≈ -180 • , resulting to the appearance of fluctuations around the angle 180 • .

Figure 7

 7 Figure 7.8: (a) The high-frequency noise is reduced using a bilateral filter. The edges of the iris are preserved. Classical filters such as the Mean and Gaussian filters could reduce noise but also blur the edges. b) Example of outliers not appertaining to a group of pixels.

µ

  Figure 7.9: Outliers removal. (Left) 50 × 50 flow vectors. All vectors have a direction ∈ [-5°, 5°], indicating an overall motion to the right, except 3 vectors that have a direction of 178°, 155°and -175°( blue ellipse). (Right) The area defined by [µσ, µ + σ] indicates that the three vectors are not potential candidates of the overall motion.

Figure 7 .

 7 Figure 7.10: Different targets used in the evaluation.

Figure 7 .

 7 Figure 7.12: Different 2D targets and their corresponding representation in the motion series space.

Figure 7 . 13 :

 713 Figure 7.13: Three different strokes with high correlations.

  inter-flow spaces(5 × 5, 10 × 10, 15 × 15, 20 × 20 pixels.) 

7. 4 .

 4 Discussion And Limitations• Target type: The 8 targets described in Figure7.10 • Camera/algorithm type: Pupil Labs and RGB cameras Consequently, eye movement videos of 8 targets × 2 cameras × 12 participants were collected for a total of 192 records.Results: Comparison with state-of-the-art A repeated-measures ANOVA (α = .05) was conducted to analyze the results. We used Greenhouse-Geisser corrected values when the assumption of sphericity was violated (Mauchly's test). Pairwise t-tests with Bonferroni corrections were used for the post-hoc test. There was no significant main effect on detection rate for Camera/algorithm (F(1, 192) = .310, p = .578) and Target type (F(7, 192) = 1.414, p = .202).
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 145 approches qui augmentent la précision des appareils existants ou facilitent les techniques employées. Ce désir remonte en 1878 quand[START_REF] Javal | Essai sur la physiologie de la lecture[END_REF] cherchait des outils qui lui permettraient d'analyser les mouvements des yeux pendant que l'utilisateur exécute différentes tâches (par exemple, la lecture). Lorsque des systèmes de surveillance oculaire ont été mis au point pour la première fois, le public s'est demandé si ces systèmes pouvaient être largement utilisés. Cette question a souvent été soulevée en raison de l'aspect lourd et intrusif des dispositifs existants à l'époque. Aujourd'hui, la recherche sur les mouvements oculaires est un domaine florissant avec plusieurs thématiques de recherche pratiques. La taille du système a considérablement diminué avec l'avènement de nouveaux matériels (par exemple, les caméras HD), et les problèmes d'estimation de la position du regard ont été décrits avec des règles mathématiques plus performantes. L'un des défis de la recherche sur les mouvements oculaires consiste encore à mettre au point des systèmes de suivi du regard moins coûteux. Cela peut être fait en cherchant des méthodes qui pourraient faciliter la détection des mouvements oculaires. De nombreuses approches d'estimation du regard ont été abordées sur la base de la détection du centre de la pupille (ou de l'iris). Ce chapitre se focalise sur une solution à une étape du pipeline d'estimation de regard, c'est-à-dire, le stade de détection de la pupille et de son centre. À ce stade, cette approche s'applique à l'interaction utilisant la poursuite lisse. Dans les deux chapitres précédents (Chapitre 5 et Chapitre 6), Nous avons largement parlé d'une technique d'interaction. En recueillant des données auprès de différents participants et en se basant sur notre propre expérience, nous avons constaté que la nécessité de la détection du centre de la pupille (ou de l'iris) peut être évitée pour l'interaction ou même l'analyse des mouvements oculaires basés sur la poursuite lisse. Dans ce chapitre, nous avons étudié cette interaction à l'aide d'une caméra RVB standard non modifiée. Dans chaque paire d'images séquentielles, nous calculons la direction indicative du mouvement de l'oeil en analysant les vecteurs de flux obtenus à l'aide de L'algorithme de flux optique Lucas-Kanade. Nous discutons comment des vecteurs de flux soigneusement sélectionnés pourraient remplacer la détection traditionnelle des centres de pupilles pour ce type d'interaction. Nous examinons les implications des éléments de la zone des yeux comme éléments potentiels pour détecter les mouvements des yeux. Cette approche simple est facile à mettre en oeuvre et s'abstient de beaucoup des complexités des approches basées sur les pupilles. En particulier, EyeFlow ne nécessite ni un modèle de pupille 3D ni une détection de pupille 2D pour suivre l'emplacement du centre de la pupille. Nous comparons cette méthode avec des approches existantes et prouvons que notre approche peut permettre l'interaction en utilisant des caméras standards. Les résultats de l'évaluation portant sur 12 utilisateurs donnent une précision qui se compare à celle des études précédentes. De plus, l'avantage de ce travail est que l'approche ne nécessite pas d'algorithmes de vision par ordinateurs hautement perfectionnés et des caméras infrarouges coûteuses. Chapter 7. EyeFlow: Pursuit Interactions Using an Unmodified Camera Capturer des images oculaires à partir d'une caméra RVB non modifiée et envoyer continuellement les images à un ordinateur qui exécute l'algorithme. 2) Détecter le mouvement des yeux en tirant parti des changements de position des pixels à l'aide d'un algorithme de flux optique dense. Chaque flux de vecteur est évalué avant d'être utilisé dans les étapes suivantes. 3) Calculer le vecteur Indicative-Direction du mouvement de l'oeil et procéder de même pour les paires d'images suivantes. Enregistrez les positions des cibles et calculez leurs directions. Insérer l'Indicative -Direction de l'oeil et les directions des cibles dans le système de référence Position/Indicative-direction. 6) Comme dans les études précédentes, détecter la correspondance entre l'Iindicative-direction de l'oeil et la cible en utilisant la corrélation de Pearson. This part describes visualization techniques and tools as they are used to solve practical eye-tracking applications. Several topics of eye movements research deal with visualization techniques to analyze large datasets provided by eye-tracking systems. We propose a large datasets selection technique for eye movements that can be used and pursued by other research communities, e.g, for selecting Aircraft (Christophe Hurter, Benjamin Tissoires, and Stéphane Conversy, 2009) and GPS trajectories. We have shown in previous parts that gaze estimation algorithms require some amount of data to achieve good accuracy. In this part, we discuss proven approaches to describing errors and uncertainties during the calibration and also to analyze scanpaths by selection since accomplishing these objectives generally demands some form of visualization and mapping techniques. PART III: VISUALIZATION AND EXPLORATION calibration which codes the actual uncertainty in the user point of view.

  tain a larger amount of unique pupil-marker center tuples at various scene areas. In their Pursuit Calibration method, Pfeuffer et al. investigated a smooth pursuit calibration where they considered one moving marker at a constant velocity following a rectangular path. Similarly,[START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF] used smooth pursuit for their calibration technique, however, in contrast with Pursuit Calibration, a more predictable path followed by the marker was presented in their chapter.Namely, they used an Archimedean spiral trajectory with constant linear velocity (6.4 • /sec), circumventing the problems raised by the path used in[START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF]): Following only the border of the rectangle may not help to retrieve the interior points and the rectangle's corners may induce instabilities due to the abrupt change in the trajectory direction. However, to alleviate the corner instability problem, Pfeuffer et al. designed an experiment where they considered a constant speed target trajectory and an accelerated speed target trajectory where the target moved slowly, close to the corners, enabling a more natural transition.[START_REF] Celebi | A Smooth Pursuit Calibration Technique[END_REF] applied quadratic regression to find the mapping function that is used to produce gaze estimation from the eye position. They corrected the lag between the smooth pursuit motion and the actual target positions and then they discarded the outliers using a simple fit residual rejection criterion applied three times. The results showed that the RMS of the non-truncated data of the smooth pursuit calibration was 0.838 • (SD=.278, 27 seconds calibration time) compared to the 9-points calibration which gave 1.388 • (SD=.963, 23 seconds calibration time). The authors truncated the smooth pursuit calibration data in order to consider a similar time to the 9-points calibration for proper comparison and obtained an error of 0.913 • (SD=0.272). Pfeuffer's method builds on the correlation between the eye movement and the target's trajectory using Pearson's product-moment in a user-defined moving window. The mapping model is obtained using the 8.3. Gaze Estimation Method 151 homography computation of OpenCV with RANSAC for outlier removal. The authors reported
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 81 Figure 8.1 presents an overall view of the gaze estimation system developed. Initially, the pupil center of the subject was detected and tracked with a Pupil Lab eye tracking system's eye Camera. We used the device equipped with one eye camera and a world camera. Detailed explanations of the pupil center detection are given in the following subsection Pupil Center Detection. A custom marker present in the large field-of-view of the Pupil Lab World Camera was detected, as explained in subsection Marker Detection (step 3 and 4 of Figure 8.1). This marker

Figure 8

 8 Figure 8.2: (A)-Pupil center positions obtained during the calibration procedure, (B)-Marker center positions obtained during the calibration procedure, C-The Reprojection points' (blue points) positions are slightly different from the actual marker center positions (Purple Points), D-The reprojection points are corrected to fit the exact positions of the actual marker positions using the IDW. The images below C and D are their respective zoomed-in images to see the points clearly
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 83 Figure 8.3: The green point is the new estimated point. From among all marker points recorded during the calibration procedure, the closest one is selected.

  calibration

Figure 8 . 4 :

 84 Figure 8.4: The marker points (red) and the estimated marker points (blue) are plotted for the X and Y values separately. The yellow overlays encapsulate the values to be considered for the interpolation. The upper (resp. lower) green point is the Y (resp. X) value of the interpolated point and the upper (resp. lower) filled red point is its actual position with corrected error.
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 85 Figure 8.5: IDW impact area Figure 8.6: MIDW impact area
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 87 Figure 8.7: In this image, one can see that the gaze estimation's Mean Angular Error is reduced by the Inverse Distance Weighting and is significantly reduced by the Modified Inverse Distance Weighting

Figure 8

 8 Figure 8.8: A. Pupil center position. B. Pupil location uncertainty area from 0 (Red area) to 1 (Blue area).

Figure 8

 8 Figure 8.9: A. Common 9-points Calibration method. B. Pursuit calibration with rectangular trajectory. C. Fixed marker and head rotation calibration
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 810 Figure 8.10: In this image, we show our uncertainty visualization results. This image corresponds to the accumulation (density map) of the recorded pupil location uncertainty. We used a bump-mapping technique to emphasize the strong variations (gradient detection). This image shows strong inaccuracy on the left part of the image and a lack of records in the center of the image.

Figure 8 .

 8 Figure 8.11: . Comparison of uncertainty visualization using Gaussian kernel (A) and pupil polygon with distance transform (B) when following the circular trajectory. The right image in figure Bshows the result in a different color space for more clarity.

Figure 8

 8 Figure8.12: Uncertainty visualization using Gaussian kernel (A) and pupil-shape-dependent kernel (B) after performing "+" pattern calibration. The Gaussian kernel in (A) is circular, but the one used in (B) depends on the orientation, the size, and the shape of each pupil.
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 813 Figure 8.13: Uncertainty visualization of gaze estimation after performing 9-points calibration with two different eye camera positions (frontal and bottom) and two different pupil sizes (large and small). The size of the pupil changes with the varying lighting conditions.

Figure 8 .

 8 Figure 8.14: Uncertainty visualization of gaze estimation after smooth pursuit calibration with two different eye camera positions (bottom and frontal).

calibrationFigure 8

 8 Figure 8.15: Left, pupil contours detected in the pupil camera. Right the same pupil contours process into the world camera. The outlined red contours show significant deformation due to the calibration transfer function. Bottom figures are the corresponding density maps.

Figure 8 . 16 :

 816 Figure 8.16: Recorded pupil location (in the pupil camera) on the left, corresponding target position on the right. Similarly, EyeRecToo[START_REF] Santini | CalibMe: Fast and Unsupervised Eye Tracker Calibration for Gaze-Based Pervasive Human-Computer Interaction[END_REF] proposes an innovative way to collect such calibration points using a marker on a mobile phone.

Figure 8 .

 8 Figure 8.17: Visualization of the norm of the error between the computed gaze location and its actual position. Lower errors are dark in the left image and green in the right image.

  calibration

  results for All 12 Participants (Short and Long) calibration relativement bons dans des conditions de laboratoire. Par exemple, dans Starburst (D.[START_REF] Li | Starburst: A hybrid algorithm for video-based eye tracking combining feature-based and model-based approaches[END_REF], un seuil adaptatif a été utilisé sur une région d'intérêt pour localiser la réflexion cornéenne, puis la réflexion cornéenne a été retirée de l'image par interpolation radiale. Par la suite, les contours de la pupille ont été détectés à l'aide de rayons provenant de la meilleure estimation du centre de la pupille. En 2012, un algorithme utilisant des caractéristiques de type Haar a été proposé par[START_REF] Świrski | Robust Real-time Pupil Tracking in Highly Off-axis Images[END_REF] et, à travers leur système open source, Pupil Labs[START_REF] Kassner | Pupil: An Open Source Platform for Pervasive Eye Tracking and Mobile Gaze-based Interaction[END_REF], a présenté une approche dans laquelle les bords ont été détectés à l'aide d'un filtre de Canny. Plus récemment, Fuhl a présenté ExCuSe: un algorithme basé sur les opérations morphologiques et la fonction de

Figure 9 . 1 :

 91 Figure 9.1: This figure shows our main rationale to define our shaped based brushing technique. A)Unselected trail set where the user wishes to select the only curved one. B) Standard brushing technique, where the brushing of the curved trail also selects every other trail that touches the brushing area. C) Our method uses the brushing input to compare with the brushed trajectory and only the trajectories similar in shape are selected.
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 93 Figure 9.3: The Query is drawn with connected vertices. A minimum length is required to start the similarity detection. B) Similar trails.

Figure

  Figure 9.4:This figure shows the interaction pipeline to filtered items thanks to the user brush input. The pipeline extracts the brushed items but also the shape of the brush
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 95 Figure 9.5: Extended version of Figure 9.4
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 97 Figure 9.6: Extended version of Figure 9.4
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 981 Figure 9.8: The Pearson's correlation takes a range of values from -1 to +1 with 0 indicating the absence of correlation between the two datasets. If the correlation is greater (resp. lesser) than 0, it means that as the value of the first dataset increases, the value of the other dataset increases (resp. decreases). However, the correlation r must reach a certain value in order to ascertain that the two datasets have a good association. And this value is domain-specific and chosen either empirically or base on prior trials. A -A Query drawn by a user on the Aircraft trajectories. B -The query (in black) and the most similar trajectories. Labels of the trajectories are shown in the legend. C -The association of the longitude-values of two datasets. D -The association of the Latitude-values of the two datasets.

Figure 9 . 10 :

 910 Figure9.10: Using the FPCA, each trajectory is represented with a 2D point. The Euclidean distance between the Query point (red point) and the trajectories (yellow points) describes how similar each trajectory is with the Query. In the first image, we can see that 1 point is close to the Query. This is the most similar trajectory to the Query. We can zoom out to see the position of the other trajectories relative to the Query.

Figure 9 .

 9 Figure 9.11: In this figure, the trails that provide approximately similar values of correlation are stored into each bin.

Figure 9 . 12 :

 912 Figure9.12: In this figure, the trails that provide a similarity value greater or equal to (1/bins) × i, where i ∈ [0, bins] is the position of the bin and bins is the number of bins are stored into the same bin. Therefore in the small muliple, we can observe that all the trails are accumulated in the first bin.

Figure 9

 9 Figure 9.13: A simplified example of the binning process.

  Figure 9.15 depicts an example of 4133 trails (aircraft in French airspace). The brush Shape consists of a set of real-valued consecutive points S = [(Sx 1 , Sy 1 )) , (Sx 2 , Sy 2 ) , . . . , (Sx m , Sy m ) ]

Figure 9

 9 Figure 9.14: (a) The user brushes the trajectories in order to select those from the south-east of France to Paris. (b) They select the most correlated value to take into account the direction of the trails

Figure 9 . 15 :Figure 9

 9159 Figure 9.15: One day's aircraft trajectories in French airspace, including taxiing, taking-off, cruise, final approach and landing phases. Selecting specific trajectories using the standard brushing technique will yield inaccurate results due to the large number of trajectories, occlusions, and closeness in the spatial representation.

  Figure 9.18: (a) Selected eye movements between the PFD and ND, (b) Selected eye movements in the vicinity of the PFD , (c) Only one saccade between the ND and the FCU, (d) Eye movement from the PFD to the LAI passing by the FCU.

9. 4

 4 .2 GPS Data GPS trajectories consist of sequential spatial locations recorded by a measurement instrument. Subjects such as people, wheeled vehicles, transportation modes and devices may be tracked by analyzing the spatial positions provided by these instruments. Analysts may need to explore and analyze different paths followed by the users. The advances in position-acquisition and ubiquitous devices have granted extremely large location data, which indicate the mobility of

Figure 9 .

 9 Figure 9.19: This figure shows the animated transition between the X/Y gaze view to the temporal view. This helps to detected how the selected eye movement occurred over time.

Figure 9 .

 9 Figure9.20: Three different trajectories containing three different event sequences from[START_REF] Zheng | Mining Interesting Locations and Travel Sequences from GPS Trajectories[END_REF].

200

  Figure 9.21, we have shown that the technique allows selecting a part of a set of brain fibers.

  with various types of trail datasets.

  De nombreuses tâches d'analyse de données peuvent être plus ou moins faciles ou difficiles selon les techniques utilisées. Pour analyser de grands ensembles de données (par exemple, les trajectoires des mouvements des yeux), il faut comprendre leurs propriétés intrinsèques. Il nécessite également d'avoir une idée sur ce que nous recherchons et de la façon dont nous voulons atteindre cet objectif. Par exemple, les mouvements oculaires comprennent des trajectoires complexes qui s'accumulent ou s'étendent parfois sur une zone élargie. Il n'est pas surprenant d'observer des données qui s'empilent les unes sur les autres. Par conséquent, il est nécessaire d'obtenir des outils puissants qui permettent de segmenter des parties de ces données afin de les visualiser et de les analyser correctement. Une approche intéressante devrait être capable d'être généralisée pour différentes applications. Par conséquent, bien que les techniques proposées dans ce chapitre soient principalement consacrées aux données sur les mouvements oculaires, nous utiliserons des données sur le trafic aérien comme un exemple d'illustration de la méthode proposée. Le but est de montrer la capacité d'utiliser l'approche pour différents scénarios et différentes données ayant les mêmes propriétés (par exemple, les trajectoires du mouvement des yeux et les trajectoires des avions). Nous proposons d'utiliser une nouvelle technique de brushing pour sélectionner, ajouter ou supprimer avec précision des parties ou des séquences de grands ensembles de données. Les techniques de brushing ont une longue histoire depuis les premiers outils de sélection interactifs apparus dans les années 1990. Dès lors, de nombreuses techniques ont été développées pour aborder les questions de précision, de sélection, et de flexibilité. La sélection est particulièrement difficile dans les grands ensembles de données où de nombreux éléments visuels s'enchevêtrent et créent des recouvrements. Les techniques existantes reposent sur des essais et corrections d'erreur. Pour l'analyse des objets en mouvement (mouvements oculaires, trajectoires d'avions ou de géolocalisation), les positions enregistrées sont reliées pour former des trajectoires. La technique proposée dans ce chapitre permet de sélectionner non seulement les trajectoires dans la zone de brushing, mais aussi les trajectoires ayant la forme du schéma dessiné lors du brushing. Le processus peut être décrit comme suit. Tout d'abord, l'utilisateur brushe la région où les trajectoires d'intérêt sont visibles (technique de brushing standard). Deuxièmement, la forme de la zone brushée est utilisée pour sélectionner les trajectoires similaires. Troisièmement, l'utilisateur peut régler le degré de similitude pour filtrer les trajectoires. Cette technique de brushing utilise deux types de paramètres de comparaison, la corrélation de Pearson et la mesure de similarité basée sur la géométrie de l'information. Pour montrer l'efficacité de cette nouvelle méthode de brossage, nous l'appliquons à des scénarios concrets sur des ensembles de données du contrôle de la circulation aérienne, des données de mouvements des yeux et des trajectoires GPS. Contrairement à la technique de brushing standard, ce nouveau paradigme combine deux paramètres de filtrage : la surface de brushing et la forme du schéma dessiné. Cela ouvre de nouvelles possibilités pour les techniques de brushing. Néanmoins, certaines contraintes sont identifiées. La pierre angulaire d'une telle technique repose sur un algorithme de comparaison de formes. Cet 9.7. Résumé Chapter 9 en Français 203 algorithme doit fournir une mesure numérique de similarité qui est ordonnée (faible valeur pour les formes non apparentées, et haute valeur pour les formes corrélées), continue et avec une sémantique afin que l'utilisateur puisse comprendre la logique derrière cette mesure de similarité. Ainsi, pour construire une telle double technique de filtrage, les exigences de conception suivantes (EC) doivent être respectées: • EC1: la technique permet aux utilisateurs de sélectionner des trajectoires simples, enchevêtrées ou recouvrées. • EC2: la métrique de comparaison de forme est flexible avec des valeurs continues, ordonnées et intuitives. • EC3: la technique permet un raffinement progressif de la sélection. • EC4: la technique est interactive. En tenant compte des exigences identifiées (EC1-EC4), ce chapitre présente un nouvel outil de brushing basé sur la forme. À notre connaissance, une telle combinaison de techniques de brushing et de comparaison des formes n'a pas encore été explorée dans l'analyse des trajectoires et le présent chapitre comble cette lacune. Dans ce chapitre, les sujets suivants sont présentés. Tout d'abord, des travaux antérieurs dans le domaine du brushing et de la comparaison de la forme sont élucidés. Deuxièmement, le pipeline de brushing est détaillé avec des explications du traitement de données et les métriques de comparaison. Ensuite, l'utilisation de cette technique à travers différents cas d'utilisation est démontrée. Les limitations possibles sont discutées. Enfin, le chapitre se termine par un résumé de notre contribution et présente les orientations futures pour perfectionner davantage cette technique. Quatre composantes principales des techniques de sélection pour l'exploration et l'analyse des données sont pertinents à notre travail: le brushing, la recherche par contenu, la mesure de la similarité et les systèmes interactifs. 9.7.1 Brushing L'exploration de trajectoires s'appuie sur la découverte de motifs (Stuart K. Card, Mackinlay, and Ben Shneiderman, 1999b) où les trajectoires pertinentes doivent être sélectionnées pour une analyse plus approfondie. Le brushing est une technique de sélection pour la visualisation de l'information, où l'utilisateur sélectionne interactivement un sous-ensemble des données en définissant une zone d'intérêt. Cette technique s'est révélée être une technique d'interaction puissante et générique pour la recherche d'information (R. A. Becker and William S.

Figure 9

 9 Figure9.21: Brain Fiber Analysis. We can imagine an application where a user wants to selects a small part from a set of brain fibers (A). He knows the shape of the fibers
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  Multidimensional data exploration by explicitly controlled animationInformation visualization (infovis) aims leveraging user ability to retrieve insight from data representation thanks to the usage of computer-supported, interactive, visual representations(Stuart K. Card, Mackinlay, and Ben Shneiderman, 1999b). One of the main challenges of infovis is providing insight into high-dimensional datasets. Such datasets consist of many elements (observations), each having multiple dimensions.Many visualization techniques for high-dimensional data can be explained as element-based plots. In such a plot, every element of the dataset is depicted separately (and in the same way as the other elements). Examples of such plots are the classical 2D or 3D scatterplots (every element is a point), parallel coordinate plots (every element is a polyline), multidimensional projections, and graph drawings (every element is a graph edge).When the number of input dimensions is high, no single such plot can be created that shows the entire information present in the input data. This problem is typically solved by generating multiple plots, for various parameter combinations, each of them showing a partial insight. For example, a 2D scatterplot shows the correlation of only two of all the input dimensions; and a graph drawing can generally show an uncluttered view of the input data for only a limited portion of a large graph.One way to address this problem is to resort to interactive exploration, by allowing the user to create multiple views, each which shows a different part, or aspect, of the data. The problem then becomes how to navigate the (very large) space of all potential views and combine the partial insights provided by them in an efficient and effective way. To address this data exploration issue, we propose a set of innovative techniques where controlled animation plays Chapter 10. Multidimensional data exploration by explicitly controlled animation a central role. Our techniques considerably reduce the exploration effort by allowing the user to directly sketch the exploration path over a visual depiction of the view space created by a small multiple metaphor. This way, a potentially infinite set of intermediate views can be created easily and intuitively. Real-time linking of the view-space navigation and the display of the intermediate views allows one to go forward, backtrack, or change the exploration path.

  Figure 10.2: Proposed animation-based exploration pipeline. See Sec. 10.2.1.

Figure 10 .

 10 Figure 10.3a shows how the interpolated views (colors) smoothly vary between the five presets.

Figure 10 .

 10 Figure 10.3b shows how the view space changes if we drag the five preset views to be in the same horizontal grid row, as indicated by the arrows in Fig. 10.3a. Finally, Figures 10.3c,d show the effect of changing the value p from the default p = 2 used in the first two images (a,b) to p = 1 and p = 0.5, respectively. This allows us to control the shape of the zone of influence of each view over the thumbnails grid.

V

  

Figure 10 . 3 :

 103 Figure 10.3: Thumbnail grid and view interpolation. Each image shows a set of five preset views V 1 . . .V 5 arranged on a 5 by 5 grid. The views are simple color pixels for illustration purposes. Each grid pixel is colored to reflect what the interpolated view would be at that position. (a) Initial placement of the preset views. (b) Effect of dragging the views along the arrows shown in (a). (c) and (d) Effect of setting p = 1 and p = 0.5, respectively. The grids (a) and (b) use the default p = 2.

Figure 10 . 4 :

 104 Figure 10.4: Three different types of navigation of the view space.

Figure 10 . 5 :

 105 Figure 10.5: Software quality dataset (Sec. 10.3.1). No projection in the view space is able to separate well repositories of one kind from those of other kinds.

Figure 10 . 6 :

 106 Figure 10.6: Segmentation dataset (Sec. 10.3.1). Different views can separate well one or more of the classes, but no view succeeds this for all classes.

Figure 10

 10 Figure 10.6 shows our method applied on this dataset, with the right image showing the t-SNE projection. As visible, several of the intermediate views (between the five presets) are

Figure 10 . 7 :

 107 Figure 10.7: Creating a mixed view which separates well the six classes present in the segmentation dataset.

Figure 10 . 8 :

 108 Figure 10.8: Extracting relevant structures from four types of bundling algorithms to create a new bundling view for a graph dataset.

Figure 10 . 9 :

 109 Figure10.9: Understanding differences between several EB techniques. The transition between KDEEB-cluster and any other technique produces fuzzy intermediate states (1 and 2), while the transition between SBEB and the othe techniques produces sharper images(3 and 4). This shows that KDEEB-Cluster is visually very different from the other clustering techniques considered.

Figure 10 .

 10 Figure 10.10: Bundling relaxation provided for four bundling techniques (presets in the corners of the grid) by our animation technique.

  ProjInspector only allows permuting presets along what is essentially a sampled circle. (b) Pro-jInspector does not use animation for data exploration; in contrast, we allow users to define 10.5. Conclusion 227 multiple exploration paths, which are explicitly drawn and visualized in the thumbnail grid, and then (re)run the exploration along them. (c) ProjInspector only handles control-point-based

  manuscript, we have covered a broad range of eye-tracking research topics. Beginning with polynomial regression, we have shown how the calibration of eye-tracking systems could use symbolic regression, different target trajectories, and post-processing to increase gaze estimation accuracy. Traditionally, gaze estimation benefits from several different polynomial models proposed by earlier works, however, these models could be transformed into robust models that interpolate more accurately the gaze position in the covered area.

2.

  Interaction basée sur le regard: Dans le chapitre 5, 6 et 7, Nous avons étudié une technique d'interaction basée sur le poursuite lisse. Nous avons étudié les interactions basées sur le regard avec des dispositifs informatiques, sans aucune calibration préalable, et la façon dont elles sont utilisées pour résoudre des applications pratiques. Nous avons également montré que pour une telle interaction, la région de l'oeil pourrait remplacer l'approche standard de détection du centre de la pupille. 3. Visualization: Dans le chapitre 8 et 9, nous avons proposé des moyens de visualisation pour étudier l'incertitude du regard et pour analyser les mouvements oculaires. Cette dernière technique a également été utilisée pour sélectionner des modèles dans de grands ensembles de données: trajectoires d'avions et GPS.

  

  

  

  

  

  

  

  

  

  

  

  

  1.6). Les gens peuvent déduire où nous regardons avec une apparente facilité. Nous nous concentrons constamment sur les yeux des humains qui nous entourent pour déterminer leur point de regard et parfois leur direction d'attention. Cependant, lorsqu'il s'agit d'une scène d'observation naturelle, il est très difficile pour un humain de montrer, avec une bonne précision, l'endroit où une autre personne

regarde. Quand il s'agit de montrer où quelqu'un regarde précisément, cela pourrait rapidement se transformer en un exercice difficile. En regardant un paysage ou des objets situés à un plusieurs mètres, on pourrait reconnaître la zone fixée, mais difficilement suggérer le point exact fixé. C'est encore plus compliqué en utilisant des appareils informatiques. Les scientifiques ont passé des décennies à travailler sur le regard humain et, même s'ils peuvent concevoir des outils (oculomètre) qui permettent d'estimer l'emplacement du regard dans une scène (Figures 1.3 et 1.4), le degré de précision doit encore être retravaillé. Pour permettre cela, les chercheurs mettent constamment au point et améliorent des systèmes oculaires qui deviennent de moins en moins invasifs, moins coûteux, précis et relativement pratiques. Le but de ces systèmes est d'estimer l'emplacement que l'utilisateur fixe. Les yeux -fenêtre sur l'âme -révèlent tellement d'informations sur la direction du regard.

  Dans ce chapitre, nous présentons un bref historique et un résumé de l'état de l'art des systèmes d'estimation du regard et d'oculométrie. Les systèmes d'estimation du regard, comme tout autre système, ont connu un développement historique important. À la fin du XVIIIe siècle, la recherche sur les mouvements des yeux s'intéresse particulièrement à la psychologie, notamment à la compréhension du rôle des mouvements oculaires dans les tâches de lecture.Les chercheurs développaient de nouvelles méthodes pour obtenir un aperçu de ce que les gens voient, comment, et où pourrait être l'emplacement de leur regard dans une scène. La plupart des connaissances sur le système oculaire a été étudiée au cours du prochain siècle. Au départ, la recherche était basée sur des études empiriques ou observation directe. L'une des découvertes les plus marquantes a eu lieu dans 1878 quand Émile Javal (Ophtalmologue Français,

1839 -1907) a découvert que les yeux humains font des saccades oculaires et des fixations lors d'une lecture de texte alors qu'on pensait que les mouvements des yeux étaient lisses et continus

[START_REF] Javal | Essai sur la physiologie de la lecture[END_REF]

. Il a été parmi les premiers à décrire que les mouvements de l'oeil lors de la lecture du texte ne sont pas continus le long du texte, mais composés de mouvements rapides connus sous le nom de saccades combinés avec des arrêts nommés fixation. Les saccades sont des mouvements oculaires brefs, irréguliers, rapides et saccadés. Ils permettent de repositionner la fovéa sur une nouvelle cible dans le champ visuel, tandis que les fixations ont la capacité de focaliser le regard et de fixer l'oeil sur une cible pendant une certaine durée.

2.7.1 Observation directe

À notre connaissance, la première méthode d'enregistrement des mouvements oculaires a été présentée par Javal en 1878. Les sujets étaient invités à lire un texte pendant que Javal observait les mouvements des yeux avec un oculomètre. Cependant, les mouvements des yeux sont trop rapides et subtils pour mesurer la durée des saccades et les pauses de fixation avec précision. Par la suite, Edmund B. Huey (1898) (Figure 2.2) a proposé une nouvelle approche pour étudier le mécanisme physiologique et physique des yeux lors de la lecture d'un document imprimé. Le besoin croissant de précision a poussé les chercheurs à trouver des méthodes

  The unseen inputs and the sample used for training the model must be identically distributed. Therefore, what we want is ultimately to reduce the training error, and to reduce the difference between the training error and the test error. These bring us to the problems aforementioned, i.e,

	underfitting and overfitting. The former happens when the trained model cannot provide a
	low training error, and the latter occurs when the difference between the training error and
	the evaluation error is important. In other words, the model is able to obtain good results on
	the training sets and ultimately gives unexpected results during the generalization with
	unseen inputs. Most of the time, it is almost impossible to construct a model using all the data,
	since it is hard to collect all exiting datasets in real-world. Therefore, it is important to
	evaluate the model with an evalua-tion dataset that was not used for training the model. A
	dataset (data points) refers to a set of many examples of inputs, which are in turn a set of
	features, for example the Iris dataset (R. A.

Table 3

 3 

	.1: Retrieved models by sample size. The algorithm is able to find the mapping model for the
	three different data samples. The number of the coefficients remains the same, however, the mean
	absolute error (MAE) / mean squared error (MSE) values changes. The differences are small are lesser
	than the size of a pixel (e.g, ∆(200-150) = 0.046, ∆(150-75) = 0.0432). This means that when
	calculating the gaze position in the camera frame, these differences are not noticeable.	
	Mapping models	MAE MSE Size Coefficients
	9.958 * x + 8.00 * x 2 + 0.996 * x 3 -426.7	0.162 0.042 200	4
	9.956 * x + 8.001 * x 2 + 0.999 * x 3 -426.6	0.115 0.023 150	4
	9.971 * x + 8.000 * x 2 + 0.999 * x 3 -426.806 0.08 0.010 75	4
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 3 

			.2: Symbolic regression extracted models.	
	Time	t 0	t 100	t 500	t 800

Table 3 .

 3 3: MAE. Mean Absolute Error and Standard Deviation of SP and VOR calibrations based on marker, on x and y axes, using standard regression.Table3.4: MAE. Mean Absolute Error and Standard Deviation of SP and VOR calibrations based on marker, on x and y axes, using symbolic regressions after 1s, 10s and 30s.

		Smooth Pursuit Vest. Ocular R.
		x	y	x	y
	µ( • ) 0.813	0.441	1.404	0.937
	σ( • ) 0.212	0.146	1.233	0.331
		Smooth Pursuit Vest. Ocular R.
		x	y	x	y
	µ( • )(1s)	0.696	0.313	0.889	0.715
	µ( • )(10s) 0.672	0.272	0.856	0.680
	µ( • )(30s) 0.664	0.269	0.818	0.666
	σ( • )(1s)	0.180	0.132	0.785	0.371
	σ( • )(10s) 0.158	0.108	0.753	0.365
	σ( • )(30s) 0.161	0.108	0.675	0.339

Table 3 .

 3 

		Smooth Pursuit Vest. Ocular R.
		x	y	x	y
	µ( • ) 1.045	1.087	1.788	1.362
	σ( • ) 0.234	0.297	1.423	0.869
		Smooth Pursuit Vest. Ocular R.
		x	y	x	y
	µ( • )(1s)	0.714	0.658	0.971	0.738
	µ( • )(10s) 0.651	0.652	0.851	0.717
	µ( • )(30s) 0.646	0.640	0.777	0.714
	σ( • )(1s)	0.396	0.272	0.549 0.330
	σ( • )(10s) 0.318	0.267	0.373	0.329
	σ( • )(30s) 0.314	0.245	0.344	0.329

5: MAE. Mean Absolute Error and Standard Deviation of SP and VOR calibrations based on finger, on x and y axes, using standard regression.

Table 3.6: MAE. Mean Absolute Error and Standard Deviation of SP and VOR calibrations with finger, on x and y axes, based on symbolic regressions after 1s, 10s and 30s.

  2: Modified Symbolic Regression Data: Arthmetic operations (e.g., -, ×, +, /, etc.), Mathematical Individuals (e.g., constant, cos, exp, ln, etc.), Predefined model [optional] (e.g. T = a 1 + a 2 Px + a 3 Py + a 4 P 2 Optimal model f * such that the MAE of validation data is the smallest begin Initialization if Predefined model set then f * 0

	x + a 5 P 2 y )
	Maximum iterations MaxIterations, threshold ε,
	Training Pupil centers P,
	Training Target centers T .
	Result:

Table 4 . 1 :

 41 The different models tested in the evaluation

	T x

Table 4 .

 4 2: MAE and Standard Deviation for each regressions averaged across participants on x and y-axis

		Mardangi	Blignaut	Cerrolaza	Harezlak	GPX	MSRX
		¯± σ	¯± σ	¯± σ	¯± σ	¯± σ	¯± σ
	X (Px)	2.48 ± 0.59	2.91 ± 0.78	4.16 ± 2.64	4.85 ± 2.47	4.34 ± 3.52	1.90 ± 0.32
	Y (Px)	3.35 ± 0.99	5.70 ± 3.77	5.77 ± 4.28	7.29 ± 3.55	6.83 ± 6.66	2.60 ± 0.77
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	.3: Appendix 2-General settings for the algorithm
	Parameter	Values
	Population size	200
	Number of Max. Generations	60k
	Maximum depth	80
	Error Metric	MAE
	Max. History Data Metric	20%
	Operators	+,-,/,×
	Functions	cons, x, y, sin, cos, exp log

Table 4 . 4
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: Appendix 1 -Example of the evolution of the algorithm to find good mapping models on x-and y-axis.

  Comme indiqué dans le chapitre précédent, les modèles polynomiaux sont prédéfinis pour l'estimation du regard. Les polynômes de deuxième et de troisième ordre sont souvent utilisés pour calibrer les systèmes oculaires. Plusieurs modèles ont été étudiés et les chercheurs sont constamment à la recherche du meilleur modèle. Une hypothèse difficile à justifier compte tenu de la pléthore de modèles existants. Dans le chapitre précédent, nous avons montré une approche qui permet de trouver le meilleur modèle à partir de zéro. Un problème central dans cette approche est que l'algorithme peut trouver de meilleurs modèles, mais au détriment d'une augmentation du temps de calcul, vu le degré de précision que nous voulons atteindre. Rappelons que nous recherchons un modèle qui donnera de bons résultats non seulement sur les données lors de la formation du modèle, mais aussi sur les nouvelles données. En fait, l'obtention de meilleurs modèles a été le centre de nombreuses recherches dans le domaine. Dans ce chapitre, nous proposons un nouveau paradigme pour réorganiser les meilleurs modèles existants et connus et fournir de nouveaux modèles qui conviennent mieux aux estimations plus précises du regard. Nous validons notre approche à l'aide de données recueillies lors d'une évaluation avec 12 participants et montrons que notre approche améliore la précision de l'estimation du regard à la fois sur l'axe x (23.3%) et l'axe y (22.38%) par rapport à l'état de l'art actuel.La régression polynomiale est une technique courante pour estimer les positions du regard en 2D. Dans une étude très récente,Mardanbegi, Kurauchi, and C. Morimoto (2018) a défini le modèle choisi comme la première source d'erreur dans l'estimation du regard basée sur la régression. De plus, la recherche de fonctions d'estimation du regard a permis de rassembler de nombreux modèles polynomiaux. Blignaut (2013a) a fait une investigation où différentes fonctions ont été évaluées, et a conclu que pour obtenir une bonne précision, une fonction de la forme :f x = a 1 + a 2 P x + a 3 P 2 x + a 4 P 3 x + a 5 P y + a 6 P x P y + a 7 P 2 x P y + a 8 P 3 x P

	74	Chapter 4. Transforming Gaze Estimation Polynomials Using Genetic Algorithms
	4.7 Résumé Chapter 4 en Français			
		MAE	18.228	1.23	0.50	1.11	0.50	1.07	0.465	1.06	0.464	1.04
		R 2 Fit	0.841	0.998	0.99	0.99	0.99	0.99	0.99	0.99	0.99	0.99
			7	9	9	16	19	48	78	52	70	62
			2	3	3	4	5	5	8	5	7	6
									)		
			T x = 13.94 + 18.84 × Py -Px	T y = 17.72 × Px + 9.54 × Py -34.47	T x = 49.67 + 19.10 × Py -8.89 × Px	T x = 17.74 × Px + 9.55 × Py + cos(9.98 × Px) -35.38	T x = 49.67 + 19.10 × Py + 20.34 × exp(Py -19.83) -8.89 × Px	T y = 17.73 × Px + 9.56 × Py + cos(9.93 × Px + cos(10.21 × Px)) -35.41	T x = 49.67 + 19.10 × Py -8.89 × Px -1.37 × Py 2 × exp(1.9 × cos(2.89 -8.93 × Px) -1.98 × Py 3	T y = 17.72 × Px + 9.58 × Py + cos(9.96 × Px + cos(170.13 × Px × Py)) -35.42	T x = 49.64 + 19.10 × Py -Py 2 × exp(2.34 × cos(2.86 -8.92 × Px) -2.17 × Py 3 ) -8.89 × Px")	T y = 17.72 × Px + 9.58 × Py + cos(5.15 + cos(9.96 × Px + cos(170.13 × Px × Py))) -35.45
			471	459	471	4,563	5,152	14,048	26,674	25,546	60k	>50k
			x	y	x	y	x	y	x	y	x	y

y peut être utilisée, où a i sont le coefficient à trouver. Alors que dans les approches de régression, on cherche à trouver les valeurs optimales du coefficient d'un modèle prédéfini a i de sorte qu'une certaine fonction de perte est minimisée, notre approche, en plus de fournir le meilleur coefficient a i , modifie la structure du modèle et propose la meilleure forme de modèle qui s'adapte mieux aux données de calibration en utilisant la programmation génétique. D'un autre côté, la procédure de calibration utilisant la poursuite lisse gagne en popularité. Elle permet de suivre une cible en mouvement pendant la calibration, au lieu de se fixer sur des cibles séquentiellement affichées. La calibration basée sur la poursuite lisse est optimale pour deux raisons. Tout d'abord, le temps de calibration est beaucoup plus court que l'approche standard

  , c'est-à-dire la spirale 3 , avec 12 participants. Cette évaluation est nécessaire puisqu'il n'y a pas encore de travaux existants sur l'effet de la poursuite lisse sur les nouveaux modèles. Cela signifie que la complexité des trajectoires présentées lors de la calibration nous amène à chercher de nouveaux modèles ayant la bonne structure et la bonne taille, ainsi que les bons coefficients. De plus, même si nous évaluons cette approche sur la trajectoire en spirale, elle pourrait être généralisée à d'autres trajectoires plus

complexes. Les modèles pourraient être différents entre la spirale et une autre trajectoire, de même qu'ils sont différents entre la calibration avec 9 cibles et la calibration avec la trajectoire spirale. Le chapitre est organisé comme suit. Dans la section 4.1 et la Section4.2, nous donnons un aperçu des travaux antérieurs et l'estimation du regard. Dans la section 4.3, nous montrons comment notre approche tire parti de la régression symbolique pour modifier les fonctions existantes à l'aide de la programmation génétique. Dans la section4.4, nous évaluons notre approche et discutons de la possibilité de généraliser cette approche pour les travaux futurs. This part investigates gaze-based interactions with computing devices, without any prior calibration, and how they are used to solve practical applications. Interaction based on eye movements has a long background and many ambitions. Several methods have been proposed by the community, but have not yet reached the desired level. Therefore, severals steps need to be fulfilled in order to use the eye as a natural means of input modality.
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		Rate (%)

  Au cours de ces récentes années, les dispositifs de réalité virtuelle et de réalité mixte se sont démocratisés. Ils sont aujourd'hui utilisés dans plusieurs domaines d'application, en l'occurrence

	6.5. Résumé Chapter 6 en Français	119
	nouvelle approche pour étudier comment les technologies de suivi du regard pourraient aider
	à interagir avec les appareils informatiques. Nous évaluons cette approche avec 7 participants,
	décrivons la mise en oeuvre de la méthode et discutons de ses avantages par rapport aux modal-
	ités d'entrée traditionnelles.	
	dans les jeux vidéo, la conception de pièces industrielles, l'immobilier, etc. Les utilisateurs sont
	ainsi amenés à réaliser leurs tâches habituelles (navigation, pointage, sélection, saisie de texte, Toutefois, cette approche souffre de problèmes connus. Par exemple, les conditions d'éclairage,
	etc.) dans ces environnements mixtes ou virtuels. Cependant certaines de ces tâches demeurent les poses de tête et les cils réduisent la précision de la détection des pupilles. En outre, les
	difficiles à réaliser et inconfortables pour les utilisateurs. C'est principalement le cas de la saisie chiffres doivent avoir une taille acceptable, sinon, les positions du centre de la pupille seront
	de caractères alphanumériques (mot de passe Wi-fi, authentifications, saisie d'une information). très proches et donc difficiles à e xploiter. C e p roblème p eut é galement s e p roduire lorsque
	Dans ce chapitre, nous proposons une nouvelle méthode de saisie de digits dans des environ-l'interface est affichée loin de l'utilisateur. Bien que les réactions initiales des utilisateurs soient
	nements de réalité virtuelle ou mixte basée sur les mouvements des yeux. Cette méthode rapide positives et encourageantes, nous prévoyons de mener une expérience dans des scénarios réels
	et robuste contre le shoulder-surfing peut être utilisée dans plusieurs cas d'utilisations, par ex-et rendre compte des résultats plus globaux. Puisque nous améliorons le système, nous met-
	treusement sélectionné. Alors qu'en utilisant les mouvements oculaires de la poursuite lisse,
	les cibles placées sur les deux objets peuvent se déplacer dans une direction différente, ce qui
	permet de sélectionner l'objet désiré qui est situé derrière l'objet transparent. En général, même
	un simple texte pourrait gêner la sélection d'un objet dans ce type d'environnement.	
	En utilisant une approche simple, nous démontrons que les gestes oculaires pourraient fournir

emple, la saisie de niveau de vol par un contrôleur aérien, l'authentification avec un casque de réalité virtuelle, ou dans un jeu vidéo. Une évaluation a permis de valider la pertinence de la technique d'interaction proposée. Dans ce chapitre, nous décrivons l'interaction basée sur le regard dans un environnement de réalité mixte. Depuis le début de la réalité augmentée, l'interaction avec des objets placés dans le champ de vision de l'utilisateur a soulevé de nombreuses questions. L'avènement des dispositifs de réalité virtuelle et mixte a accru ce besoin de proposer de nouvelles façons d'interagir dans ces nouveaux environnements. Dans certaines situations, l'utilisateur doit utiliser des accessoires supplémentaires. Par exemple, l'Hololens -un appareil de réalité mixte de Microsoft -nécessite une paire de contrôleurs qui sont connectés en utilisant la liaison Bluetooth. La saisie d'informations sensibles est à haut risque avec ces systèmes, mais comme beaucoup d'entre eux proposent déjà la possibilité d'utiliser le regard, il est intéressant d'étudier comment les yeux pourraient être utilisés pour remplacer ces contrôleurs pour des tâches simples comme la saisie d'un mot de passe. De plus, la sélection par pointage est la principale modalité d'entrée pour la plupart des applications dans les environnements de réalité augmentée, virtuelle et mixte. Il existe plusieurs problèmes dans ces environnements qui réduisent l'avantage d'utiliser un pointeur comme sur un écran d'affichage, et la plupart d'entre eux est liée à la gestion de la vue. Si l'on veut sélectionner un objet alors qu'il se trouve un objet transparent devant cet objet, et que les deux objets peuvent être sélectionnés, le premier objet traversé par le rayon du pointeur sera malenconune modalité d'interaction très précise dans un environnement de réalité mixte. Une telle interaction a été proposée pour les ordinateurs de bureau et les appareils mobiles. Récemment, le regard a suscité un intérêt particulier pour l'Interaction Homme-Machine et a offert de nouvelles possibilités d'interaction, notamment en matière d'accessibilité. Nous introduisons une tons en oeuvre des algorithmes et des méthodes pour détecter les chiffres plus rapidement. De plus, l'algorithme a été testé avec des utilisateurs bien portants. Une évaluation supplémentaire aidera à comprendre l'efficacité d e l 'approche d ans d es s cénarios r éels a vec d es participants limités dans leurs capacités motrices. Dans ce chapitre, nous avons présenté et étudié la charge de travail perçue. Un point clé de ce paradigme est qu'une sélection implique que l'utilisateur a suivi une cible en mouvement, éliminant ainsi le problème du Midas-touch. D'autres applications peuvent bénéficier de cette technique d'interaction, par exemple l'entrée d'un niveau de vol dans un simulateur virtuel de contrôle de la circulation aérienne. Les travaux futurs exploreront le temps de reconnaissance des chiffres et étudieront le potentiel de cette méthode sur les caractères alphanumériques.

Table 8 . 1 :

 81 Mean and Standard Deviation of the results for the Short Time Calibration.Table 8.2: Mean and Standard Deviation of the results for the Long Time Calibration.

		Mean Cali-	No. Evalua-	MAE Evalu-	MAE Evalu-	MAE Evalu-
		bration Time	tion Points	ation Points	ation Points	ation Points
		(sec)		(degree)	Corrected by	Corrected
					IDW (cm)	by Modified
						IDW (cm)
	Mean	4.7	151.667	1.88	1.700	0.352
	SD	0.38	29.323	0.788	0.428	0.285
		Mean Cali-	No. Evalua-	MAE Evalu-	MAE Evalu-	MAE Evalu-
		bration Time	tion Points	ation Points	ation Points	ation Points
		(sec)		(degree)	Corrected by	Corrected
					IDW (cm)	by Modified
						IDW (cm)
	Mean	9.83	284.833	1.407	1.221	0.299
	SD	0.37	27.665	0.481	0.236	0.065

  , analogue à ExCuSe, a utilisé un filtre de Canny et si aucune ellipse n'est trouvée, une deuxième analyse est effectuée. Les résultats d'une expérience récente conçue par[START_REF] Fuhl | Pupil detection for head-mounted eye tracking in the wild: an evaluation of the state of the art[END_REF] ont montré que l'algorithme ElSe offre les meilleurs résultats en termes de positions précises du centre de la pupille par rapport aux algorithmes de pointe de détection de pupille. Cependant, les méthodes exposées ci-dessus ne mentionnent pas l'incertitude de leur détection. Il est très probable que différentes méthodes de détection de pupille permettent d'obtenir des emplacements différents du centre de la pupille en utilisant la même image. Dans ce chapitre, nous abordons le coeur de cette question en étudiant une zone dans laquelle le centre de la pupille est susceptible de se trouver et nous proposons une méthode pour inspecter visuellement cette zone. calcul basé sur l'image et donc de qualifier les résultats visuels. Deuxièmement, nous étudierons comment ces outils de visualisations peuvent fournir de nouveaux outils interactifs où l'utilisateur peut ajuster le processus de calibration (par exemple, l'utilisateur peut ajouter ou supprimer des points de calibration). Les systèmes de calibration existants ne fournissent que des outils d'interaction limités et les recherches futures dans ce domaine pourraient grandement améliorer l'efficacité de la calibration. Nous pensons que ce travail pourrait servir de guide important pour la calibration d'un système de suivi oculaire et la visualisation de l'incertitude. It also requires having an idea of what we are looking for and how we want to achieve this objective. For example, eye movements comprise complex trajectories that sometimes accumulate or spread across a large area. It is not surprising to observe data that are stacked each on top of others. Therefore, it is necessary to obtain powerful tools that allow segmenting parts of the data in order to visualize and analyze them properly.An interesting approach should be able to generalize for different applications. As such, while the proposed techniques in this chapter are primarily dedicated to eye movements data, we will mostly use air traffic datasets as a running example. The purpose of this is to show the versatility of the approaches for different scenarios and different datasets having the same inner properties (e.g., eye movement trajectory and Aircraft trajectory). We proposed using a novel brushing techniques to precisely select, add or remove parts of large datasets.For moving object analysis (eye movements, Aircraft or GPS trajectories), recorded positions are connected into line segments forming trajectories and thus creating more occlusions and overplotting. As a solution for selection in clutter views, this chapter investigates a novel Chapter 9. Interactive Shape Based Brushing Technique for Trail Sets

	Nous présentons alors les résultats de la visualisation pour mieux comprendre la qualité de la calibration. Nous expliquons d'abord les méthodes d'estimation du regard et, à travers une ex-périence avec plusieurs participants, nous démontrons la validité de notre pipeline d'estimation du regard. Cela nous a amené à recueillir des données et à tester deux méthodes différentes pour réduire l'erreur angulaire moyenne. La meilleure des deux méthodes a donné une erreur angulaire moyenne de 0.25°. En outre, l'expérience a servi à comparer des procédures de cal-ibration courtes et longues et les résultats ont montré que la procédure de calibration longue offre une meilleure précision, ce qui est conforme à nos pensées. Ensuite, nous avons inspecté visuellement l'incertitude de l'ensemble du pipeline d'estimation du regard en tenant compte de la pupille, de la fonction polynomiale, de la position de la caméra par rapport à l'oeil, des con-ditions d'éclairage et de la taille de la pupille, ce qui nous a donné un outil efficace pour décrire la qualité de la calibration. Dans un proche avenir, nous prévoyons d'étendre cette étude. Tout d'abord, nous fournirons des mesures qualitatives extraites des visualisations présentées. En comparaison avec les mesures existantes, qui sont basées sur le calcul analytique des données, Interactive Shape Based Brushing Technique for Trail Sets Many data analysis tasks can be easier or more difficult depending on the techniques used. Suc-cessfully analyzing large datasets (e.g., scanpaths) requires understanding their intrinsic prop-erties. Brushing techniques have a long history with the first interactive selection tools appearing in the 1990s. Since then, many additional techniques have been developed to address selection ac-curacy, scalability and flexibility issues. Selection is especially difficult in large datasets where many visual items tangle and create overlapping. Existing techniques rely on trial and error nous effectuerons le 9 combined with many view modifications such as panning, zooming, brushing and un-brushing.

  The Euclidean distance is the most simple to calculate, but, unlike mathematical similarity measurements(Yeh 

	Area between			
	Query and trail	Uncertainty area		
	A	Missed vertices	B	All vertices are considered
		Figure 9.2: Uncertainty area during similarity detection.	

Trails in FPCA Circle Principal Component 2 Principal Component 1

  

	X Y	0.57 0.28	0.19 0.75	0.53 0.24	0.58 0.20	0.27 0.28	0.39 0.95	0.53 0.84	0.98 0.10	... ...	0.07 0.97	0.19 0.15	0.53 0.94	0.18 0.40	0.27 0.78	0.69 0.65	0.53 0.44	0.78 0.40

Une matrice de conception est utilisé pour décrire l'ensemble de données d'entrée (positions de l'oeil et de la cible). Par exemple, la matrice de conception représentant l'ensemble de données sur la position des yeux pendant la calibration contient un exemple différent dans chaque rangée, et chaque colonne représente une caractéristique différente. Si un utilisateur effectue une calibration de deux secondes à l'aide d'une caméra de 60 images par seconde, l'ensemble de données peut être représenté avec la matrice de conception D ∈ R 120×2 (ici, les caractéristiques de l'oeil utilisées sont la position de l'oeil sur les axes xet y-). Si l'on veut utiliser, par exemple, la taille de la pupille, son diamètre, ou toute autre variable, le nombre de colonnes c de la matrice de calcul pourrait être augmenté (D ∈ R 120×c ).Les systèmes d'estimation des mouvements des yeux ont récemment fait l'expérience d'une diversité de nouvelles procédures de calibration, y compris la poursuite lisse et les calibrations basées sur le mouvement de la tête. Ces approches ont permis de recueillir plus de données que la calibration standard avec 9 points. Cependant, le calcul de la fonction polynomiale qui fournit des positions du regard à partir des caractéristiques des pupilles données en entrée est principalement basée sur des régressions polynomiales, et peu de travaux ont étudié des approches alternatives. Cette lacune est comblée par une nouvelle méthode de calcul basée sur la régression symbolique. Au lieu de faire des hypothèses préalables sur la fonction polynomiale entre les entrées et les sorties, la régression symbolique cherche un modèle optimal entre différents types de fonctions et leurs combinaisons. Cette approche offre une perspective intéressante en termes de flexibilité et de précision. Par conséquent, nous avons conçu deux expériences dans lesquelles nous avons recueilli des données pour comparer les calibrations basées sur la rotation de la tête et poursuites lisses à partir d'une régression symbolique, en utilisant à la fois un marqueur ou un doigt comme cible : ce qui a donné quatre calibrations différentes. Par conséquent, nous avons amélioré la précision de calibration de plus de 30%, avec un délai de calcul supplémentaire raisonnable.

Spiral calibration allows gathering a large amount of data (T.Santini, Fuhl, and Kasneci, 

2017a).

From hereon, unless otherwise specified, f * represents either f * x or f * y , T represents either T x or T y and P represents either P x or P y

l'étalonnage en spirale permet de recueillir une grande quantité de données (T.Santini, Fuhl, and Kasneci, 2017a).
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Chapter 7. EyeFlow: Pursuit Interactions Using an Unmodified Camera center location frame after frame, our approach gives new values only if a motion is detected, thus reducing redundancy and data processing time. In order to evaluate the applicability of our approach, we compared the set of the Indicative Directions θ obtained from EyeFlow to the standard method (pupil center based). For this purpose, we needed to transform the pupil center positions in a reference that is comparable to EyeFlow, namely the PID Reference. AS such, a pupil center position is extracted in each frame of the eye camera. The vector of two successive pupil center locations at time instants t i-1 and t i is defined as: P i = p ip i-1 . A collection P of pupil center directions can, thus, be extracted and stored for comparison with the collection of vectors V obtained from EyeFlow. P = [ P 1 , ..., P n ] = [( P 1 , θ 1 ), ..., ( P n , θ n )]

Where P i is the vector magnitude and θ i its angle with the positive x-axis i (θ = ∠( P i , i)). Therefore, we obtain two collections of position/Indicative Direction, one from EyeFlow directions and the other from the pupil center directions. The results of a pilot study showed that the two sets of data were highly correlated, meaning that both approaches are suitable for pursuit interaction. To the best of our knowledge, the two most popular methods for interacting with a system using smooth pursuit eye movement are those of Mélodie Vidal, Bulling, and Gellersen (2013c) and [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF]. To analyze our approach, we have conceived a desktop application. Our approach is evaluated on eight different targets displayed on a screen (Figure 7.10): The circular target proposed in Orbits [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF], the delete and zig-zag targets of $1 Unistroke Recognizer (Wobbrock, Wilson, and Y. Li, 2007b), the spiral used for unsupervised calibration in (T. Santini, Fuhl, and Kasneci, 2017a) and (Hassoumi, Vsevolod Peysakhovich, and Christophe Hurter, 2019), a custom alpha we add to investigate the robustness of the algorithm when comparing two approximately similar targets (delete and alpha), the rectangular target used in pursuit calibration [START_REF] Pfeuffer | Pursuit Calibration: Making Gaze Calibration Less Tedious and More Flexible[END_REF] and two digit targets 2 and 3 recently proposed in PathWord for smooth pursuit PIN-entry [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF]. The targets are very diverse. The circular and the two digit targets were used for eye-based interaction, the spiral and rectangular targets were used for eye tracking calibration whereas the delete and zig-zag served for stroke recognition. In this work, we use the shapes of these targets as trajectories for the moving stimuli. The goal is to ascertain that the algorithms of previous studies can leverage the potential of EyeFlow, i.e. using a normal camera for smooth pursuit interaction. The application recognizes among different targets, the one the user intends to select. Following [START_REF] Almoctar | Path Word: A Multimodal Password Entry Method for Ad-hoc Authentication Based on Digits' Shape and Smooth Pursuit Eye Movements[END_REF] and [START_REF] Esteves | Orbits: Gaze Interaction for Smart Watches Using Smooth Pursuit Eye Movements[END_REF], a stimuli moves on the paths defined by each symbol and the user is requested to select the target by fixating on the stimuli moving on its trajectory. This application demonstrates the ability of our approach to leverage the global motion of the user's eye. where m is the number of targets and T i corresponds to the target motion series of the ith target. Note that the similarity is calculated between the pupil motion series P and each target motion series T i . Figure 7.12 exemplifies different targets and their corresponding target motion series.

Uncertainty visualization of gaze estimation to support operator-controlled calibration

Gaze estimation involves connecting several techniques of different fields, e.g., computer vision (pupil tracking), supervised-learning (regressions), geometry, etc. In chapter 4, we have shown that polynomial regression is a powerful means of estimating the user's gaze position. Such approach uses input variables X, output variables Y and a mapping function is learned from the input to the output Y = f (X). The underlying objective is to approximate the function so well that new input data X are transformed into output data Y with good accuracy. We seek to understand how the mapping function impacts the input data (pupil center positions) while calculating the output data (gaze positions). We discuss how visualization can be useful to design better gaze estimation models.

In this chapter, we investigate how visualization assets can support the qualitative evaluation of gaze estimation uncertainty. Although eye-tracking data are commonly available, little has been done to visually investigate the uncertainty of recorded gaze information. This chapter tries to fill this gap by using innovative uncertainty computation and v isualization. Given a gaze processing pipeline, we estimate the location of this gaze position in the world camera. To do so, we developed a gaze data processing which gives us access to every stage of the data transformation and thus the uncertainty computation. A correction method using a modified inverse distance weighting is proposed with the aim of increasing the accuracy. To validate our gaze estimation pipeline, we designed an experiment with 12 participants and showed that the correction methods we proposed reduced the Mean Angular Error by about 1.32 cm, aggregating all 12 participants' results. The Mean Angular Error is µ = 0.25 [START_REF] Friedman | A projection pursuit algorithm for exploratory data analysis[END_REF][START_REF] Huber | Projection pursuit[END_REF], every view V i being one deemed 'interesting' from the perspective of the projection pursuit index, a metric which typically measures the distance from a given projection to an uninteresting generic Gaussian-like scatterplot. However, a limitation of most projection pursuit variants is that, just like grand tour variants, require attribute-based projections [START_REF] Pagliosa | Projection inspector: Assessment and synthesis of multidimensional projections[END_REF]. Projection pursuit methods have been recently enhanced by limiting the number of interesting views to n/2 (Dirk J. Lehmann and Theisel, 2015).

Many scagnostics techniques also use the small-multiple metaphor to show interesting projections, where interest is defined in a wide variety of ways [START_REF] Seo | A rank-by-feature framework for unsupervised multidimensional dataexploration using low dimensional projections[END_REF][START_REF] Sips | Selecting good views of high-dimensional data using class consistency[END_REF][START_REF] Schreck | Techniques for precision-based visual analysis of projected data[END_REF]; D. J. [START_REF] Lehmann | Selecting coherent and relevant plots in large scatterplot matrices[END_REF]. Besides using the exploration history, the views V (P i ) can be picked by optimizing for diversity of this set, by subsampling an initial large random sampling of V or by iteratively refining a given set of views to improve their diversity [START_REF] Marks | Design Galleries: A General Approach to Setting Parameters for Computer Graphics and Animation[END_REF]. Other methods add aesthetic constraints, such as a symmetry score, to exclude unsuitable views right from the view set [START_REF] Biedl | Graph Multidrawing: Finding Nice Drawings Without Defining Nice[END_REF]. The thumbnails V (P i ) can be also placed in 2D by projecting the set of presets P i by using Multi-Dimensional Scaling (MDS) methods [START_REF] Biedl | Graph Multidrawing: Finding Nice Drawings Without Defining Nice[END_REF][START_REF] Marks | Design Galleries: A General Approach to Setting Parameters for Computer Graphics and Animation[END_REF], similar to those discussed in Sec. 10.1.1, or simply arranging them in increasing distance to the currently shown one [START_REF] Wu | Palette-Style Volume Visualization[END_REF]. Other arrangements use a regular grid layout that allows performing additional view transformations by a spreadsheet-like metaphor (Jankun-Kelly and K.-L. [START_REF] Jankun-Kelly | Visualization exploration and encapsulation via a Spreadsheet-like interface[END_REF]. All above metaphors assume a small set of preset views V (P i ), so that they can all be displayed simultaneously as thumbnails without taking too much screen space. If users are not satisfied with these proposed views, they can usually only adjust the parameters P i that generated them in the hope to get better ones. Another way to refine the set V (P i ) is to mark the views that are closest to what the user has in mind and supersample V around such 'interesting' views to get better ones (Shapira, Shamir, and Cohen-Or, n.d.).

Preset controller: In contrast to small multiples, [START_REF] Wijk | Preset based interaction with high dimensional parameter spaces[END_REF] show several values of specific parameter-sets P i by a 2D scatterplot S = {x(P i )}, where x(P i ) ∈ R 2 is the projection of the point P i . Next, one can manipulate a point of interest x ∈ R 2 , or the scatterplot points x(P i ), and generate a corresponding parameter-set value p ∈ P by using Shepard interpolation of the values P i based on the distances xx(P i ) . While the preset controller is very simple to use and is scalable in the number of parameters |P|, it does not explicitly depict the view space V , but only an abstract view of the parameter space P .

Direct manipulation: Animation can be also controlled directly in the view space V rather than in the parameter space P . For this, the user directly manipulates the depicted visual elements in V (P) to modify the parameters P. Examples of such manipulations are deformation, focus-and-context, and semantic lens techniques, all which typically linearly interpolate between two parameter-set values P 1 and P 2 and show the corresponding animation of V (P 1 ) to V (P 2 ). Such animations have been applied to large element-based plots such as bundled graphs Other approaches: Visualization presets have also been investigated for graph datasets (Hans-Jörg [START_REF] Schulz | Preset-based Generation and Exploration of Visualization Designs[END_REF]. Separately, exploratory visualization approaches have used the view space in a foresighted manner to sketch possible next steps along the visual exploration path. Several such approaches exist, which can be subsumed by the term 'visualization by example' (B. [START_REF] Liu | Visualization by Example -A Constructive Visual Component-based Interface for Direct Volume Rendering[END_REF]. All such approaches allow one to select a desired view V (P i ) from a range of candidates, the main distinction being how these candidates are picked from the view space calV and how V is presented to the user.

Our proposal: We combine several of the advantages, and reduce some of the limitations, of the above-mentioned techniques for navigating a view space V constructed from a highdimensional dataset D by means of a parameter space P , as follows:

• Genericity: We handle all types of element-based plots (Sec. 10.1.1), e.g., scatterplots, graph/trail drawings, and DR projections, in an uniform way and by a single implementation;

• View by example: We provide an explicit small-multiple-like depiction V (P i ) of the view space V ;

• Continuity: We allow a continuous change of the current view based on smooth interpolation between the small-multiple views V (P i ) without having to bother about understanding the explicit abstract parameter space P ; this allows generating an infinite set of intermediary views in V ;

• Free navigation: The view generation is in the same time controlled by the user (one sees along which existing views one navigates) and unconstrained (one can freely and fully control the shape of the navigation path);

• Ease of use and scalability: We generate our intermediary views by simple click-anddrag of a point in the view space; these views are generated in real-time for large datasets D (millions of elements).

• Control: Most importantly, and novel with respect to all approaches discussed so far, we propose a simple mechanism for changing only parts of the current view, while keeping other parts fixed. This enables us to combine insights from different views V (P i ) on-thefly, to accumulate insights on the input dataset D.

Proposed Method

We next present our animation-based exploration of visualization spaces for element-based plots, following the discussion in Sec. 10.1. To better outline the added-value of our proposal, we first classify the types of such animation-based explorations along two axes that explain how the transition between views in V can be created: explicit vs implicit, and guided vs free, as follows (see also Fig. 10.1).

Proposed Method
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The first axis (vertical in Fig. 10.1) describes the type and number of preset views V (P i ) between which the user can navigate, and has two values (options):

• Guided: The set of preset views between which the user can choose V (P i ) is limited by construction, and depends on the dimensionality of the input dataset D.

• Free: The set of preset views is fully configurable by the user, who can choose any number and type of views in V to animate between.

The second axis (horizontal in Fig. 10.1 characterizes how the user can control the animation during the transition between two views V 1 ∈ V and V 2 ∈ V , and has tho values:

• Implicit: Once the transition (animation) between V 1 and V 2 is triggered by the user, the generation of intermediate views between V 1 and V 2 happens automatically (usually via some type of linear interpolation). The user can specify V 1 and V 2 , but not the path in the view-space V along which the animation evolves; nor can he slow/accelerate/pause the animation.

• Explicit: The user can choose the path along which the animation evolves, and also the speed thereof.

Explicit Implicit

Guided

Free

Histomages Rolling-the-Dice Our proposal FromDaDy [START_REF] Hurter | FiberClay: Sculpting Three Dimensional Trajectories to Reveal Structural Insights[END_REF], the number of steps is reduced to 3: Paris-Toulouse flights selection, Overshooting flights removal and selection isolation. The authors were able to remove three steps because the selection is operated in a virtual reality environment and the user was interacting with two joysticks in her hands. We can imagine that, with one hand, she will have difficulties to select the trajectories in three steps. Our approach removes the need for using the two hands or other new devices. The selection is done with just a mouse. Additionally, the user can perform the selection in one shoot which greatly improves user satisfaction and reduce the selection time.