Zusammenfassung
Die Displays von mobilen Geräten, wie beispielsweise von Handys oder Tablets, werden immer
größer. Dies macht die herkömmliche Touch-Eingabe unzulänglich für die Interaktion mit Objekten, die sich im oberen Bereich des Bildschirms befinden. Eye Tracking ist eine von vielen
Möglichkeiten, dieses Problem zu beheben. In dieser Arbeit wurde Eye Tracking mithilfe der
Frontkamera eines Handys, welches sich im Originalzustand befindet, implementiert. Unter Nutzung von Eye Tracking stellen wir fünf neue Techniken vor, mit denen man Elemente leichter
zugänglich machen kann, indem man in einem für den Nutzer angenehmen Bereich interagiert.
Diese fünf Techniken werden dann in einer Nutzerstudie mit dem herkömmlichen Touch verglichen. Die Ergebnisse der Studie zeigen, dass die Hypothese bestätigt werden konnte, dass der
herkömmliche Touch ungeeignet für große Geräte ist und Alternativen erwünscht sind. Die "Reachability" Techniken sowie eine Kombination aus blickbasiertem Touch für Ziele in der oberen
Hälfte des Bildschirms und dem herkömmlichen Touch für Ziele in der unteren Hälfte, sind die
besten Alternativen zum Standard-Touch. Sie konnten die Erreichbarkeit von entfernten Objekten
verbessern, auch wenn die Geschwindigkeit und Genauigkeit noch optimiert werden sollte. Diese
Techniken können jedoch die Ergonomie und Benutzerfreundlichkeit der Interaktion mit großen
Geräten sehr stark steigern.

Abstract
Screen sizes of mobile devices, such as mobile phones or tablets, are becoming increasingly larger.
This makes traditional touch input inadequate for interacting with objects located in the top area
of the screen. Eye tracking is one of many possibilities to prevent this problem. In this thesis,
we implemented eye tracking using the front-facing camera of an unmodified smartphone. Using
gaze estimation, we propose five techniques for interacting with targets that are far from the user’s
reach by utilizing the user’s preferred interaction area. These five techniques are then compared
with the standard direct touch in a user study. Results from the study show the assumption was
confirmed that the direct touch is inadequate to use for large devices and alternatives are desired.
Reachability, as well as a combination of gaze-based indirect touch for targets in the top half of the
screen and direct touch for targets in the bottom half, are the best alternatives to the direct touch.
We were able to improve the reachability of remote targets, even if the speed and accuracy need to
be optimized. These techniques, however, can improve the ergonomics and usability of interacting
with big devices.

Task Description
Cameras of handheld mobile devices are advancing rapidly. Today, front-facing cameras are
equipped with depth sensors to allow accurate facial recognition. The same technology has
the potential for allowing highly accurate gaze-based interaction. Interacting using eye gaze
on mobile devices has the potential to deliver fast, natural, touch-free interactions. The aim of
this thesis is to explore promising directions for interaction using eye gaze on mobile devices.
In particular, a promising direction is to improve target selection on mobile devices using eye gaze.
The goal of this thesis is to explore novel concepts for gaze interaction on mobile devices
using gaze.
In a first step, the student should think of concepts that leverage eye gaze to enhance interaction. This will be mostly based on a review of previous work. Implementation will be mostly
on an iPhone X because of its promising front-facing camera. The implemented concepts would
then be evaluated in a user study, and followed by an analysis of the qualitative and quantitative
results.

Ich erkläre hiermit, dass ich die vorliegende Arbeit selbstständig angefertigt, alle Zitate als solche
kenntlich gemacht sowie alle benutzten Quellen und Hilfsmittel angegeben habe.
München, March 26, 2019
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Introduction

In this day and age, 62% of the world’s population owns one or more mobile devices [1].
Unfortunately, not everyone is capable of conventional use, be it for physical reasons or due to
old age. Therefore, it is necessary to offer alternative methods of using a mobile device in order
to enable disadvantaged persons to interact with it. For this purpose, many different solutions
have already been offered, such as speech-to-text for writing messages, a visual signal for an
incoming call or a screen reader, which reads the text onscreen aloud. This allows blind and
partially sighted or deaf people to use a mobile device [2]. There are also various possibilities for
older people to use a mobile device, such as enlarged font size or using the camera as a magnifying glass. Even for hearing aid wearers there are special hearing aid compatible mobile devices [2].
However, due to the massive popularity of mobile devices, they are constantly being refined. For instance, screen sizes of mobile devices, such as smartphones or tablets, are becoming
increasingly larger as it is no longer just a phone but a multifunctional device, for example, to
watch movies or play games. Yet, this makes traditional touch input inadequate for interacting
with objects on the device that are far away from the users reach. This causes the user to either
strain to use their device or to change the grip posture, which requires two hands. In order to
prevent these problems, other interaction techniques have been developed such as using a small
cursor, which is slightly shifted to the touch position of the finger [3], or one-handed thumb
operation of mobile devices [3, 4]. Another way of improving ergonomics when interacting with
a mobile device is to use eye tracking techniques.
Using eye tracking as an input to interact with mobile devices has been researched for a
long time. Though in the past, additional devices, such as head-mounted eye trackers, remote trackers or self-developed systems, were needed to make eye tracking possible, there
have been an increasing number of researchers in recent years, who have developed a system
on an unmodified mobile device to enable eye tracking without additional devices. Their research leads to new possibilities to improve the usability of interfaces using gaze as a control input.
Based on the advanced TrueDepth Camera System provided by Apple, we implement eye
tracking using the iPhone X in this work. The advantage of using this system is that no additional
equipment is needed, and the user is, therefore, able to experience the unmodified mobile device
very realistically. By means of face recognition using the front-facing camera new concepts for
partly gaze-based partly manual touch interactions on mobile phones will be analyzed. Therefore,
we propose five techniques for interacting with targets that are far from the user’s reach out of
consideration for users preferred interaction area. They are then compared with the standard
direct touch in a user study.
Results from the study show the assumption was confirmed that the direct touch is inadequate to use for large devices and alternatives are desired. Reachability, as well as a combination
of gaze-based indirect touch for targets in the top half of the screen and direct touch for targets in
the bottom half, are the best alternatives to direct touch as they improve the reachability of remote
targets, even if the speed and accuracy are amendable. However, these techniques can improve
the ergonomics and usability of interacting with big devices.
This thesis is structured as followed: Chapter 2 discusses the history of eye tracking on
mobile devices, the background to face recognition using Apple’s TruedDepth Camera System on
the iPhone, and interaction opportunities on mobile devices. In chapter 3, we describe the concept
of inputs with direct touch, indirect touch and gaze touch as well as Reachability. Furthermore,
we explain the six techniques we were using, including the direct touch, and how we implemented
1
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the application for the user study. Chapter 4 covers the user study. It shows the goal of the study,
the structure and procedure, and the results of the study to research the usability of the different
techniques. Chapter 5 discusses the results and compares the techniques based on the results. The
last two chapters offer an outlook on future work and complete the thesis with a conclusion and a
summary.
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Background and Related Work

This section gives an overview of the history and related work on eye tracking on smartphones and
gaze-based interaction techniques with mobile devices.

2.1

Eye Tracking

Eye tracking is a technique that measures a person’s eye movement to record where a person is
looking at a particular time, also known as point of gaze (POG) [5]. Observing the eye movements
of people can be used to analyze what the user is doing or how he is interacting with a system.
It is also used to enable people to directly interact with interfaces. Eye tracking has a wide range
of applications. For example, it can be used in human-computer interaction (HCI) and usability
research to analyze interfaces or as an actual control medium [6] as well as in neuroscience and
psychology, marketing or industrial engineering [7].
2.1.1

History of Eye Tracking

Eye tracking has been used for a very long time. While eye tracking was initially used in the field
of cognitive and psychological studies to analyze and understand human attention [8, 9, 10], Bolt
et al. were among the first, who used gaze as a control input [11]. They invented a gaze-interactive
interface bearing a multiplicity of windows on a display. Zooming in on a window, for instance,
can be done by looking at a window over a period of time and leaving the window again is done
by looking away from the entire display, or away and at another window. In the 1990s, Jacob et
al. discussed "some of the human factors and technical considerations that arise in trying to use
eye movements as an input medium" [12], for example, the "Midas Touch" problem. This means
if they use their gaze as input, users will select elements by looking at them even if they did not
intend to do so. Thereupon, using gaze as input to interact with displays has become increasingly
popular. Especially in the 2000s, many researchers investigated novel techniques [13, 14, 15].
Zhai et al. for example, introduced a novel gaze input technique for a computer called MAGIC
(Manual And Gaze Input Cascade) that combined gaze estimation and manual pointing for fine
manipulation and selection [16]. They use a cursor, which is wrapped to the users gaze to move
the cursor and then select the target with a regular manual input device. This reduced the cursor
movement needed to select a target and the user’s manual fatigue. An overview of recent eye
models and techniques can be found in [17].
2.1.2

Eye Tracking on Mobile Devices

The implementation of eye tracking on mobile devices, especially smartphones and tablets, has
been researched by many people. Most previous approaches required additional hardware or external devices for gaze estimation. In the past, either head-mounted trackers were used, which
were attached to the user’s head, [18, 19, 20] or remote trackers, where the user can move within
certain limits but is no longer restricted by a device attached to his body [21]. Figure 2.1a shows
an example of a head mounted-tracker compared to 2.1b, where the tracker is placed in front of
the user. The advantage of a head-mounted eye tracker is that the user can move freely in the area
compared to a remote tracker where the user can only move in specific areas. On the downside,
both systems are limited to the lab. Head-mounted eye trackers, for instance, are unwieldy to wear
and it would be impractical to use in public. A third alternative besides head-mounted eye tracking
and remote tracking is to build own systems with cameras and additional hardware [22, 23]. A
great advantage of building their own prototypes is the flexibility and freedom of researchers.
As new technologies are constantly being optimized, some innovators have already started to
implement systems and algorithms to enable eye tracking on an unmodified mobile device.
3
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(a) Example of a head-mounted tracker [18]
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(b) Example of a remote tracker [24]

[25, 26, 27, 28, 29, 30]. Miluzzo et al. were one of the first research teams to provide eye tracking on an unmodified mobile device [26]. By using the front camera of the phone their system
EyePhone divides the screen of the phone into a grid with nine areas and detects which of the
areas the user is looking at. The user can then interact with the phone by blinking. Vaitukaitis
et al. used image processing and computer vision algorithms for gaze detection without the need
for additional equipment [27]. For initialization, the user is asked to look in different directions
(up, left, middle, right, down, closed), in order to perform accurate gaze estimation with the help
of template matching und correlations matrix. Holland et al. determined the position of the eyes
on an unmodified tablet PC using a neural network. The data received from a video frame of the
camera by first face detection, eye detection and then followed by iris detection is transmitted to
the neural network, which can determine the position of the eyes on the screen [28, 29]. Kunze et
al. implemented several prototypes to enable eye tracking on an unmodified mobile device. One of
them leans on Holland et al. another prototype uses Haar Cascade, which is a standard computer
vision technique to detect where the user is looking [30]. Wood et al. developed EyeTab, where
point of gaze is estimated using cascade classifiers to extract rough eye positions followed by a
2D ellipses. These ellipses are back-projected to vectors to detect the user’s gaze [25]. Nowadays
the technologies are getting increasingly better, which leads to enhanced sensors and cameras.
As a new approach to make eye tracking possible on unmodified mobile devices without additional computer vision algorithms or neural networks, Apple, for instance, reduced the need for
additional eye trackers.
2.1.3

iPhone X Camera System

The iPhone X is equipped with a wide range of advanced technologies. These enable eye tracking
on the unmodified iPhone for the first time not only in the lab but also in public. This is based on
the new TrueDepth Camera System developed by Apple [31] via the front-facing camera of the
iPhone, which is equipped with new, extended sensors. Face ID, for example, uses this technology
to unlock the phone by facial recognition. It includes an infrared camera, flood illuminator, a dot
projector, and other sensors (see figure 2.2).
How the face recognition works:
1. The ambient light sensor detects the brightness of the environment, allowing the proximity
sensor to determine how much light is needed for face recognition [32].
2. The flood illumination then sends out infrared light to detect the face. By determining the
required light intensity first, this also works under low light conditions [33].
3. The dot projector emits more than 30.000 dots building a depth map [31].
4
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4. This 3D image can be analyzed by the infrared camera.

Figure 2.2: Apples TrueDepth Camera [33]

2.2

Interaction Techniques on Mobile Devices

2.2.1

Touch Interaction

There are many different ways to interact with a mobile device. The most commonly known
and used technique is the direct touch. An object can simply be selected by touching the screen.
The advantage of the direct touch is that no further knowledge is needed as humans are used to
this technique, but on the other hand, they are limited by the size of the hand or fingers. This
phenomenon is called "fat finger problem" [34]. It means that the user’s fingers occlude the screen
while interacting with it. To avoid this problem there are many other approaches, for example,
Karlson et al. introduced a thumb interaction technique to support the user’s most comfortable and
stable grip [4]. Roudaut et al. presented two thumb interaction techniques TapTap and MagStick,
who improve target acquisition on small screens [3]. TapTap takes two taps, the first tap defines
the area of interest, which is then in a zoomed window and the second tap enables the selection of
the desired target in the zoomed window. MagStick uses a cursor to select targets. Using a small
cursor is another approach, where the selected area is slightly shifted from the actual finger screen
contact position [35]. A different solution to avoid occlusion of the screen is to use the back of
the device as an input to interact with the mobile device. Wigdor et al. implemented a system
called Lucid touch, which uses this technique [36] as well as Zhou et al. [37]. Although these
input techniques reduce occlusion of the screen the direct touch is still faster as it does not need
additional gestures. A slightly different approach is to use gaze as an input for mobile devices.
2.2.2

Gaze as Input

Gaze as an input on mobile devices has great potential for interactions with smartphones because
it reduces the needs for physical movement. Interactions with gaze can be classified into two
different categories [38]:
• Gaze only interactions: Input comes only from the gaze
• Gaze-based interactions: Gaze is used alongside other modalities like touch
5
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Gaze only: Gaze only interactions include dwell time, smooth pursuit and gaze gestures. A
gaze gesture is a sequence of predefined eye movements, which can either be single-stroke or
multi-stroke [39]. By comparing dwell time and gaze gesture, Drewes et al. and Dybdal et al.
found out that gaze gestures are better and preferable to dwell time because gaze gestures are
faster, less error-sensitive and better perceived by the user [40, 41]. Kangas et al. combined gaze
gestures with haptic feedback for confirmation of events to improve the use of gaze gestures [42].
Heikkila et al. used gaze gestures in a gaze-only controlled user interface [43]. To avoid the
Midas touch problem their gaze gestures utilize the area outside the screen because they are easier
to distinguish from normal eye movements. Their interaction technique uses gaze to move or stop
an object. Dickie et al. presented two new systems: SeeTV is a video player for smartphones that
automatically pause when the user is not looking at the screen. SeeTXT is for text where a word
is only presented when the user is looking at the screen [23].
Gaze-based interactions: Another way to interact with mobile devices are gaze-based
techniques. Many people have already explored gaze-based techniques and developed novel systems or techniques on smartphones, tablets or smartwatches [22, 44, 45, 46, 47, 37]. Nagamatsu
et al. for example introduced MobiGaze [22]. MobiGaze is a gaze touch interface, that makes
inaccessible areas on the phone accessible by pressing anywhere on the screen to activate the
area you are looking at. They used a remote tracker consisting of two infrared LED cameras.
Khamis et al. introduced authentication schemes on mobile devices using both touch input and
gaze gestures. In their first scheme GazeTouchPass they switch between gaze and touch input
during authentication [45]. In GazeTouchPIN they use multiple modalities with gaze input during
authentication [48]. Pfeuffer et al. proposed multimodal interactions on handheld tablets on the
same surface, for example, Remote-Colour-Select, where color can be selected by looking at the
color while performing the touch gesture elsewhere [49]. GazeGrip by Zhou et al. combined gaze
and grip for interacting with tablets. A trackpad was attached to the back of the tablet to control
the tablet according to the principle of gaze selects and touch confirms [37]. The same principle
is used by Stellmach et al. [44]. They use MAGIC (Manual And Gaze Input Cascade) that wraps
the cursor to the user’s gaze position. Li et al. operated on tablets using gaze-based gesture by
first estimating gaze in real time and then recognizing gaze gestures [47].

2.3

Ergonomic Interaction with Devices

Ergonomics is an important issue in any domain, be it at work or in everyday life. Due to the
increasing display sizes of mobile devices, researchers investigated novel inputs and interface designs for ergonomic grip posture and interaction. Some of these new techniques have already been
described above, such as the back of the device as an input [36, 37]. However, they do not always
consider the ergonomics of the finger position. In order to be able to design ergonomic interfaces,
though, it is necessary to have an understanding of the finger placement and grip posture. For

Figure 2.3: Ergonomic posture for holding a mobile device [50]
6
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Ergonomic Interaction with Devices

this purpose, several studies have already been carried out by researchers for example by Choi et
al. [51] and Le et al. [52]. The University of California also investigated ergonomic posture for
smartphones [50]. As shown in figure 2.3 one possibility is to hold the device with two hands.
When interacting with the mobile device with only one hand, the preferred interaction area is
only a small part of the display (see figure 2.4). Out of consideration for the preferred interaction
area, we adopted, improved and developed techniques where the user has to interact mainly in the
"easy" area as shown in figure 2.4. This way we reduced the physical effort while interacting with
the mobile device.

Figure 2.4: Preferred interaction area for left-handed users when holding the phone with one hand
[50]
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Interaction Concepts on Mobile Devices

In this section, the concepts for the different touch techniques are explained, followed by a description of the techniques and the implementation of the application used for the user study.

3.1

Concept

This work is based on the TrueDepth Camera System, provided by Apple to implement eye tracking. The advantage of using this system is that no additional equipment is needed and the user is,
therefore, able to experience the unmodified mobile device very realistically. The next section first
explains the approach and then the conclusion drawn from it.
3.1.1

Approach

By using the iPhone X for eye tracking for the first time, we were open to all opportunities at
the beginning. The ideation up to the finished concept was a longer process. Through iterative
prototyping, the designed ideas could be tested, adapted, improved and, if necessary, completely
modified. After detailed literature research the first approach was to implement and compare
different gaze-based scrolling techniques. Three scrolling techniques emerged at the beginning:
change blindness [53], horizontal scrolling [54] and vertical scrolling [55]. Change blindness is
a phenomenon describing how people are unaware of large changes right in front of them. The
primary idea was to implement an app, for example, a browser, an email client or an e-book reader,
and test the different scroll techniques on it. The purpose was to implement an app familiar to the
user in order to have a realistic comparison. Since the prototype was tested and it turned out that
the techniques are not easy to compare, we switched from scrolling to touch input.
Thereby, the focus was on remote targets. There are several ways to improve the accessibility
of the upper part of the phone and therefore improve the ergonomics while interacting with it.
Some have already been made available by the phone itself, like the so-called Reachability on
the iPhone, which pushes the interface down near the fingers when you swiped down or makes the
interface smaller, like on Android phones, so you can reach certain areas more easily. Another way
for interacting with targets that are far from the user’s reach is to combine gaze and touch. Leaning
on Pfeuffer et al. [46] we first implemented the indirect touch and the gaze-based indirect touch.
However, since eye tracking was too inaccurate, the gaze-based indirect touch was extended by a
cursor to improve accuracy. The final concept was therefore to design an abstract app for a user
study, which would consist of the six techniques explained in the next sections after comparing
the touch inputs.
3.1.2

Comparing Direct Touch, Indirect Touch and Gaze-based Touch

The final concepts used in this thesis using direct touch, indirect touch and gaze-based touch
are based on prior work [46, 56]. In order to get an overview of the different touch inputs and
to compare them, we will discuss the following properties shown in table 3.1 in more detail:
accuracy, speed, occlusion and remote targets. The property of remote targets was particularly
relevant for us, as the goal was to improve the reachability of elements in the top area of the
mobile device.
Direct Touch refers to the manipulation of objects that can simply be selected by just
touching the screen, without further eye support. It offers natural and fast input because it is
well-known and requires no additional gesture. As the name suggests, the manipulation of
objects starts as soon as a user touches the surface. In return, it is limited in the accessibility
of objects far from the user’s touch. This is also the reason for a moderate accuracy, as remote
targets cannot be selected very precise with the thumbs unlike close targets, which can be touched
9
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very specifically. In addition, the occlusion is high, since the finger or hand hide parts of the screen.
Indirect touch refers to the manipulation of objects without touching them directly but with
an external input. This external input can be, for instance, additional sensors that are attached to
the side or back of device [57] or a second device that is used as control input [44]. The purpose
of indirect touch is to avoid occlusion by not interacting with the object directly. It can also
improve the reachability of the objects. In return, the indirect touch is not very fast as it requires
additional effort for users.
The gaze-based touch refers to the manipulation of objects by looking at them. Many
techniques were developed as described in section 2.2.2. Gaze touch avoids the problem of
occlusion, as one only has to look at the element to be selected and can perform the touch
anywhere on the surface. Also, targets are very easy to reach and that makes it possible to select
small and remotely positioned targets. Therefore, the speed and accuracy depend on the precision
of eye tracking.

Property
Accuracy
Speed
Occlusion
Remote targets

3.2

Table 3.1: Properties of Touch Inputs
Direct Touch Indirect Touch Gaze Touch with Cursor
Moderate
Moderate
High (small cursor)
High
Low
Moderate
High
Low
Low
Low
High
High

Techniques

Based on previous research and prototyping, we were able to develop the following five techniques
as well as the direct touch. The aim of applying different techniques is to improve the reachability
of the upper part of the screen. We focus on targets located in the upper part of the screen. The
techniques are described below.
3.2.1

Baseline

In order to have a direct comparison, the standard touch was applied, which was compared with the
other techniques in the study. The standard touch is the direct touch to a target without additional
gestures.
3.2.2

Reachability

The concept of reachability is already used on a few mobile devices such as Android and Apple. It
means moving the upper half of the screen closer to the user’s preferred interaction region with a
specific gesture. Thus, the view slides downwards and therefore the upper content comes closer to
the finger. This enables the user to interact with the upper half of the screen without stretching the
finger. For example, the new iPhone X implemented reachability by swiping down over the home
button while the old Apple devices integrated the functionality by double clicking on the home
button. Android, on the other hand, makes this technique possible by wiping the screen diagonally
downwards (see figure 3.1).
Leaning on this idea, we implemented Reachability. Once a target is in the upper half of the
screen the user has to slide the screen down to the bottom. The move is a swipe down gesture
that can be executed anywhere on the screen. To resume the previous position of the view, the
user can drag the screen upwards. For the user study, the user is forced to move the screen if a
target is in the upper half of the display to avoid getting biased results. This technique has multiple
10
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Figure 3.1: Reachability by Android
advantages, since it makes it easier to reach remote targets. In addition, it is intuitive and easy to
use. A disadvantage, however, is that the bottom half of the screen is not visible while the screen is
moved to the bottom. This is especially important when the entire content of the screen is required.
3.2.3

Gaze-based Reachability

Similar to the Reachability technique the aim of gaze-based Reachability is to make the upper half
of the screen more accessible by moving the screen closer to the user’s finger. This time no swipe
gesture with the finger is necessary to slide the screen down because the movement happens with
the help of the gaze direction. Therefore, an area is defined. By looking into this area with the gaze,
the screen automatically slides downwards. This area, marked in red, was specified by an iterative
development process to the navigation bar of the application, shown in figure 3.2 where the header
with the back button is placed. The line in the middle should support the user to decide whether a

Figure 3.2: UI of gaze-based Reachability: the read circle is the gaze point of the user, the yellow
circle is the target to be selected and the red area is where the user has to look to activate gaze-based
reachability.
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target is in the upper or lower part of the screen. The advantage and disadvantages are similar to the
Reachability technique. Another advantage, moreover, is that gaze-based Reachability leverages
the user’s natural view. This means that if the user wants to select an element in the upper half of
the screen, his gaze will automatically go up and require no additional movement. So, it uses the
natural gaze direction to move the screen because the user looks up anyway to select a target.
3.2.4

Gaze-based Indirect Touch

Gaze-based indirect touch combines gaze and touch to select a target. The eye tracker is represented by a red circular view (see figure 3.3), which moves with the direction of the eye. By
touching anywhere on the screen a red smaller circled cursor appears in the middle of the eye
tracker view. By moving the finger over the screen, the cursor follows the move synchronously
to the finger. A target can now be activated by moving the cursor to the target. This allows the
targets to be selected very precisely. The advantage of the cursor is that users do not have to look
exactly at the target to select it. It is enough to get close to it since the target is not only selected
with the gaze but with the cursor. Another advantage over the Reachability techniques is that the
entire screen can still be seen. However, this technique takes more time than the standard touch to
reach targets that are close to the fingers. Furthermore, it is difficult to manage and apply multiple
gestures such as stroking, double-tapping or dragging.

Figure 3.3: UI of gaze-based indirect touch: the read circle is the gaze point of the user, the smaller
red circle is the cursor and the yellow circle is the target to be selected

3.2.5

Indirect Touch

Indirect touch is also a well-known technique examined by many researchers [58, 59]. Inspired by
[56] we implemented the indirect touch. A small cursor can be manipulated by a tracking pad that
is regulated by the user. Targets can then be selected by tapping on the tracking pad, also called a
"swipepad", as soon as the small cursor stills over the target.
3.2.6

Combination: Standard Touch and Gaze-based Indirect Touch

This technique is an extension of gaze-based indirect touch. To improve the gaze-based indirect
touch, we tried to avoid the downside of the previous technique. The aim was to make it easier
to reach targets that are close to the user’s finger. Therefore, the screen is split into two parts, the
upper and lower part. In the lower part where the targets are close to the finger, the user can select
12
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a target with the standard touch. For targets in the upper part, the user can select it with the cursor
as described in section 3.2.4.

3.3

Implementation

The application used in the user study was implemented with swift and Xcode as IDE. Swift is
a powerful and intuitive programming language developed by Apple for iOS [60]. It replaces
the previous programming language Objective-C. For saving and storing the data we used Firebase. Firebase is a development platform, which provides multiple functionalities like analytics,
databases, messaging and crash reporting. It is an easy and fast way to store data.
3.3.1

Eye Tracking

Eye tracking was implemented using the ARKit. ARKit is Apple’s Augmented Reality Framework
for the iOS operating system. The possibility to enable face recognition and therefore eye tracking
comes with the new version of ARKit 2. After identifying the left and right eye using the anchor
points on the face (see Figure 3.4), the position where the eyes look is determined using a HitTest.
HitTest makes it possible to calculate points or objects along a line of two points, in this case, the
hit of the eyes on the screen of the phone. HitTest can be exemplified with a game. It can be used

Figure 3.4: Anchor Points of the face provided by ARKit
to determine whether a projectile launched by a game character will hit its target [62]. In the case
of eye tracking, the one endpoint of the line segment to search along is the position of the eyes in
real-world coordinates (see figure 3.5) and the other endpoint is the eyes projected onto the virtual
mobile phone (see figure 3.4). The average of the two calculated coordinates from the left and
right eye is the point, the user is looking at.
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Figure 3.5: Position and orientation of the face in world coordinates [61]
3.3.2

Calibration

To improve the reliability of the eye tracking and to adjust for the person using it we implemented a
calibration. Eye tracking devices typically require calibration processes in which the user focuses
on four or more points. In order to save time, we minimized the number of calibration points
and opted for the 1- point calibration in our application, where only one point is displayed on
the screen. This technique has already been explored by few researchers [63, 64, 65] and it was
verified that this is sufficient to improve the accuracy of the eye tracking. Calibration was done by
making the user look at a certain marked point on the screen. This point with definite coordinates
was defined on the upper left side of the screen. Since the human eye needs a certain reaction time
to absorb a new stimulus, the calibration only starts after a short period of time in order to give
the proband the possibility to focus their eyes on the target. If we were to measure the position
of the eyes from the beginning, the initial movement of the gaze towards the target could falsify
the offset. After the time interval, the position of the eyes per millisecond is stored in order to
calculate the offset from the mean value of this data. In the end, this offset is added to the x and
y coordinates of the gaze position estimated by the eye tracking of the ARKit. Thus, the accuracy
of the eye tracking could be improved enormously by prior calibration.
Figure 3.6 shows the UI of the calibration view in the different stages. In the initial stage,
the point was yellow in which no data was measured to give the participants time to focus on the
point, as described above. After a certain period of time, the point turned green, from then on, the
data is measured and the resulting offset is calculated. The point only turned red when the user is
looking outside the screen to prevent calibrating without the user looking at the screen.

Figure 3.6: UI of Calibration

3.3.3

User Interface

The application used for the user study consisted of the start, instruction and calibration view,
as well as two main user interfaces, which were similarly designed. The screen was split in the
middle to determine targets in the upper half and targets in the lower half. Depending on the
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technique that was used, a line showed the middle to easily identify whether a target is at the top
part or at the bottom part of the screen. The targets are highlighted in yellow after 0.5 seconds
to give the user time to concentrate on the next target. The training view contained three targets,
two in the upper half and one in the lower half. The real task contained eight targets, four in the
lower area and the other four in the upper area of the screen. The user was able to select a target
as soon as it was highlighted. Once the target was selected it turned green and disappeared after
0.3 seconds.
3.3.4

Backend

In order to store the data collected during the user study, a Firebase database had been set up. Here
all important data was stored, which is relevant for the evaluation of the user study afterwards. We
used a JSON structure as the format, shown in listing 1, in which the data was stored, so we could
later export it into a JSON file for further examination. The root node was the participant ID, which
listed the six different conditions. In each of the six conditions, the following information was
collected: The calibration point, the gaze point estimated by eye tracking and the offset calculated
after the calibration, the time needed for the technique as a whole and the data for the 40 targets.
For each target, its position on screen, the users touch position, the timestamp, the type of touch
event (whether it was a touch-up or touch down, tap or swipe event), as well as the gaze position
with the respective timestamp, was stored. In addition, two more timestamps were stored, one for
the start time as soon as a target appeared and the end time when it disappeared after it had been
activated by the user.
Listing 1: Example of a JSON File Structure
{
"Participant ID 01": {
"Condition 1": {
"Calibration Point" : "",
"Condition ID" : "1",
"Estimated Point" : "",
"Offset" : "",
"Total Time": "",
"Target 01": {
"End Timestamp" : "",
"Eye Positions" : "",
"Eye Positions Timestamp" : "",
"Start Timestamp" : "",
"Target ID" : "",
"Target Position" : "",
"Touch Positions" : "",
"Touch Positions Timestamp" : ""
},
"Target 02": {}
},
"Condition 2": {}
},
"Participant ID 02": {}
}
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Evaluation

4.1

User Study

The study is focused on improving the accessibility of the upper part of the screen. The five newly
developed techniques were compared with the standard touch. Each participant performed all six
techniques for a direct comparison.
4.1.1

Goals

One goal of the user study was to explore the usability of the different techniques based on the
feedback from the participants about how well the techniques were accepted by the users. Furthermore, the study was designed to identify the time and error range needed for each technique.
The error rate is the effect of missing a target several times. The last aspect considered was the
learning effect. To find out how fast each technique can be learned, we measured performance
time for each task to determine whether there was an impovement.
4.1.2

Apparatus

The study was carried out in a well-lit room with several windows. During the study, the participants sat on a chair with a table in front of them on which they could support their arm. For
the conduction of the study, an iPhone X was used with a display size of 375 x 812 pixels and a
separate laptop for answering the questionnaires was provided by the researcher. No additional
hardware was needed as the eye tracking was done with the front-facing camera of the smartphone. The distance between the user and the phone was about 30 cm. They were asked to use
their dominant hand to operate the phone.

Figure 4.1: The environment conditions and apparatus of the user study

4.1.3

Design

The user study was designed as a repeated measures experiment with the conditions as the independent variable, which means that every participant had to perform all conditions. The condition
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consists of the six techniques described in section 3.2: Baseline, Reachability, Gaze-based Reachability, Gaze-based indirect touch, indirect touch and the combination of the baseline and the
Gaze-based indirect touch. To eliminate confounding variables the conditions were counterbalanced with a Latin Square, which fills a N x N table with different numbers so that each number
appears only once in each column and each row. This means that each participant had a different
order of techniques, which was calculated by the participant ID. Since there were six methods,
the ID was divided by six and the rest determined the order of the techniques according to Latin
Square. For example, the first participant started with the first method followed by two, six, three,
five and four (see figure 4.2).


1 2 6 3 5 4
 2 3 1 4 6 5 


 3 4 2 5 1 6 


 4 5 3 6 2 1 


 5 6 4 1 3 2 
6 1 5 2 4 3
Figure 4.2: Latin Square with a size of six items
For each condition, they had to perform five blocks and per block, select eight targets (6 techniques
x 5 blocks x 8 targets = 240 targets per participant). After each block, they could take a short break.
The position of the targets was evenly distributed in a 2 x 4 grid on the UI and the size of each
target was 50 x 50 px. This made the targets big enough to select them, but small enough for it to
remain a challenge. The order of the targets was randomized within the blocks. All targets were
invisible except the one to be selected, which occurred yellow. In order to minimize biased results,
the participants were instructed to use only one hand during the study and, additionally, to hold
the phone at the bottom.
4.1.4

Participants

A total of 26 participants were recruited for the user study through a mailing list, social media,
and personal contacts. 50% of the participants were female and 50% male aged between 19 to 60
(mean = 30.65, SD = 12.65) years, 77% of whom were between 21 and 30 years old. Four of the
26 participants already had experience with eye tracking and eight of the participants wore glasses
while two wore contact lenses. As a reward for their participation, the user could choose between
0.5 MMI points and 5 EUR Amazon vouchers. One participant was classified as an outlier and
was therefore not included in the evaluation of the user study.
4.1.5

Procedure

After arrival, each participant was asked to fill in a form which informed them about their privacy.
They were then given a brief explanation of how the user study will be processed and what the
goal was. Before they began, everyone had to fill out a demographic questionnaire. Once they sat
down and received the mobile phone, they had to enter their participant ID given to them before
for later identification. Having submitted this, they had to go through six conditions. In order to
avoid confounding variables, the order of the conditions was determined according to the Latin
Square principle as described in the previous section 4.1.3. Each condition started with a short
description of what to do next, followed by an eye calibration to improve the accuracy of the eye
tracking. After calibration, users started with three training targets to be selected to get used to the
method and ask questions if necessary. During the tutorial, the techniques used were explained in
detail. Then they started with the actual task. The participants had to select a total of 40 targets,
whereby they were allowed to take a short break after every block of eight targets and then were
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asked to continue. The targets were in a grid and the order in which the targets appeared was
randomly generated. After the task of one condition, the participants were asked to fill in a form
with questions about the performance of the technique. At the end of the study, they were also
asked to rank the techniques to get an impression of which technique was accepted the most by
the user.

4.2

Results

The measured data of each participant of the user study was stored in the Firebase database. Afterwards, the data of the individual probands could be exported into a JSON file. Several Java scripts
were written to evaluate the data, which converted the JSON files into Excel files in the required
format to interpret the data using SPSS.
4.2.1

Time

For each participant, 40 targets were displayed to be activated one after the other, while various
parameters were measured. For example, a timestamp was set as soon as a target appeared, and another timestamp was set when the target disappeared after it had been activated by the user. This
made it possible, by subtracting the two timestamps, to calculate how much time a participant
needed to select each target. As a result, each user’s average time for activating all targets could
be calculated (see figure 4.3a). During the user study, it turned out that one participant needed
significantly more time to complete the tasks, which was confirmed by the analysis of the data
(see figure 4.3a). Therefore, this user was marked as an outlier and was not considered in the later
analyses. Furthermore, the time required for each individual target in each technique could be cal-

(a) Average time for the task of all users includ- (b) Average time for the task for all users withing the outlier
out the outlier

culated using the timestamps. Thus, further outliers of the individual targets could be determined.
Their identification was done with the formula: Mean + 3*SD [66]. These outliers were mostly
caused by a malfunction of eye tracking, which did not work correctly in some cases. This was
already detected and noted during the study. The identification of the outlier is important for the
study because the use of its data would have biased the results of the following analyses. On the
basis of the resulting "sorted" data, a statistic could be created which shows the time required for
the different conditions (see figure 4.4). The graph below clearly shows that the technology with
eye tracking takes considerably more time than normal operation (gaze-based Reachability: Mean
= 64.5s, SD = 7.91s; cursor: Mean = 84.9s, SD = 17.4s; Combination: Mean = 71.3s, SD = 13.7s).
The average time needed to operate with the standard touch was 34.6 seconds (SD = 9.0s) and the
Reachability 45.5 seconds (SD = 8.47s), while the means of indirect touch is 61.0 seconds (SD
= 10.90s). This was to be expected, however, since the user is used to operating with the fingers
compared to operating with the eyes. This was the first time for most of the test persons to control
a mobile phone with their eyes. In further progress, however, a temporal improvement could be
determined, which means that the activation of the targets happened on average faster after each
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Figure 4.4: Mean input time for each condition
block (see figure 4.5). In the first block, the participants needed on average 84.9 seconds (SD =
16.7s) for all conditions to finish the tasks while in the last block the average time was only 68.4
seconds (SD = 11.2s). This is an improvement of almost 20% within a short period of time. Especially in the eye tracking technique a clear improvement could be noticed (see figure 4.6). This
leads to the conclusion that the operation is very strongly connected with getting used to a certain
technique. As was to be expected, there was only a very slight improvement over time in the standard technique. No prior knowledge was required for this technique. It was also conspicuous that
in the cursor technique many participants found it difficult to reach the lower area with their gaze,
while a few were managing it very well. This was one thing we expected because the lower area
could still be reached faster with the finger than with the gaze, which is what we wanted to avoid
in the combination of the cursor technique and the standard touch. For this reason, the comparison
to the combination technique was interesting.

Figure 4.5: Mean input time for each block in all conditions
A repeated measures ANOVA showed a significant main effect of the conditions on the time
F2.75,66.02 = 70.9, p < 0.001. Pairwise comparisons with Bonferroni correction showed no significant difference from the gaze-based Reachability to the indirect touch (p = .815) and to the
combination (p = .644). To all other pairs, there was a significant difference (p < 0.05). The standard touch as well as Reachability showed a significant difference to every other technique with p
< 0.05 each. The cursor technique showed significant differences to all pairs with p < 0.01 except
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Figure 4.6: Mean input time for each block in each condition
to the combo (p = .013). That this value is not < 0.01 is expected as the combo is an extension of
the cursor technique. The remaining pairs are also significant (p < 0.05).

Sig.
Standard
Reach
GazeReach
Cursor
Swipepad
Combo
4.2.2

Table 4.1: Significance result from ANOVA
Standard Reach GazeReach Cursor Swipepad
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.815
0.001
0.001
0.001
0.001
0.001
0.001
0.815
0.001
0.001
0.001
0.644
0.013
0.046

Combo
0.001
0.001
0.644
0.013
0.046
-

Gaze Data

Another parameter measured during the user study was the gaze data from the participants. With
the help of an open source python script [67], several heat maps could be created to visualize,
where users were looking. In order to compare the different conditions, a heat map was created

Figure 4.7: Direct and indirect touch
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Figure 4.8: Reachability Techniques: Without and with gaze

Figure 4.9: Gaze-based Techniques: Cursor and Combination
for the left upper target and the right lower target. This allows a direct comparison of the six
different techniques. Figure 4.7 shows the direct and indirect touch, where both left maps are
the direct touch and the two right maps are the indirect touch. Comparing these maps to the
gaze-based techniques (see figure 4.9), it clearly shows that the cursor technique (left) and the
combination (right) have a much more concentrated gaze point. The heat maps of the Reachability
techniques are shown in figure 4.8. The gaze data of the targets at the top of both techniques, the
one without gaze support (left) and with gaze support (right), form an elongated heat map, since
the characteristic of these techniques is to slide the screen down. Thus, the gaze follows the screen
and so this map is generated. The gaze points of the target at the bottom form a similar heat map,
which was to be expected as well because the screen has to be moved to its original position to
activate the lower target.
4.2.3

Error Range

In total there were 40 targets × 25 participants per condition (outlier excluded), which is 1000
targets selected. Ideally, the users would have needed 1000 touches in total, which means
they would have selected every target for the first time. Since the techniques differ in their
implementation, no general error rate could be determined, for example by the number of touch
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events needed for a target to be activated, as in Reachability techniques additional touch events
in form of swipe gestures are needed to move the screen. Therefore, a distinction was made
between a touchdown and a touch-up event, as well as a swipe down and swipe up gesture and a
single tap event. In the end, the error range was calculated by summarizing the missed touches,
that means how often a participant missed the target. Thus, it could be determined that with the
standard touch the error rate was 2%, thus on the average 1.024 (SD = 0.17) attempts were needed
to select a target. In the Reachability technique, the target was missed 48 times (Mean = 1.048,
SD = 0.24). The sum of all touch events is 1785 with 357 swipe ups and 375 swipe downs and
1048 clicks on a target, which means that 732 events were for executing the method correctly.
For gaze-based Reachability, a total of 1419 clicks were required, of which 324 were swipe ups
to move the screen back to its normal position. This leads to an error rate of 4.4% which gives an
average of 1.044 touches (SD = 0.22).
Starting with the next technique, the number of misses increased noticeably. With the
gaze-based indirect touch, the number of misses rose to 162 times (Mean = 1.162, SD = 0.50).
With the indirect touch, 1850 touch events were needed. Here the tap was required as an event
to activate the targets with the help of the swipepad. Since the swipepad was very sensitive, the
error rate was 147, which means that 147 times the swipepad had to be tapped more than once
to activate the target in the upper area (SD = 0.40). 46 times a target in the lower area was not
touched. The combination of gaze-based indirect touch and the direct touch required an average
of 1.166 to select a target (SD = 0.49), which means that 166 times the target was missed. Thus,
the error rate is 16.6%.
That the error rate for the gaze-based techniques is significantly higher can be concluded
from the fact that eye tracking techniques require relatively high accuracy of gaze tracking. With
gaze-based Reachability, eye tracking is also used, but since eye tracking refers to a larger area,
no such accuracy is needed. The fact that the error rate for the indirect touch method without eye
tracking is also relatively high is due to the sensitivity of the tracking pad, which reacts even to
very slight touches.
4.2.4

User Feedback

After each condition, the user was asked to fill out a five-point Likert Scale questionnaire about the
performance of each condition (1 = strongly disagree, 5 = strongly agree) and answer questions
about their opinion on each technique. The questions were compared using the Friedman test.
If there was a statistical significance, each condition was compared using the Wilcoxon Signed
Ranks Test. The results are visually presented in histograms (figure 4.10a to 4.13).
Ease: We asked the users, how easy it was to perform the task with the techniques. The
Friedman test found a statistically significant difference depending on which condition was
used, X 2 (5) = 28.744, p < 0.001. Pairwise comparisons with Bonferroni correction showed that
Reachability was perceived as easier (p < 0.05) than Standard as well as gaze-based Reachability,
indirect touch and the combination. Looking at Figure 4.10a the difference from the standard
touch to the alternatives becomes clear. This result that the users found all techniques easier to
use than the standard technique, was interesting since every other technique was new to the users
compared to the standard touch, which they are using in daily life. This is due to the fact, that
they had to use one hand and therefore only managed to reach upper targets through the struggle
with the standard touch.
Speed: For questions about speed, the Friedman test found a statistically significant difference depending on which condition was used, X 2 (5) = 15.007, p < 0.001 (see figure 4.10b).
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Pairwise comparisons with Bonferroni correction showed that Reachability was perceived as
faster than indirect touch (p < 0.05).

(a) Result from the five-point Likert Scale question- (b) Result from the five-point Likert Scale questionnaire for question "Ease"
naire for question "Speed"

Precision: For questions about precision, there was a statistically significant difference depending
on which condition was used, X 2 (5) = 34.972, p = 0.010. Pairwise comparisons with Wilcoxon
Signed Ranks Test showed that Reachability was perceived as more precise than any of the other
techniques (figure 4.11a).
Learnability: We asked the users about the learnability of the technique. Figure 4.11b
shows, that the Reachability technique perceived as the easiest to learn. After finding a statistical
significance X 2 (5) = 36.959, p < 0.001, pairwise comparisons showed a significant difference
(p < 0.05) between the standard touch and indirect touch and the combination. Standard touch
was perceived as faster to learn than both the indirect touch and the combination. This was
expected as the user is familiar with the standard touch and hence there was nothing new to
learn for the standard touch. Also, pairwise comparisons with Bonferroni correction showed
that the Reachability technique was perceived as faster (p < 0.05) to learn than the gaze-based
Reachability as well as the gaze-based indirect touch, indirect touch and combination. This
could also be explained by the fact that reachability is already implemented on many devices, for
example, Android and iOS and the users are therefore more familiar with this technique.

(a) Result from the five-point Likert Scale question- (b) Result from the five-point Likert Scale questionnaire for question "Precision"
naire for question "Learnability"

Natural: Asking the participants about how natural it felt to use the techniques, there was a
statistically significant difference depending on which condition was used, X 2 (5) = 16.330, p =
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0.006. Pairwise comparisons showed that there was a significant difference (p < 0.05) between
Reachability and indirect touch. Reachability was perceived as more natural than indirect touch
(see figure 4.12a).
Physical Effort: The participants were asked whether they found the techniques hard to
use for hand, arm, or neck, with strongly disagree meaning no physical effort (figure 4.12b). The
test found a statistically significant difference depending on which condition was used, X 2 (5) =
28.285, p < 0.001. Pairwise comparisons showed that standard technique was perceived as more
physical effort than the Reachability (p < .045) as well as the gaze-based Reachability (p < .03),
indirect touch (p < .015) and the combination (p < .015). This was expected as the goal of the
user study was to develop new alternatives to the standard touch to improve the accessibility of
the targets that are far away from users reach.

(a) Result from the five-point Likert Scale question- (b) Result from the five-point Likert Scale questionnaire for question "Natural"
naire for question "Physical Effort"

Use: For questions about use, there was a statistically significant difference depending on which
condition was used, X 2 (5) = 11.263, p = 0.046. Pairwise comparisons showed that there was no
statistically significant difference between the conditions (figure 4.13).

Figure 4.13: Result from the five-point Likert Scale questionnaire for question "Use"
At the end of the study, the participants had to fill out a ranking of the techniques and explain why
they decided like this. A result of the ranking is presented in figure 4.14. Out of all participants,
12 disliked the standard touch the most with the reason that this technique is arduous to use
("Standard touch is hard to use on big smartphones. Eye tracking makes it easier to reach
the screen anywhere"). While only two of the participants reported, that eye tracking is too
taxing for the eyes and is currently still too inaccurate to use it in daily life ("Operation without
25
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eye-tracking was always more intuitive, and less taxing for the eye."), the rest was positive
about the alternatives and would prefer them to the standard touch ("I would say that a method
that employs both eye tracking and taping is more convenient and easier to use", "Although it
took me longer to get used to the gaze-based indirect touch, I found the operation pleasant and
surprisingly precise"). The Reachability techniques and the combination were ranked best.

Figure 4.14: The result from the ranking questionnaire in which the user was supposed to evaluate
the techniques
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Comparing the six techniques we can find big differences regarding the measured benchmarks.
The results of the user study show that the time needed for the task was longer when using alternative techniques. The standard touch was 60% faster than the cursor technique and 52% faster than
the combination. Compared to the Reachability technique the standard touch was merely 25%
faster. However, an improvement over time could be recorded that means the participants became
faster after every block by 20% as shown in figure 4.4. Especially in the alternative techniques
the improvement from the first to the second block was significant (figure 4.6). This leads to the
conclusion that the reason the participants needed much longer with the alternative techniques was
that these techniques were new to them and they had to get used to them. Very few were familiar
with eye tracking before, as only four of the participants had prior knowledge, and so dealing with
it was a new experience for the vast majority. The learning effect, therefore, plays a major role.
The answers in the questionnaire show, that 80.7% of users found it easy or very easy to learn the
techniques ("Extremely easy to learn and to use").
In order to verify this hypothesis, whether a significant improvement can be observed over
time and to additionally investigate the potential of all techniques, the comparison of the input
time by someone, who is used to the techniques and therefore more trained and users, who
used the techniques for the first time in the user study, was considered. Since the author used
the technique for a longer period of time during the development and implementation, he was
conducted as a trained user. The result shows that the total time needed for all conditions
decreased from an average of 6 minutes and 20 seconds from all participants to almost 50% with
3 minutes and 17 seconds (see figure 5.1). For example, the standard touch was only 11% faster
(with 25 s) than the combination (with 28 s). That marks an improvement of 63% (combo all:
Mean = 73.4 seconds, SD = 16.6; combo trained user: Mean = 28.4 seconds). This demonstrates
the potential of gaze as input on mobile phones, but also that further study is needed to get more
accurate eye tracking results.

Figure 5.1: Comparison between the input time by first time users and a trained user
The results of the evaluation of the error rate showed that the gaze-based indirect touch techniques
and the indirect touch have a higher error rate than the other techniques. This is probably partly
caused by the precision of eye tracking. Since gaze-based Reachability does not require an exact
point, but only an area to look at, it does not require such accuracy and therefore, the error rate is
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not as high as with the other gaze-based techniques. The indirect touch, on the other hand, was
too sensitive and already reacted to small touches, which caused a relatively high error rate.
Although the measured time and error rate is higher with gaze supported touch techniques,
the users did not perceive that as a problem. The fact that 68% of the participants rated the
standard touch as very bad or bad (rank 4-6) shows that alternatives to the standard touch are
desirable. 18 of the 25 participants ranked gaze-based techniques first. The positive feedback
to the user study ("The methods with Eye-Tracking have really simplified the achievement of
the targets!", "The cursor technique is so awesome!") shows that the users are pleased about
alternatives and are open to other things, even if they need getting used to at the beginning.
Moreover, the precision of eye tracking was not always perfect, which could be improved in the
future.
As a conclusion in a direct comparison of the techniques, three techniques emerge that deserve further investment: the two Reachability techniques and the combination. While the
Reachability technique in the questionnaire on the behavior of the technique has mostly completed best, only 12% at the end have chosen this technique on rank 1 and 32% on rank 2. A
weighted rank (see figure 5.2) shows that gaze-based Reachability and combination did best
with 100 and 97 after Reachability. Also, the time needed for gaze-based Reachability and
combination is better than the one for the pure gaze-based technique. Although the indirect touch
has a relatively good time, it was not quite as popular with the users. In the weighted rank, it
reached only 87 points and is thus on the penultimate place. The direct touch is on the last place.
All three techniques were able to improve ergonomics and usability, as user feedback showed.
In the question "physical effort", the techniques were perceived as being less strenuous than the
direct touch. The indirect touch, however, was faulty as the tracking pad occludes parts of the
screen and lead to additional effort for users.
To sum it up we can say, that gaze-based interaction techniques, as well as Reachability in
combination with and without gaze, are desirable alternatives to the standard touch. They improve
the accessibility of remote targets and therefore, reduce the physical effort when interacting with
the mobile device. This way the ergonomics could be improved using alternative inputs other than
touch.

Figure 5.2: Weighted Rank
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Future Work

Due to the great potential of the techniques, further investigation is advisable. These techniques
even have the capability to be used in everyday life, as only an unmodified mobile phone is
needed. The implementation of eye tracking is also easily feasible for developers with the ARKit,
as it is open source and only requires little knowledge compared to earlier complex computer
vision algorithms. Using the techniques in daily life, however, would require little improvements
with regards to usability and HCI. For example, the elements of an app cannot be divided in the
middle as it has to adapt to the user’s need. This, however, can be done easily. For example, the
Reachability technique can be used by users whenever they want to, as they are no longer forced
to use it. This was only for the study, to get unbiased results. The combination with the cursor
and direct touch can also be improved by setting the touch area dynamically. For example, the
preferred touch area for people with big hands will differ in the area for people with small hands.
One way to decide on whether to use the direct touch or gaze as input is to calculate the distance
between the gaze and touch position. If the distance is smaller than a predefined value the direct
touch is selected as an input, otherwise it is the gaze. In addition, the accuracy of eye tracking
needs to be improved. However, as technology is constantly getting better, it is possible that the
cameras will soon be good enough for accurate gaze estimation.
An exemplary photo app on how eye tracking can be used in daily life has been implemented (see figure 6.1). Scrolling up and down is done by looking up or down and selecting an
image can be done with the cursor technique. This is intended to demonstrate the great potential
offered by the new possibilities.

Figure 6.1: Exemplary Photo app with gaze as input, the red circle displays the gaze point
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Conclusion

In this thesis, we presented novel concepts on how to improve the accessibility of the top area
of large mobile devices. Therefore, we developed new interaction techniques on an unmodified
mobile device, three of which are eye-based. The eye tracking was implemented using the frontfacing camera of Apples new iPhone X. The six techniques were compared in a user study. The
user study showed that the time and error rate for gaze-based touch input and the Reachability
techniques were higher than the normal direct touch. Since an improvement in the time required
for each technique after getting used to it, was determined, this led to the conclusion that the use of
the technique was a habit and could be learned quickly. This was confirmed by the user’s feedback.
The majority disliked the direct touch the most and preferred one of the alternatives. The feedback
from the users also showed less physical effort, especially with the Reachability technique and the
combination. An additional study with a trained user showed that compared to the average time of
all users in the user study the time needed for the tasks decreased significantly. This showed that
these techniques can improve the ergonomics and usability of interacting with big devices, which
led to the conclusion that the techniques have great potential and can be used easily with some
routine.
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Contents of enclosed CD
• Bachelor Thesis: This thesis as PDF file
• Bibliography: PDF files of the literature
• Raw Data: JSON files of the collected data from the user study
• Excel Files: Excel files used for the evaluation of the user study
• Evaluation: Evaluation of the collected data with SPSS
• Questionnaires: Questionnaires for the user study
• Source Code: Source code of the application used in the user study, the exemplary photo
app, the Java scripts for converting JSON files to Excel files, and the Python script for
creating heat maps.
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Allgemein

Allgemein
* Erforderlich

1. Teilnehmer ID *

2. Alter *

3. Geschlecht *
Markieren Sie nur ein Oval.
Männlich
Weiblich
4. Ich trage eine Brille oder Kontaktlinsen *
Markieren Sie nur ein Oval.
Brille
Kontaktlinsen
Nichts
5. Ich trage MakeUp *
Markieren Sie nur ein Oval.
Ja
Nein
6. Ich habe bereits Erfahrung mit Eye Tracking *
Markieren Sie nur ein Oval.
1

2

3

4

5

Überhaupt keine

Sehr viel

Bereitgestellt von

https://docs.google.com/forms/d/1YIsSi1MPMfIIe8GlmNNsJ3YrphPttXIC_D25pCyUGw4/edit

1/1
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Verhalten

Verhalten
* Erforderlich

1. Teilnehmer ID *

2. Welche Technik hast du benutzt? *
Markieren Sie nur ein Oval.
Technik 1: Standard Touch
Technik 2: Verschieben
Technik 3: AugeVerschieben
Technik 4: Cursor
Technik 5: Swipepad
Technik 6: Combo
3. Einfach *
Die Aufgabe war mit dieser Technik einfach zu lösen.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

Stimme voll zu

4. Geschwindigkeit *
Ich konnte die Aufgabe mit diese Technik schnell durchführen.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

Stimme voll zu

5. Präzision *
Ich konnte die Ziele mit dieser Technik genau auswählen.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

Stimme voll zu

6. Lerneffekt *
Die Technik ist leicht zu erlernen.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

https://docs.google.com/forms/d/1q_dtQre9D6T88zVMCno2ozVjtG9zyyRIw64PVkNagTY/edit

Stimme voll zu
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Verhalten

7. Natürlich *
Die Technik hat sich natürlich und bequem angefühlt.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

Stimme voll zu

8. Körperliche Anstrengung *
Die Technik war anstrengend für die Augen, Hände, Arme, Schulter oder Genick.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

Stimme voll zu

9. Nutzung *
Ich würde die Technik regulär im Alltag nutzen.
Markieren Sie nur ein Oval.
1

2

3

4

5

Stimme nicht zu

Stimme voll zu

10. Was hat dir an der Technik gefallen?

11. Was hat dir an der Technik nicht gefallen?

12. Wie würdest du die Technik verbessern?

Bereitgestellt von

https://docs.google.com/forms/d/1q_dtQre9D6T88zVMCno2ozVjtG9zyyRIw64PVkNagTY/edit
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Ranking

Ranking
* Erforderlich

1. Teilnehmer ID *

2. Bist du Links oder Rechtshänder *
Markieren Sie nur ein Oval.
Links
Rechts
3. Hast du das Handy während den Aufgaben mit der linken oder rechten Hand gehalten? *
Markieren Sie nur ein Oval.
Links
Rechts
Beiden
4. Welche Technik hat dir am besten gefallen? *
Markieren Sie nur ein Oval pro Zeile.
Rang 1

Rang 2

Rang 3

Rang 4

Rang 5

Rang 6

Standard
Verschieben
AugeVerschieben
Cursor
Swipepad
Combo
5. Warum hast du dich so entschieden? *

6. Hast du sonstige Anmerkungen?

Bereitgestellt von

https://docs.google.com/forms/d/1ZIFkiJpbJB9uVP-VmT9UvLz2pChQP3ujJHI8g6FGLmk/edit
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