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Abstract

Gaze direction is a technique that relies on visual cues that involuntarily pull the eyes
of the viewer towards a speci c region on an analog or digital screen. Game designers
and developers use overt visual stimuli, such as contrasting colors, movements, shapes or
anything else that will attract the attention of the player, to direct the gaze of the player

to important objects in the game, often disregarding the impact of overt visual cues
on factors like competence, immersion and ow. Up until now, however, no alternative
solution was known to ensure unobtrusive gaze direction in game®layGuide, the visual
gaze-based player guidance system for three-dimensional computer games, developed in
the course of this master's thesis uses a novel technique called subtle gaze direction that
is capable of unnoticeably guiding the viewer's eyes anywhere on the screen. Twenty
participants tested PlayGuide and evaluated the potential capabilities of the player
guidance system. Not only did PlayGuide turn out to be successful in guiding the
player's gaze but also, when the overall aim was to explore the environment of the
game, players preferredPlayGuide over traditional visual cues used in computer games.
Furthermore, players spent almost twice as much time exploring the environment of
the game, while bene ting subjective impressions of the players, such as immersion and
ow.
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Kurzfassung

Blickfuhrung stellt eine Technik dar, die visuelle Hinweise nutzt, um die Augen eines
Betrachters in Richtung einer bestimmten Region innerhalb eines digitalen oder ana-
logen Bildschirmes zu ziehen. Spieledesigner und -entwickler nutzen au &llige visuelle
Reize, wie zum Beispiel kontrastierende Farben, Bewegungen oder Formen, um den
Blick des Spielers auf wichtige Objekte im Spiel aufmerksam zu machen. Dabei wird oft
vernachlassigt, dass sich diese visuellen Reize auf Faktoren wie Kompetenz, Immersion
und Flow nachteilig auswirken kénnen. Allerdings waren bis heute keine alternativen
Lésungen bekannt, um eine unaufdringliche Blickflihrung zu gewahrleistenPlayGuide,
das visuelle, blickbasierte Spielerfiihrungssystem fir dreidimensionale Computerspiele,
welches im Zuge dieser Masterarbeit entwickelt wurde, verwendet eine neuartige subtile
Blickrichtungstechnik, die es erméglicht, die Augen des Spielers unbemerkt zu steuern.
In der vorliegenden Masterarbeit wurdePlayGuide von 20 Teilnehmern getestet, die die
potenzielle Leistungsfahigkeit des Spielfiihrungssystems evaluierten. Dabei stellte sich
heraus, dassPlayGuide nicht nur erfolgreich darin war, den Blick des Spielers zu leiten,
sondern auch, wenn es Ziel des Spiels war die Umgebung zu erkunden, dass Spieler
PlayGuide den traditionellen visuellen Hinweisen in Computerspielen vorzogen. Dar-
Uber hinaus verbrachten die Spieler doppelt so lange damit, die Umgebung im Spiel
zu erkunden, wahrend die subjektiven Eindricke der Spieler, wie Immersion und Flow
pro tierten.

vii



Chapter 1

Introduction

Our gaze is guided by attention. Wherever our attention is drawn to, our eyes will fol-
low in order to be able to better explore what caught our attention in the rst place. A
phenomenon that is exploited by researchers to guide our gaze, which can be useful to
focus our attention on things that matter, such as a single piece of important informa-
tion within a ood of visual sensory impressions. In the online business there is even a
market for consumer attention, which, according to Teixeira from the Harvard Busi-
ness Schogl has become so competitive that attention can be regarded as a currency
[74, p. 1], driving marketeers to invent and research increasingly aggressive methods
to compete for the attention of the customer. These methods are usually overt visual
triggers that pull the eyes towards a speci ¢ location on the screen with contrasting
colors, movement, shapes or anything else that will draw the attention of the viewer.
However, Bailey et al. [1] propose a novel and di erent solution that abandons these
simple overt image modi cations and o er a di erent approach. By exploiting the basic
characteristics of the human visual system and the use of an eye-tracking device they
are capable of directing the viewer's gaze by merely applying subtle image modulations
to an image that are terminated before the viewer can scrutinize them. In other words,
the viewer will not be able to accurately determine what guided his or her gaze in the
rst place. In their experiments, the technique, coined subtle gaze direction proved to
be highly successful in static images and Bailey et al. concluded that this subtle manner
of guiding the viewer's gaze might be applicable to other areas as well.

PlayGuide, proposed in this master's thesis, is a visual gaze-based player guidance
system for three-dimensional computer games that applies the idea cfubtle gaze direc-
tion to a highly dynamic context and builds upon the basic principles rst proposed by
Bailey et al. While playing computer games, just like any other activity that involves a
screen, the viewer is ooded with visual sensory impressions that need to be processed
and evaluated to act accordingly. To single out important information and to o er un-
obtrusive assistance during game playPlayGuide applies subtle visual cues within the
scene to guide the player's gaze towards important game objects.
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1.1 Background

In order for subtle gaze directionto perform accurately, the position of the viewer's
gaze on the screen must be known. Although eye-tracking devices were found mostly in
research labs only a couple of years ago, smaller and cheaper sensors made consumer
version eye trackers possible. Companies lik&obii [72] create hardware that is priced
more inexpensively and is smaller in size than eye trackers used for research, yet precise
enough to provide gaze data that can be used for analysis. Additionally, advanced con-
sumer eye trackers do not only provide gaze points on the screen but also more detailed
information such as the rotation of the head and the distance of the player to the screen
[57]. Although the information coming from eye-tracking devices is very precise, it still
needs to be ltered and processed before it can be used for further analysis or player
input. This is not only because of a certain inaccuracy of the hardware but also due to
the nature of how our eyes work [43, p. 544].

Subtle gaze directionand other gaze-dependent gaze direction techniques, such as
overt gaze direction also consider the nature of how our eyes work by making use of
how the human visual system processes image information. While we are capable of
sensing great image details in the fovea, this integral part of the eye only makes up a
small central part of our vision. The rest (roughly 98%) is made up of the peripheral
vision, which performs badly at sensing image details but is highly sensible towards
detecting motion [44]. In their work, Bailey et al. [1] use this circumstance to create
motion by subtly modifying a region of an image that is outside the foveal vision of the
viewer but hence highly discernible by the motion-sensitive peripheral vision. However,
since the peripheral vision only receives a blurred view of the image, the eyes must
relocate the fovea to get a clear vision of the region that is being modulated. As soon
as the eyes perform a saccade (rapid positional change) towards the modi ed part of
the image, the modulation is terminated and the viewer does not know what attracted
his or her attention in the rst place. This is not only bene cial to the user, who is
guided throughout an image without any discernible stimuli but also for researchers,
educators, marketeers and developers who can use this technology to reap the bene ts
of subtle gaze directionby applying it to unobtrusively, but e ectively, guide the gaze
of the viewer (more on which can be read in Section 4.2.2).

Although Bailey et al. only assessed the performance o$ubtle gaze directionin
a static context, they mentioned that it might perform equally as well in a dynamic
context [1]. While there are experiments involving video footage [39] and simple virtual
reality scenes [59], there is no evaluation of the performance dafubtle gaze direction
in a truly complex dynamic setting such as computer games, which strongly depend
on the adequate guidance of their players. Especially in level design it is crucial to
support players in orienting themselves quickly and e ectively within the environment,
so that they do not get stuck and frustrated while playing the game [66]. This master's
thesis explores the possibility ofsubtle gaze directionas an unobtrusive solution to assist
players during game play.
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1.2 Objectives

The technique of directing the viewers' gaze without them knowing has already been
evaluated in static settings, such as a set of dierent images [1], narrative art [27]
or mammography training [41] and was found to be highly e ective in each of the
aforementioned examples. Nevertheless, little can be found about the application of
subtle gaze directionin dynamic settings and conducted experiments, which include
360 videos [39] and a simple virtual reality scene [59]PlayGuide, the visual gaze-based
player guidance system developed for this master's thesis, sets out to apply the idea of
subtle gaze directionto the complex and dynamic context of computer games, guiding
a player's gaze within a three-dimensional game scene. Furthermore, two games have
been developed to test the in uence ofPlayGuide on games according to e ciency
and e ectivity. With the help of the Game Experience Questionnairedeveloped by
IJsselsteijn et al. [17], PlayGuide is also evaluated in terms of sensory and imaginative
immersion, ow, tension and challenge, as well as negative a ects and positive a ects.

1.3 Structure

This master's thesis is comprised of nine chapters and structured as follows. The pre-
ceding sections in Chapter 1 gave a brief introduction to the gaze-based player guidance
system. The second chapter will provide a comprehensive insight into the basic knowl-
edge required and the current technologies that facilitated the development of the gaze-
based player guidance system. A special focus will be given to the human visual system,
an integral part of the body that enables us to see and forms our visual perception of the
world. As the guidance system also makes use of eye-tracking technology, Chapter 2 will
further include a section about the history and methodology of eye-tracking research as
well as the operating principles of eye-tracking devices. Moreover, to create an under-
standing of what can be achieved with this technology, Chapter 2 lists di erent possible
eye interactions for games. Chapter 3 then shares the knowledge and best practices of
measuring gaze behaviour in games, including how to classify di erent eye movements,
map the gaze of viewers to objects in a three-dimensional scene and structure the data
that needs to be captured in order to properly analyze gaze data. Chapter 4 introduces
the concept of visual attention and how it can be used to direct a viewer's gaze about
an image. This method, also called gaze direction, represents the fundamental idea, on
which this thesis and the guidance system are based. Also, the validity of the proposed
system was tested through a series of user tests. Therefore, the guidance system and two
di erent test games had to be implemented, the process of which is depicted in Chap-
ter 5. The subsequent chapter covers the evaluation of the conducted experiments and
the proposed thesis. This includes an explanation of the testing procedure, a summary
of the study's participants, an insight on the setup of the study and most importantly
the results and evaluation of PlayGuide, the gaze-based player guidance system. There-
upon, Chapter 7 explores potential applications of the system as well as problems and
limitations that were encountered during the experiments. Finally, Chapter 8 gives a
thorough conclusion of what has been learned.



Chapter 2

Theoretical Background

This chapter shares insights into the most important topics needed to convey a better
understanding of the subject matter of the presented work. First, there is a brief overview
of the human visual system, as the thesis and the therefore conducted experiments make
use of the basic workings of the human eye by analyzing and evaluating the player's
gaze. Subsequently, there will be an introduction to the mechanics of eye-tracking devices
followed by a summary of eye interactions in computer games to exemplify how gaze
can be used as an alternative or additional input method. Together the shared insights
from this chapter form the basis to understand the modus operandi ofPlayGuide, the
gaze-based player guidance system.

2.1 The Human Visual System

The human visual system is a complex organism comprised of di erent interlinked parts
that are required to observe the environment that is surrounding us. It plays an essen-
tial role in our lives, o ers an invaluable opportunity for game developers to study
the behaviour of people who play games and its characteristics are also made use of
in PlayGuide. The two main parts are the receptive eyes and the processing brain.
The latter acts as an interpreter of the information coming from the eyes, creating a
comprehensible image [16].

2.1.1 The Eye

The eyes themselves are comprised of a multitude of di erent building blocks such as
the sclera (recognizable by its distinct white appearance) which surrounds and protects
the eye ball apart from the cornea. The cornea itself is a see-through membrane that
covers the colourful iris and the pupil, both of which sit in front of the eye ball. This
can be seen in Figure 2.1, which illustrates a cross section of the inner workings of an
eye [28, pp. 6f].

The iris continually controls the amount of light that permeates the eye by either
relaxing or contracting its muscles to change the pupil's size. Behind the iris, the lens,
a biconvex multilayered structure as Morimoto and Mimica [28, p. 7] call it, can adapt
its shape to change the focus in the retina, which is located at the back of the eye ball
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Figure 2.1: lllustration of the structure of the eye. Image source: [54].

and coated with photosensitive cells. Just like the lens of a photo camera the cornea
together with the lens can bring individual objects into focus [28, pp. 6f].

At long last, the light waves that travelled through the eye and reach the retina
are transformed into nerve signals and processed by the brain. Depending on the wave-
length, there are two types of photo receptors located on the retina that are responsible
of interpreting the di erent signals. Rods are in charge of handling reduced light, mean-
ing that they are already activated by a few photons and responsible for vision in low
light. However, they are not capable of sensing colors and only o er weak visual acuity.
Blue, green and red cones, most of them situated on the fovea, require more light but
are capable of di erentiating between colors and conveying high visual acuity [60].

Although the central part of the retina, called fovea, is exclusively comprised of cones
and thus responsible for sensing sharp image details, it only makes up roughly 2% of our
vision, the size of your thumbnail held at arm's length [30]. The majority of the retina,
called peripheral vision, is covered in rods and cones, whereas the number of the latter
decreases with an increasing distance to the retina's center. The peripheral vision thus
receives a blurred image and makes up about 98% of our eld of view. Nevertheless,
its worse visual acuity is compensated by a high sensitivity and faster response time
towards detecting stimuli [7, 44].

2.1.2 Eye Movements

When our gaze is xated on particular features of an object it seems as though the eyes
are completely still. However, the human visual system is not capable of holding the
eyes in one place for a long period of time and di erent movement patterns occur. These
movement patterns are enabled by six muscles that are attached to the sclera [40]:

superior and inferior obligue muscles capable of torsional eye movements,
superior and inferior rectus muscles capable of vertical eye movements and
lateral and medial rectus muscles capable of horizontal eye movements.

As soon as the eyes are supposed to move into a certain direction, the above mentioned
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pairs of muscles have to coordinate the intensity of their contractions and relaxations.
While one muscle contracts the other one relaxes, both with an equal level of intensity
[40]. In total, this coordinated interplay of muscles yields six di erent types of eye

movements:

" Saccades are fast, voluntary and re exive eye movements during which no visual
information can be processed [7, pp. 42 45]. They are used to relocate the fovea,
which is responsible for sensing image details, yet only makes up a relatively small
area of the human visual eld [7, p. 15].

Fixations are eye movements that stabilize the retina when the gaze remains
on an object or a feature of an object for a longer period of time (150 600 mil-
liseconds). This can be controlled voluntarily and allows people to properly exam-
ine objects they are interested in. However, xations can also occur involuntarily,
whenever an object holds striking features that attract the attention of the viewer's
gaze. 90% of the time the eye remains in a state of xation [7, pp. 46f].

Smooth persuits  occur when people wantto xate on an object that is in motion.
In order to x their gaze on approximately the same spot, the eyes have to carry
out the same motion as the moving object, which results in a smooth movement
of the eyes [12].

Vergence movements appear when di erent objects are located at varying dis-
tances, forcing the eyes to move in opposite directions. This means that whenever
the gaze is shifted from an object that is further away to one that is closer, the
eyes have to converge, whereas in the opposite case the eyes will diverge [14].
Compensatory eye movements |, also called vestibular movements or vestibular-
ocular re exes, are eye movements that mirror and therefore counteract the motion
of the head. With the same velocity the eyes will rotate in the opposite direction
of the head's movement [4].

Optokinetic nystagmus  are eye movements enabled by an intricate interplay
between smooth persuits and saccades in order to be able to xate on moving
objects. For example, optokinetic nystagmus occurs when looking through a train
window trying to xate objects outside [7, p. 47].

Even though humans exhibit all of the six mentioned eye movements, only three of them
(saccades, xations and smooth persuits) usually play an important role in the analysis
of gaze behaviour.

2.2 Eye-Tracking

For PlayGuide to apply its subtle image space modulations, an eye-tracking device is
required to track and evaluate the eye movements of the player. Already in 1905 Charles
H. Judd was one of the rst people to design and use a kinetoscopic eye-tracking device
that was capable of recording eye movements in two axes. While this was eye-tracking
at its infant stage, he would later be known as a pioneer who used eye-tracking devices
(also called eye trackers for short) as a scientic method to understand human eye
movements during the process of reading [25, pp. 71 86].

Since then, many di erent means of tracking eye movements, such as electrodes
placed on the skin around the eyes or wearing contact lenses (the latter of which still
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poses one of the most precise methods), have occurred and were applied to advance
research. Nevertheless, it is worth noting that nowadays the most commonly used solu-
tions for tracking eye movements are video-based, due to their ease of use and the low
price of the hardware [7, p. 51]. The following subsections will provide an insight into
the current state of eye-tracking systems.

2.2.1 Eye-Tracking Methodology

Eye-tracking technology enables us to record and observe eye movements. Amongst
other applications, this information can then be used to analyze what someone is inter-
ested in, how a viewed scene was perceived or what caught someone's attention [7, p.
3]. Eye-tracking devices work by measuring the rotation of the eyes to calculate gaze
points in the form of two-dimensional vector objects that include horizontal and vertical
coordinates [43, p. 557]. For the digital realm the gaze itself can be de ned as the vector
from the eye to the gaze point on the screen [15, p. 87].

For an eye tracker to be of use in the eld of gaming or research it needs to contin-
uously deliver accurate information about the observer's gaze and be able to e ciently
gather data at high speeds, as di erent eye movements occur in quick succession. The
Tobii EyeX, for example, is a commercially used eye tracker that has a frequency of
70 Hertz, gathering seventy samples per second [58]. Gaze samples are usually comprised
of x- and y-coordinates, the distance of the observer to the screen and a timestamp [58].
Even though commercially used eye trackers deliver very precise results, inaccuracies
within the samples require processing and ltering of the raw gaze data before it can
be used. After the removal of noise and other disruptive factors, the processed data
can give researchers a deep insight into the observer's behaviour. Besides an analytic
use, eye-tracking technology can also be used as an input device for digital devices to
replace the traditional mouse and keyboard setup. This is especially helpful for disabled
people that might be in desperate need of a di erent form of interaction. Additionally,
eye-tracking technology has not only shown to be able to replace but also to coexist with
traditional input devices as a means to enhance the user experience [33]. This thesis
exclusively focuses on the use of eye-tracking systems within a digital context, where
there are possible applications for many di erent scienti ¢ elds including computer
graphics, virtual reality and games. Nevertheless, gaze behaviour outside the digital
realm has been studied extensively as well, including ordinary tasks like hand washing
and sandwich-making [43].

2.2.2 Eye-Tracking Systems

As mentioned in the beginning of this chapter, the most commonly used eye-tracking
systems are video-based due to their ease of use and low hardware prices. Nevertheless,
there is a multitude of di erent eye-tracking systems that are capable of measuring eye
movements and providing gaze data. Duchowski categorizes these systems as follows [7,
pp. 51 59]:
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Figure 2.2: This gure shows an illustration of an eye and a red dot representing the
corneal re ection caused by an infrared light. Depending on the point of regard the po-
sition of the corneal re ection changes. lllustration (a) shows the corneal re ection when
the head is positioned below the camera, (b) when the head is directed at the camera and
(c) when the head is below and to the right of the camera. Image based on [7].

Figure 2.3: An example of a head-mounted eye-tracking device. Image source: [51].

Electro-Oculography

Established nearly 40 years ago, electro-oculography is still used today, albeit being a
vanishing technology. In its early days, however, it was the most widely applied eye
movement recording method [7, p. 52] and delivered results by measuring the di erence
of the electric potential of the skin, created by electrodes that were placed around the
eye [50]. Even though it poses a viable option of measuring eye movements, this method
is not applicable for gathering gaze points on a screen, as the head's movement is not
considered throughout the measuring process and would necessitate a separate tracking
of the head [7, p. 52].
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Figure 2.4: An example of a built-in eye-tracking device. Image source: [52].

Scleral Contact Lens

Eye-tracking systems that use scleral contact lenses pose one of the most precise methods
to measure eye movements. Amongst many di erent lens measuring methods, the most
common one is the search coil technique, in which a wire coil is attached to a lens
that moves through a electromagnetic eld and thereby determines the position of the
gaze [50]. The downsides of these systems are that a large contact lens must be worn
by the user, which might be uncomfortable for some individuals and that, as in electro-
oculography, the measurement method is decoupled from the head's movement [7, pp.
52f].

Photo-/Video-Oculography

Photo-/video-oculography represents a wide variety of systems that are capable of mea-
suring eye movements. Usually they work by capturing distinct characeteristics of the
eye and automatically (or manually) calculating the di erence in rotation and transla-
tion thereof. Most devices that use this method require the head to be stationary [50]
and just as the last two preceding methods, photo-/video-oculography measurements
usually do not provide information about the head's movement [7, pp. 53f].

Video-Based Combined Pupil/Corneal Re ection

The most used eye-tracking devices utilize re ections in the cornea caused by an infrared
light. They consist of cheap hardware, namely infrared cameras and infrared light emit-
ting diodes. To compute the gaze coordinates, the camera not only records the position
of the eyes but also considers the head's movements by calculating the di erence be-
tween the pupil's center and re ections in the cornea (also calledPurkinje re ections )
caused by the infrared light emitted by the diodes. The method of de ning the position



2. Theoretical Background 10

of the head in world-space is named point of regard and allows a slight movement of the
user [7, pp. 54 58]. An illustration of this positioning process can be seen in Figure 2.2.
To ensure a proper functionality and accurate results these eye-tracking devices have to
be calibrated after each new use [9]. However, they are usually very versatile and can
be used in two di erent setups: either as a head-mounted system that can be worn by
the user (as seen in Figure 2.3) or as a desk-mounted system, being directly built into
the screen (as seen in Figure 2.4) or placed on the desk in front of the user.

Such a video-based eye-tracking system was also used for the successful use of
PlayGuide, to evaluate where a player is currently looking and what eye movement
he or she is currently exhibiting. For example, xations, which indicate an area of im-
portance to the viewer, or saccades, which are rapid eye movements to reposition the
fovea, the only part of the eye that can sense image details. Thus, all of the compo-
nents described in this chapter play an important role for the e ective functioning of
PlayGuide. The following chapter will describe how this collected information can be
used to measure and evaluate the gaze behaviour of players in computer games.



Chapter 3

Measuring Gaze Behavior in Games

To gain a deeper insight into the gaze behaviour of the player, it is necessary to de-
sign and structure games in a specic way, already in the early stages of the game
development process [43, pp. 543 583]. This chapter shares insights on how to prepare
eye-tracking data to measure gaze behaviour in games.

3.1 Classifying Eye Movements

In the previous chapters a comprehensive overview of the eye-tracking technology and
its use cases was given. Eye trackers deliver raw gaze data, which (as mentioned in
Section 2.2.1) usually consists ok- and y-coordinates, the distance of the observer to
the screen and a timestamp. This information can then be used to gather information
about the saliency (interesting areas) of an image or to categorize the raw gaze data into
the di erent eye movement patterns that occur during game play. On the one hand, a
xation on certain parts of an image reveals what an observer was paying attention to.
Saccades, on the other hand, unveil the behaviour pattern of the eye, i.e. how it moves
about in a scene [43, pp. 554 559].

Although eye-tracking devices deliver data about a viewer's gaze, the information
obtained from the devices only represent the coordinates on the screen. In order to
properly evaluate the gaze data there are a wide variety of approaches to derive the
di erent types of eye movements from the gathered screen coordinates. Common metrics
to analyze include gaze duration, saccadic velocities or saccadic amplitudes [37]. Not
only are these metrics important for research but also for games that might need a real-
time evaluation of the current eye movements exhibited by the player. In games, such
an evaluation can then be used as an input mechanism (e.g., use xations for object
selection), as a tool to trigger in-game events (e.g., gaze direction) or to analyze player
behaviour (e.g., measuring the immersion of the player) [46].

The two most important and thus useful eye movements are saccades and xations,
a pattern of which can be seen in Figure 3.1. Fixations occur when the eyes are dwelling
on a certain object or feature of an object to gather image details and hence can be
interpreted as the human visual system paying attention to and expressing interest in
what is currently examined. Saccades are used to reposition the eye and are identi ed as
rapid and sudden eye movements, during which no image information can be processed,

11
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Figure 3.1: To visualize the most important eye movements, the above gure shows
saccadic movements (spread apart) and xations (clustered closely together). Image source
(modi ed): [55].

leaving the viewers oblivious to the events happening in their surroundings. Studies,
however, suggest that 90% of the time is spent in a xation state. It also needs to be
considered, that due to camera movements and dynamic objects in computer games, the
eyes can also demonstrate a movement pattern called smooth persuits. Smooth persuits
compensate the movement of an object to keep the eyes on the same point of interest
during a xation [7, pp. 45f].

Classifying eye movements usually means to identify xations, for the simple reason
that saccades merely represent the movements that happen in between xations. It
also serves as a practical approach to reduce the great amount of data collected by eye
trackers while keeping the most essential information and is commonly referred to as
xation identi cation or simply identi cation . During the identi cation procedure the
raw gaze coordinates that are marked as xations are usually grouped together and
represented as a single weighted point (calleduple). This has two reasons: Firstly, as
means to represent a multitude of individual gaze points caused by drifts, icks and
tremors that naturally occur during any eye movements as a single entity. Secondly,
xations are usually the only relevant data needed for research because during saccadic
eye movements the human visual system cannot process any perceived information. The
process of xation identi cation is needed in almost any situation where an eye-tracking
device is involved and constitutes the basis to any analysis that evaluates eye movement
patterns. Yet, only few details on the di erent evaluation methods and algorithms can
be found. A fact that exacerbates the search for a reliablédenti cation algorithm is that
it is still subject of discussion, when exactly a xation begins and when it ends. Thus,
the di erent ways to classify xations is still a subjective endeavor. Especially poorly
designed algorithms can yield wildly di erent results and drastically a ect the ndings
of research. Well-grounded identi cation algorithms, however, produce viable results
that allow for an unobjectionable use in most research cases. An often used solution
to prove the validity of the outcomes of xation identi cation algorithms has been to
compare the computed xation patterns with the, admittedly subjective, statements of
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the test subjects through interviews. In their work, Salvucci et al. present a detailed
de nition as well as classi cation of common xation identi cation algorithms to o er a
comprehensive overview, which allows researchers to make an informed decision about a
suitable algorithm to choose for their application. To ensure a comparability throughout
the di erent approaches they also introduce a new taxonomy, which makes it easier to
compare algorithms by distinct criteria, namely spatial and temporal features. Spatial
features can be categorized into three di erent types: Velocity-based algorithms make
use of the fact that during xations eye movements have a low velocity compared to the
rapid movement of saccades. Dispersion-based algorithms consider the distance between
the sampled gaze points, whereas area-of-interest information-based algorithms also
determine and consider the saliency of image areas. Temporal features can be categorized
into the two following types: duration-sensitive algorithms take into account that the
eyes' usually exhibit a dwell time of 200 400 milliseconds during a xation and locally
adaptive algorithms consider the types of temporally vicinal gaze points [37].

Unlike Salvucci et al., whose work dealt with the processing gaze data after it has
been recorded, Kumar et al. proposed an approach to better detect saccades in real-
time, thus making it an ideal candidate for games [22]. As a means to classify the gaze
information, each of the gaze points coming from the eye tracker is labelled as either a
saccade or xation. To achieve this classi cation they determine whether a given gaze
point is the beginning of a saccade, the continuation of the current xation or just
a corrupted sample, that poses an outlier compared to the temporally adjacent gaze
samples. As a basis they use the dispersion-based algorithm proposed by Salvucci et al.
[37], which calculates the distance between two subsequent gaze points and compares
them to a prede ned threshold. If the measured distance is bigger than the threshold, the
gaze point will be categorized as saccade. However, in order to deal with outliers Kumar
et al. introduce two modi cations to this algorithm. Instead of calculating the distance
of the current gaze point to the preceding one, they calculate the distance to their
estimation of where the current gaze point should be. Furthermore, they automatically
rule out a saccadic classi cation of the current gaze point, if the following gaze point
is a part of the current xation. These methods successfully prevented outliers but it
must be noted that the latter modi cation also introduces latency to the classi cation
process [22]. For the sake of completeness, it should be mentioned that eye movements
can also be classi ed asmooth persuits as proposed in [21]. However, the categorization
of smooth persuits was not necessary for the successful implementation of the gaze-based
player guidance system and thus is not explained in greater detail.

3.2 Gaze-to-Object Mapping

Even though a pixel-based frame-wise analysis of eye movements can be used in static
scenes, the same frame-by-frame analysis would hardly make any sense within a dynamic
context. In computer games, where the viewport is controlled by the player and the
camera exhibits constant and mostly rapid movements, each image to be analyzed within
a sequence of images drastically di ers from the one before. Additionally, considering
the sample rate of modern eye trackers, 70 Hertz and above [58], the amount of data
collected requires a lot of processing power and tedious work to analyze the data. A
more practical approach for games is proposed by Sundstedt et al., which shows that
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Figure 3.2: These images visualize the process of creating an item bu er. Each object in
the game scene is assigned an individual color and then rendered to a separate image. The
original image (a) is the nal rendered scene, whereas the image (b) shows the computed
item bu er. Source of the 3D models for the renderings: [53].

an analysis based on mapping xations to objects yields accurate results and serves
as a great tool to analyze xation behaviour in games [42]. This allows for data to be
collected on an object basis, disregarding unnecessary information on objects that are
not relevant for the analysis.

The process of assigning the viewer's xation to an object in the scene is callegaze-
to-object mapping (GTOM). GTOM algorithms evaluate the player's gaze and derive
from additionally collected image information, what game object the player is actually
looking at. This mapping process is vital for a proper evaluation of the gaze behaviour,
since it identi es objects in a scene the viewer has attributed his or her attention to the
most valuable resource that reveals profound insights into the viewer's gaze behaviour.

However, it is not always correct to just directly map the processed gaze data to an
object in the scene, which is especially important when complex scene structures come
into play. In games where the mapping process plays a particularly important role,
common complex scene structures include a high density of smaller objects, objects
that move at high speeds or objects that become occluded by other moving parts in the
scene. In such cases a 1:1 mapping of xations to objects can lead to a false interpretation
of image material and bias the results of the viewer's gaze behaviour [3].

Sundstedt et al. [43] rst devised a novel methodology for GTOM algorithms. To
map a viewer's gaze to objects in a three-dimensional scene, they make use of item
bu er (sometimes also calledd bu er ), which represents each individual object in the
game scene as a single color. This color is unique to each object and thus each pixel in
the image serves as a fully distinguishing feature for any object in the game scene. For
computer games this item bu er can be easily computed on the graphics processing unit,
where the viewport image then has to be rendered twice. First, the scene is rendered
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normally, as it should be presented to the player. Then the same scene can be rendered
with unlit materials and the unique color identi ers applied to each game object. A
comparison of the two rendering processes can be seen in Figure 3.2. Furthermore, the
item bu er allows for the grouping of objects in a game according di erent criteria. The
object space, for example, represents the game objects as they are named in the game
(e.g., entity_1), the property space comprises the name as well as the di erent sates
and behaviours of the game objects (e.g., name: entity_1, status: alive , behaviour:
waiting ) and the semantic space, which allows for a high-level grouping of objects
(e.g., background, foreground or danger). Such item buers are necessitated in

di erent e ective GTOM methods, explained in the next paragraphs.

Point-based methods represent the easiest GTOM approach and make use of the
gaze samples, by casting a ray through the center of a xation into the game scene and
detecting which object was intersected by the ray or simply by sampling the a ected
pixel from the item bu er . Although the mapping of a single xation point to an object
might work in simple scenes with a few big spatially separated objects, it does not always
pose the most accurate solution. Therefore, area-based methods consider the region that
is encompassed by the foveal vision and the sampled gaze points through which the
xation point is obtained. Foveal sensor density models further take into account that
the perceived image details in foveal vision decrease with an increasing distance to the
center of the fovea. Additionally, these methods consider the possibility that more than
one object can be xated at once. Gaze-point distribution models consider that gaze data
coming from an eye-tracking device is usually tainted by a certain inaccuracy. Although
Sundstedt et al. note that all these methods pose a viable option for the GTOM process,
they would fail at mapping the viewer's gaze to an object that is moving at high speeds
or whose silhouette is being thoroughly examined [43, p. 566]. Bernhard et al. [3] try
to address this problem and propose an algorithm that improves the accuracy of the
GTOM process during smooth persuits.

Although GTOM plays an important part in the analysis of the viewer's gaze be-
haviour (especially in three-dimensional and dynamic game settings), up until now it
has received little attention in research and existing methods are still in great need of
an evaluation in terms of their accuracy [3]. As Schdén mentions in [38], the leading
eye-tracking company Tobii Technologyl recommends a technique calledRay Casting
Shotgunto be used in games, due to the technique's simple implementation process and
low performance costs while maintaining relatively exact results. To map an object to
a gaze, a number of rays (usually 3 6) are cast into the game scene within a certain
radius. The game object that is intersected by the most rays is then considered to be
the xated object.

Besides the simple purpose of mapping a player's gaze to game objects, GTOM has
manifold areas of application. To name a very unconventional example, in their work,
Vidal et al. [47], present an application calledPursuits, which provides a way to utilize
eye-tracking devices, without the user having to go through the hassle of a dedicated
calibration phase. This liberation from the time-consuming and complex calibration
phase is enabled by the idea that the eyes perform the same path as the object they
are xating on during a smooth pursuit. Hence, Vidal et al. use the trajectory of the

! https://www.tobii.com/
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eyes instead of individual gaze points and dwell times to map the user's gaze to moving
objects on the screen.

As already mentioned in the beginning of this chapter, it is necessary to design and
structure games in a speci ¢ way, already in the early stages of the game development
process. The aforementioned methods to categorize eye movements into saccades and
xations as well as the process of mapping gaze coordinates to game objects in a scene
are made use of in any game that implements the gaze of the player. The same holds true
for PlayGuide, which is dependent on the player's eye movements. The GTOM methods,
on the other hand, are needed to evaluate the performance d?layGuide and measure
how well it performs in subtly guiding the player's gaze towards game objects. The
methods and details of guiding a player's gaze are explained in the following chapter.



Chapter 4

Guiding Attention

The gaze guidance system proposed in this thesi®layGuide, makes use of two tightly
correlated subjects: visual attention andgaze direction The classi cation of eye move-
ments and the understanding of what a player is actually looking at, as described in the
last chapter, can be used to understand what the mind is currently focused on and how
to guide the attention, thus, gaze towards any desired location on the screen. However,
in order to understand why visual attention is so e ective in guiding a viewer's gaze,
rst there needs to be an understanding of how visual attention works.

4.1 Visual Attention

Naturally, the processing power of our brain is limited. The sensory impressions around
us, however, are seemingly in nite. Attention de nes the process of how our mind de-
cides what is worth our attention and what is not. This means that while the brain is
confronted with a multitude of sensory stimuli like smell, sound, touch, vision or taste

it needs to focus on a particular noteworthy sensation, partially disregarding other im-
pressions. Especially noteworthy is that the eyes closely follow this principle too, due
to the nature of the limited range of the foveal vision. As mentioned in Section 2.1.2,
the fovea is responsible for sensing image details but only makes up roughly 2% of our
vision, the size of your thumbnail held at arm's length [31]. The majority of the retina,
called the peripheral vision, receives a blurred image and makes up most of our eld
of view. To get a clear vision of whatever caught our attention, it is essential for the
human visual system to continuously relocate the fovea towards the things we deem as
interesting. Instead of perceiving a scenery as a whole, an image is formed by capturing
a large number of small pieces of visual information, depending on what attracts our
visual attention [7].

For our vision to properly process information it is composed of two di erent but in-
tegral parts: bottom-up and top-down processes, also known as perception and cognition.
Bottom-up processes, also called perception, are preattentive mechanisms that subcon-
sciously shift the attention rapidly and involuntarily [5] and react to the saliency of an
image low-level features such as color, movement, form and contrast [5, 45]. Examples
that illustrate bottom-up process well are the contrast of a black dot on an otherwise
white surface or a fast approaching object that is about to hit someone. Top-down

17
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Figure 4.1: This gure shows an example of ascan pathfor a computer game inspired
by [43]. The lines represent saccades, the circles depict xations with a reference to how
often a player xated on a particular feature of the image. Image source (modi ed): [56].

processes are cognitive mechanisms (thus, also called cognition) that shift the attention
when we need to look for something speci ¢ [5], e.g., a distinct visual feature of an ob-
ject that represents pain to us, such as a turned on stove top glowing red [5]. Cognition
evaluates image features through thought and experience [31{aze direction, however,
is highly a ected by the bottom-up processes; a jarring color, a strongly di erent shape
or a moving object amid static ones can draw an observer's attention and thus his or
her gaze [49].

This means that our gaze is always directly xated on objects we pay attention
to. Thus, in seeking to establish what a person was or is interested in, we can record
their eye movements and derive a sequence of xations, which gives insight on what
caught someone's attention [7]. Duchowski calls this sequengmth of attention [7], Jacob
and Karn scan path [18]. According to Sundstedt et al. [43]scan pathsare commonly
visualized by using a snapshot with an overlay that shows the xations as circles, which
are connected through lines that show the saccadic movements of the eye. An example
of such an overlay in a game scenario can be seen in Figure 4.1.

While visual attention can be measured with an eye-tracker, di erent e orts have
been made to compute and predict visual attention. Early models tried to predict gaze
behaviour based on the saliency of objects, which is described by Land et al. as the
intrinsic ability to stimulate early parts of the visual pathway [23]. The resulting
model, based on the measurement of saliency per pixel within an image is called a
saliency map (see Figure 4.2) [43]. However, Land et al. [23] showed that people who
were given a task did not abide to the rules of saliency. As soon as participants were
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Figure 4.2: Figure (a) shows the original image, while gure (b) shows the calculated
saliency map, which indicates potential areas of interest to the viewer. Image source: [61].

given tasks, objects were xated because of their relevance, not because they were big,
bright, or visually exciting in other ways. [23].

4.2 Gaze Direction

As explained in the previous section, visual attention is guided by a number of di erent
features. These natural responses to visual stimuli can be exploited to trigger bottom-up
processes that guide a viewer's visual attention (and therefore gaze) within an image. In
research, this method is often calledvisual guidance gaze manipulation gaze guidance
or gaze directionand has been applied to a wide variety of di erent exciting contexts,
such as art [27], medicine [41] and virtual reality [34].

Gaze direction relies on visual cues that involuntarily pull the eyes towards a speci c
region of an image, hence they are also calledull cues[19]. Attempts to direct the
viewer's gaze can be divided into two categories, namelgubtle and overt gaze direction
techniques [11]. As the name suggestpvert gaze direction is clearly visible to the
viewer's eyes, yet highly e ective in guiding the gaze. For example, an overt visual
cue can be the use of depth-of- eld in an image, if applied strongly. In their work
Ennset al. [8] mention that the viewer's eyes were predominantly drawn to regions of an
image containing sharp details rather than to those regions that were blurred. However,
attention can also be guided with the viewer barely or not noticing it at all. Subtle gaze
direction techniques rely on visual cues that are only subconsciously perceived by the
viewer. For example, McNamara et al. [27] propose a solution for guiding the gaze in
narrative art, based on slight changes in the luminance channel of an image. This way
the participants of the study did not realize their gaze was guided and their viewing
experience was not disrupted during the contemplation of the art.
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In general, gaze direction has been proven to foster the ability to solve problems
[10] and improve the performance in search tasks [26]. Additionallygaze directionwas
successfully applied as an instructional tool. Thereby the xation behaviour of experts
is used to provide support and guide the gaze of inexperienced people confronted with
new tasks. Sadasivan et al. [36] deployed this strategy for aircraft inspections. With the
use of an eye-tracking device they recorded eye movements and developed scanpaths to
demonstrate the ight inspectors' search strategy to novices in training. Sridharan et al.
[41] used the same principle to guide novices through the process of nding abnormalities
in mammograms.

4.2.1 Overt Gaze Direction

Overt gaze directiontechniques rely on obvious pull cues that try to attract the attention

of the viewer. As soon as the viewer's attention has been caught, the human visual
system will try to reposition the fovea (the central part of the eye where image details can
be sensed) and perform a saccadic eye movement towards the perceived position of the
pull cue, which enables the viewer to examine the region of interest with greater detail.
These cues are global image transformations, which can be applied throughout the
image [11, p. 4:2]. The following paragraphs highlight four di erent examined methods
to guide a viewer's gaze with the help ofovert gaze directiontechniques.

In their work Hata et al. [13] propose an overt method based on blur. To guide the
gaze of the observer they introduced a system that gradually blurs an image but skips
the parts that the observer's gaze should be directed to. As the human visual system is
meant to process information regarding our surroundings, it attributes less importance
to regions of an image containing fewer information. The greater presence of detail
and hence information naturally lead the viewer's eyes towards unblurred areas of an
image. Although the system proved to be successful, Hata et al. mentioned that this
technique did not work properly as soon as high saliency objects, such as faces, were
introduced to the image.

In 2005 Khan et al. [20] proposed arovert gaze directiontechnique called Spotlight
To rapidly attract the attention of an audience during a presentation on a wall-sized
display (or video projector), they simply darken the whole image except for a region that
is displayed normally. This creates the look of a spotlight shedding light on a speci ¢ part
of the image where the viewers are supposed to look at. During their experiments Khan
et al. showed that their idea was able to increase the performance of target acquisition
signi cantly.

Another method to overtly guide a viewer's gaze is to adjust the saliency of an
image, which speci es how probable it is that a viewer will xate on a certain part of an
image due to its low-level features such as color or contrast [23]. Vig et al. [48] showed
that they could adjust the saliency of video regions to attract the viewer's gaze. With
the help of a comprehensive sample of eye movements and a machine learning algorithm
they experimented with local saliency adjustments in videos to direct the viewer's gaze.

A far simpler overt gaze direction method was proposed by Lin et al. [24] in 2017.
As a means to assist the viewer of 360video material in focusing and refocusing targets
they introduced a simple overlay that indicated the direction of movement of a target.
This overlay, visualized as a green arrow on top of the 360video footage, appeared
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whenever the viewer lost track of the target and disappeared as soon as the viewer
focused on target again. Lin et al. then concluded that participants felt more engaged,
enjoying, and receptive to video content [24] when they were visually aided by the green
arrows. This and all of the aforementionedovert gaze directiontechniques have proven
to be successful in guiding the viewer's gaze. Nevertheless, such apparent methods may
disrupt the viewing experience, which might not be acceptable for some applications. A
solution to this problem posessubtle gaze directiondiscussed in the subsequent section.

4.2.2 Subtle Gaze Direction

Subtle gaze directionde nes the process of guiding the attention and therefore gaze
throughout an image without the viewer noticing. This process had been subject of
many papers, whereas the proposed methods usually related to the fact that the human

foveal vision is more likely to be drawn to image areas containing high detail. Bailey
et al. [1], however, rst coined the term subtle gaze directionand introduced a novelgaze
direction technique based on an eye-tracking device and the use of subtle image-space
transformations.

To direct the gaze, Bailey et al. presented short visual stimuli in the peripheral vision
of the viewer, that draw the gaze towards the modulated region of the image. However,
in contrast to overt gaze directiontechniques Bailey et al. used image modulations that
were indiscernible to the viewer's foveal vision and terminated the modulation as soon
as the foveal vision came close to the modulated area, thus leaving the viewer unsure of
what attracted his or her attention in the rst place [1].

To achieve asubtle gaze direction Bailey et al. successfully exploit two distinct
characteristics of the human visual system. First, they brie y modulate a speci ¢ point
of interest in an image, which is in the peripheral vision of observer's eld of view. As
a result of the high sensitivity towards motion and the blurry image received by the
peripheral vision, the viewer notices the image modulations but cannot determine the
exact changes to the image. Secondly, to further investigate the motion caused by the
image-space modulations, the eyes will perform a saccade to reposition the fovea towards
the point of interest. A phenomenon called saccadic masking, however, prevents the
human visual system from processing perceived impressions during saccadic movements
of the eye. Bailey et al. use this to their advantage and automatically terminate the
image-space modulations as soon as the eye tries to reposition the fovea to the modulated
region, hidden by saccadic masking [1].

In the experiments conducted by Bailey et al. ten participants were separated into
a control group with no modulations as well as asubtle gaze directiongroup that was
presented with the image-space modulations at various pre-selected points of interest.
These modulations altered the image regions containing the points of interest in ei-
ther the luminance or the color channel (as depicted in Figure 4.3). Ultimately, the
experiments led to the conclusion that in static imagessubtle gaze directionis highly
e ective in guiding the viewer's gaze, although the test subjects reported that the mod-
ulated images subjectively appeared to be of less quality than the images that were not
modulated. Furthermore, Bailey et al. saw a potential application of their subtle gaze
guidance technique in manifold areas such as perceptually adaptive rendering, ight or
driving simulations, online training as well as pervasive advertising [1]. Besides Bailey's
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