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Preface

The recording of eye movements is amongst the most versatile methods to study
human information processing and behaviour. The range of applications is immense
and so is the range of research questions that have been addressed with this method.
The eye-tracking community seems to be ever growing and is well represented at
conferences or in monographs or handbooks on the science of eye movements.

Despite the growing success of the science of eye movements, it occurred to the
editors of this volume that one aspect is conspicuously missing: An introduction to
the study of eye movements for beginners in the field, be it Masters or doctoral
students, post-docs or professors. Therefore, beginners in eye movement research,
but also those who wish to refresh their knowledge or deepen or broaden their
understanding of eye movement research, are the target readership of this textbook.

World-leading experts in their respective fields of eye movement research have
contributed to this textbook by providing chapters. Additionally, authors, expert
reviewers, the editors and a large group of student reviewers have taken care to
make the individual chapters didactically accessible to newcomers in this field.

Part I of this textbook is dedicated to the basics of eye movement research and
explains the main types of eye movements relevant in this field, including
fixation-related eye movements, different types of saccadic eye movements and
smooth pursuit. This part also covers the relationship between eye movements and
perceptual or attentional processes as well as reading.

Part II explains the methodological versatility of eye movement recordings as a
stand-alone or combined technology. After an in-depth introduction to recording
techniques, its possibilities and potential pitfalls, two chapters deal with innovative
and advanced approaches to model and quantify eye movement data. Further
chapters introduce the fields of pupillometric research, the investigation of eye
movements in brain imaging, in the field or in research with animals.

Part III of this textbook then provides introductions to the main clinical appli-
cations of the eye movement technology in child, adolescent and adult psychiatry,
neurology and pharmacology. These chapters illustrate how the investigation of eye
movements can identify and help understand deficits and processing biases in
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psychiatric populations aid the diagnosis of functional impairments in neurological
disorders or trace the actions of pharmacological agents in real time.

Finally, Part IV provides examples of industrial applications of the eye move-
ment technology, including its use in marketing research and neuroeconomics,
when improving the usability of websites and other products, when investigating
vehicle control or as an interface between humans and computers.

Collectively, these chapters provide an insight into the breadth of eye movement
research and help the newcomers in these fields in gaining expertise. This volume is
the outcome of the work of more than a hundred scientists and students to whom the
editors are immensely grateful.

Freiburg, Germany Christoph Klein
Bonn, Germany Ulrich Ettinger
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Chapter 1 ®)
Introduction to the Study of Eye oo
Movements

Pierre Pouget

Clearly, the eyes not only allow us to see the world around us
but they also present a window to the working of our mind. (Eye
position, what number you have in mind; Loetscher et al.
Current Biology, 2010).

Contents

1.1  Why Do We Need Our Eyes to Move After All? ........ .. ... .. .. 4
1.2 How Do We Move Our Eyes? ... .. ... 5
REfEIenCes . . ... 9

Eye movements reflect the visuo-motor output of complex and dynamical interactions
between numerous regions of the brain. This distributed brain network, required
for eliciting eye movements, provides a powerful research tool to investigate the
working functions of one of the most complex organs: the brain. The examination
of eye movements has also been shown as being precious during medical exams
to reveal cues to detect abnormalities of various brain functions (Leigh and Zee,
2015). Therefore, the study of eye movements has been for decades a source of
information to psychologists, neurobiologists, clinicians as well as most of visual
scientists (Pouget, 2015; Schiitz, Braun, & Gegenfurtner, 2011).

Ecologically the exchange of information between the different areas of the brain
gives to humans amazing abilities to perform activities as diverse as moving their
eyes while hitting a tennis ball, reading novels or even a scientific textbook on eye
movement research. Somehow, and without any conscious effort, our eyes transmit
all the information that we need to behave adaptively in the world around us (Buswell,
1922, 1935, 1937; Yarbus, 1967). The development of eye tracking systems in the
last few years has made it possible to record where we are looking for during all

P. Pouget (X))
UMR 975, CNRS, Paris, France
e-mail: pierre.pouget@upmc.fr
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4 P. Pouget

these various active tasks, and to infer what information our eyes are effectively
transmitting to our brain. The eyes and their positions give some insight into the
nature of the systematic selection of the brain, and scientists are extracting these
variables to predict choices, decisions with some reliable confidence. The purpose
of this introduction is to illustrate briefly some key terms and notions that are going
to be described in great details in the different chapters of this textbook. First, we
will question why animals and primates in particular often produced numerous eye
movements. Thus, we will very briefly introduce some terms associated with the
measures and analysis of eye movements. All these questions and terminology will
be described in great details in the following chapters.

1.1 Why Do We Need Our Eyes to Move After All?

To answer this simple question, most psychologists or neuroscientists point to the
drastic change of density of photoreceptors in the retina (e.g. Adler & Fliegelman,
1934). It is true that early in the processing of visual stream a potent anatomical
constrain is present in the retina. Two classes of photosensitive cells are present
with massive variations of spatial density. Classically, these two classes of cells
have been distinguished by their shapes (cones and rods) and the type of photo-
pigments they contain. While the rods are excessively sensitive to light, the cones
have diverse responses mapping to particular spectral content of light. Finally, as
previously mentioned, the distribution of these two types of photoreceptors is uneven
in the retina: the rods are present throughout the retina with the exception of the small
central region of the retina (~0.5 mm in diameter), the fovea. At the level of fovea,
the concentration of cones is very high, and their density decreases very strongly
outside 10 degrees of visual angle. Therefore, it is only at the level of the fovea
that high visual acuity is allowed. So, to have a precise vision of the world and
to be able to recognize and/or identify all the elements that surround us, the eye
movements are essential. Indeed, it is by moving our eyes (and our head), that the
image of the objects which interest us is placed at the level of the fovea and that we
can perceive our environment in all its complexity and color. The vision is therefore
an active phenomenon whose eye movements are one of the main actors. Why do
we need our eyes to move after all? We might respond that we move our eyes to
see the world but also because to accurately see the world we must move our eyes.
The biologist Jacob von Uexkiill in 1926, was the first to describe this principle of a
sensori-motor circular pattern, which he identified not only in humans but in many
animal species. This principle was later called the “Gestalt Cycle” (Gestalkreis)
by Viktor von Weizsicker in 1950, a neurologist who recognized in it this loop the
indissoluble union of perception and movement in the nervous system. In more recent
years, that principle and its operational aspects have been characterized as the action-
perception cycle or, where, the emphasis is not so much on motor behavior as on
cognition, simply as the perception cycle. In complex organisms, this cycle allows the
representations of current action to feedback to sensory structures to modulate further
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sensory inputs. In the recent field of neuroscience, this conception of feedback loops
is at the origin of what at higher neural stages have been referred as efferent copies
and/or corollary discharge (Dore-Mazars, Pouget, & Beauvillain, 2004; Orquin &
Mueller Loose, 2013; Pouget et al., 2009; Torralba, Oliva, Castelhano, & Henderson,
2006).

1.2 How Do We Move Our Eyes?

Over the past 90 years, eye movements have been used to gain insight into disor-
ders ranging from muscular dystrophy to schizophrenia and autism (see chapters by
Smyrnis et al. and Klein et al. in this volume, as well as Klein & Ettinger, 2008). At
the level of molecular genetics, distinctive disorders of eye movements have pointed
to the nature of involvement in a broad range of genetic disorders and have served
as an index to evaluate new treatments. Eye movements are of two main types: those
that stabilize gaze and so keep images steady on the retina and those that displace and
so redirect the line of sight to a new object of interest. Certain anatomical circuits
make distinctive contributions to each functional class of movements. An under-
standing of the properties of each functional class of eye movement will guide the
physical examination, and subsequent neural substrate involved. Although there is
a shared substrate for the combined eye movements to control direction of gaze in
three-dimensional space during our natural activities, testing each system in isola-
tion helps identify specific processes. Neurophysiological evidence indicates that
the position command is generated from the velocity by integration with respect to
time. Four types of conjugate eye movements (vestibular, optokinetic, saccade and
pursuit) require velocity coded and position coded components. The fifth type of
movement which rotate the eyes in different direction (vergence) appears to have a
separate coding (Dodge, 1903; Leigh & Zee, 2015).

More precisely, the first movement represents a response to brief rotational and
linear movements: namely the vestibulo-ocular reflex (VOR). During head move-
ments, the vestibular system sends information to help to keep accurate vision. The
vestibular system helps to optimize vision during head movement in particular during
locomotion. The semicircular canals of the vestibular labyrinth signal how fast the
head is rotating and the oculomotor system responds to this signal by rotating the
eyes in an equal and opposite velocity. This stabilizes the eyes relative to the external
world and keeps visual images fixed on the retinal. This reflex is almost always active
and without it we would be unable to see much of anything due to constant smear
of the retinal image. Because VOR is a particularly crucial correction to keep good
vision during our displacement this reflex has evolved to became the fastest reflex of
human body (less than 8 ms).

The second movement, the optokinetic reflex (OKR) that is a visual drive that
can maintain by compensatory slow-phase eye movement during sustained rotation
or background visual motion. Unlike the VOR, this reflex requires a visible retinal
image whereas the VOR works in total darkness. Why do we have both OKR and
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VOR when they both respond to similar condition of body movements. Both reflexes
are important because the OKR supplements the VOR in several ways. The VOR
responds to acceleration and deceleration but not to constant velocity. In contrast,
OKR responds to constant retinal image velocity caused by constant body rotation or
translation. Basically, the VOR controls initial image stabilization and OKR main-
tains the stabilization. OKR also compensates for a damaged vestibular apparatus.
People who have had infections of their inner ear often complain of motion sickness
in cars and boats. The best thing for them to do is look out the window at the horizon
and allow the OKR a chance to keep their eyes stable with respect to gravity.

The third movement, the voluntary saccades are quick eye movements that are
generated under a broad range of conditions. Normal saccades are fast, brief and accu-
rate to avoid any interference with vision (see chapter by Pierce et al., in this volume).
Several parameters of this displacement have been investigated in the literature. First,
it’s amplitude. The amplitude of the saccades is calculated as the difference between
the final position and the initial position of the eyes, respectively before and after the
saccade. The gain of a saccade can give information on its accuracy. It corresponds
to the ratio between the amplitude of the saccade and retinal error (distance between
the eyes before the saccade and the target to be reached). A gain of 1 indicates that
the saccade has allowed the eyes to reach their target, it is said that the saccade is
normometric. A saccade with a gain less than 1 is hypometric whereas a saccade with
a gain greater than 1 is hypermetric (the eyes have exceeded the target). Saccades are
precise movements, with a gain of around 0.95 (Becker, 1989), that is to say, they
have a slight tendency to be hypometric (highlighted in 1904 by Dearborn (1904),
then by Becker and Fuchs (1969) and many other authors).

A second set of parameters can be extracted according to the duration and peak
speed of the movements. In this context, the duration of a saccade is defined as
the difference between the time at the end of the movement and the time at the
beginning of the saccade. The peak speed corresponds to the maximum speed of the
eyes during the movement. There is a stereotypical relationship between the duration
of saccades and their amplitude and between peak speed and their amplitude called
main sequence (Bahill, Clark & Stark, 1975). Jumps are the fastest and shortest
movements duration that an organism can produce. These high performances and
the main sequence reflect the characteristics of the saccadic generator located at the
level of the brainstem.

If the duration of the displacement of the eye has been largely examined, the
latency corresponding of the time between the instruction to make a saccade (start
signal, appearance of a new target, end of the previous saccade, etc.) and the actual
start of the movement has quickly emerged has one of the major sources of analysis
in the recent decades (Carpenter & Williams, 1995). The latency of the saccades is
generally of the order of 150-500 ms and is used as one of the criteria to classify
saccades according to two categories. The first category comprises the saccades that
have the shorter latencies and are classified as reactive saccades (also called reflex
jerks). These eye movements are the least common in everyday life, yet these are
the ones most studied in the laboratory because simple protocols and instructions
can induce them in monkeys, healthy subjects and patients. They are caused by the
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sudden appearance of a new object in the peripheral visual field of an individual. They
also allow you to follow a fast-moving object, such as a tennis ball or a baseball. In
the controlled environment of the laboratory, this type of saccades can be induced by
instructing a subject to fixate a point presented on a computer screen. After a random
delay, this point disappears and reappears simultaneously in the peripheral field of
the subject. In response to the sudden appearance of this new target, the subject
produces a saccade towards this target with a latency of the order of 150-200 ms.
The so-called express saccades are included in the category of reactive saccades,
which are triggered even earlier than conventional reactive saccades. Indeed, these
saccades have latencies of the order of 70-90 ms in the monkey (Fischer & Boch,
1983) and 90—-120 ms in humans (Fischer & Ramsperger, 1984).

The second category of saccades existing is that of voluntary saccades. These sac-
cades are differentiated from reactive saccades by higher latencies, usually greater
than 250 ms (Carpenter & Williams, 1995; Fischer & Boch, 1983; Fischer &
Ramsperger, 1984) and by a slightly greater accuracy (Lemij & Collewjin, 1989).
Voluntary saccades can be broken down into different subcategories. The saccades of
exploration are the most frequent in our daily lives. They are triggered according to
the intentions of an individual and allow, as indicated by their name, the exploration
of objects of interest already present in our environment.

The fourth type of movement, with the functional constraints of the fovea also
came the need to track a moving object smoothly. Because of the delay inherent to the
visual system, the brain generates predictive smooth-pursuit movements to maintain
smooth eye movements on the moving target. Primates are also capable to follow
an object that moves in the visual field. What is named a pursuit occurs when the
eyes continue to jointly fix the same point as it moves on the retina (see for details,
see chapter by Lencer et al., in this volume). The movement of a target on the retina
may be due either to the actual movement of the target or to the movement of the
observer (locomotion, rotation of the head, etc.). This type of movement is slow and
cannot be initiated voluntarily in the absence of displacement on the retina. The goal
is to maintain a point on the fovea as it moves. Eye tracking actually reduces the
movement of a target on the retina but without ever completely abolishing it (Kowler,
1990). Since the movement of the eyes is relatively slow, a high spatial resolution is
maintained and it is always possible to extract information from the pursued target.
Of course, the movement of the eyes can be done in conjunction as in disjunction
(Yarbus, 1967).

Finally, the fifth, the vergence is permitting primates with frontal vision to direct
their two foveas at one object of interest. This requires the disjunctive or vergence
movements of the eyes (moving the eyes in opposite directions). The fusional ver-
gence movements are generated in response to disparity between the locations of
images of a single target on the retina of each eye. This fusional vergence is accom-
panied by the phenomenon of accommodation of the lens that allows the focus on
the object and pupillary constriction that increases the depth of field and improves
the sharpness of the retinal image.

An extra behavior that might not directly referred to an eye movement per se is
fixation. Fixations during which the eye remains relatively still and the visual sys-
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tem extracts detailed information around the fixation point. By definition fixation
it is not strictly speaking a type of eye movement since fixation is the activity of
the eyes when they remain more or less long positioned on the same point. It is
therefore the activity of the eyes when they do not move. At this point, the target of
interest of the environment is reflected on the fovea of both eyes and can therefore
be analyzed with a maximum of spatial discrimination (Yarbus, 1967). However,
even during a fixation, the eyes continue to move according to three types of move-
ments: drift, tremor and micro-saccades (for details see chapter by Alexander and
Martinez-Conde, in this volume). Briefly, micro-saccades, are saccades of very small
amplitude, similar for both eyes. They can have a minimum dimension of 2-5 min
of angle and occur unintentionally. These movements seem to have as main utility
to ensure a slight, but constant, variation of light stimulation on the retina. It has
indeed been observed a cessation of perception during the continuous projection of
the same stimulation on the retina. Since photoreceptors are always used in the same
way (with the same intensity), physiological habituation ensues, and the information
is no longer transmitted to the visual cortex (Kowler, 1990; Yarbus, 1967).

All these eye movements are amongst the best-studied forms of motor control
and are widely used as research or diagnostic tools in psychology, neurosciences
and medicine (see chapters by Klein et al., Smyrnis et al., and Miiri et al., in this
volume). For many years, animal models for studying eye movements in health and
disease have been de