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Eye tracking is the process of tracking the movement of the eyes to know exactly where and for how long a person
is looking. Classifying raw eye-tracker data into eye movement events reduces the complexity of eye movement

analysis.

eye tracking eye movement events fixations

| 1. Introduction

Eye tracking is the process of tracking the movement of the eyes to know exactly where and for how long a person
is looking [&l. The primary purpose of eye movement is to direct the eyes towards the targeted object and keep it at
the center of the fovea to provide a clear vision of the object. Eye tracking is used in various research fields such
as cognitive science, psychology, neurology, engineering, medicine and marketing, to mention some 2. Human-
computer interaction is another example of applications—it is beneficial for disabled people to interact with a
computer through gaze Bl. Eye tracking can also be used to monitor and control automobile drivers . It is thus
highly interdisciplinary and used in various fields, which is also reflected in how eye-tracking hardware and
software have been developed over the years Bl To extract useful information, the raw eye movements are

typically converted into so-called events. This process is named event detection.

The goal of eye movement event detection in eye-tracking research is to extract events, such as fixations,
saccades, post-saccadic oscillations, smooth pursuits from the stream of raw eye movement data on a set of basic
criteria and rules which are appropriate for the recorded data. This classification of recorded raw eye-tracking data
into events is based on some assumptions about fixation durations, saccadic amplitudes and saccadic velocities (8],
Classifying raw eye-tracker data into eye movement events reduces the complexity of eye movement analysis .
The classification may be done by algorithms that are considered more objective, faster and more reproducible

than manual human coding.

The event detection procedure in eye tracking is associated with many challenges. One of these is that many
different types of disturbances and noises may occur in the recorded signal, which originates from the individual
differences among the users and eye trackers. This variability between individuals and signal qualities may create
signals that are difficult for analysis. Therefore, the challenge is to develop robust algorithms that are flexible
enough to be used for signals with different types of events and disturbances and that can handle different types of
eye trackers and different individuals. Another challenge of eye movement event detection in eye tracking signals is

evaluating and comparing various detection algorithms. In various signal processing applications, the algorithm
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evaluation is performed by calculating the performance of simulated signals. However, the challenge is
constructing simulated eye-tracking signals that can capture the disturbances and variations in raw signals to such
an extent that they are helpful and authentic for performance evaluation. Moreover, due to the lack of a standard
procedure for evaluating different event detection algorithms, it is not easy to compare the detection performances

of various algorithms from different researchers 2.

In the past, researchers conducted a manual, time-consuming event detection. For example, ref. [ devised a
method to analyze eye movements at a rate of 10,000 s (almost three hours) of analysis time for 1 s of recorded
data. Monty in & remarks that it is common to spend days processing data collected only in minutes. However,
nowadays, event detection is almost exclusively done by applying a detection algorithm to the raw recorded eye-
tracking data. For a long time, two broad classes of algorithms were used for eye movement event detection: The
first class is the dispersion-based algorithms that detect fixations and assume the rest to be saccades 9. The
most well-known dispersion-based algorithm is the I-DT algorithm by Salvucci and Goldberg 2. These algorithms
detect the event by defining a spatial box that the raw recorded data must fit for a particular minimum time. The
second class is the velocity-based algorithms that detect saccades and assume the rest to be fixations. The most
well-known velocity-based algorithm is the I-VT algorithm B8, These algorithms classify eye movements by

calculating their velocity and comparing it to a predefined threshold.

| 2. Eye Movement Events

As was already mentioned, raw eye movements are typically divided into events. This section will discuss different
types of eye movement events. Eye-tracking signals do not only consist of different types of events of eye
movement but also noise from different sources and blinks. Therefore, an event detection algorithm needs to
consider such problems. The most often used event types are discussed further in the following subsections. An

example is also shown in Figure 1.
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Figure 1. Graphical presentation of eye movement events for the horizontal axis.

Figure 1 shows an example of fixations, saccade and post-saccadic oscillations (PSO) in terms of position over

time on the horizontal axis.

2.1. Fixations

A fixation is a movement when the eye is more or less still and focuses on an object. The purpose of the fixation
movement is to stabilize the object on the fovea for clear vision. Fixation events may include three different types of
distinct small movements: tremor, slow drift and microsaccades . Tremor movement is a small wave-like eye
motion with a frequency below 150 Hz and an amplitude around 0.01¢. The exact function of tremors still needs to
be determined. Drift is a slow motion of the eye that co-occurs with tremor and it takes the eye away from the
center of the fixation. A microsaccade is the fastest movement of the fixational eye movements, with a duration of

about 25 ms. The role of a microsaccade movement is to quickly bring the eye back to its original position .

2.2. Saccades

A saccade is a rapid eye movement from one fixation point to another. A typical saccade has a duration between 30
and 80 ms and velocity between 30¢/s and 500¢/s (12, There is a relationship between a saccade’s duration,
amplitude and velocity. This relationship suggests that the larger saccades have larger velocities and last longer
than the shorter ones 131, The time from the onset of the stimulus to the initiation of the eye movement (called
saccadic latency) is around 200 ms. It includes the time it takes for the central nervous system to determine
whether a saccade should be initiated or not and, in this case, calculate the distance that the eye should move and

transmit the neural pulses to the muscles that help to move the eyes [22l. Correct detection of saccades is essential
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because it is believed that a human brain does not “see” the image during the saccade. This phenomenon is called
the saccadic suppression 1411131,

2.3. Smooth Pursuits

A smooth pursuit movement is performed when the eyes track a slowly moving object. It can only be performed
when there is a moving object to follow. The latency of the smooth pursuit is around 100 ms and it is slightly shorter
than the latency of saccadic movements (121, |t refers to the time it takes for the eye to start moving from the onset
of the target object’s location. A smooth pursuit eye movement event can generally be divided into two stages:
open-loop and closed-loop stages 8. The initiation stage of the smooth pursuit is the pre-programmed open-loop
stage, where the eye accelerates to catch up with the moving target. The closed-loop stage starts when the eye
has caught up with the target and follows it with a velocity similar to that of the target object. In order to be able to
follow the moving object in the closed-loop stage, the velocity of the moving object is estimated and compared to
the velocity of the eye. If the velocity of the moving object and eye are different, for example, the eye lags behind
the moving object, a catch-up saccade movement is performed to catch up with the object again. If the stimulus
only consists of one moving target object that moves predictably, the eye will be able to follow it more accurately
and with fewer catch-up saccades 18],

2.4. Post-Saccadic Oscillations

Rapid oscillatory movements that may occur immediately after the saccade are called PSO. They can be described
as oscillatory movements or instabilities that occur at the end of a saccade [18l. Post-saccadic oscillations are
characterized by a slight wobbling movement that leads to fixation after a saccade. The cause of the PSO still
needs to be clarified. Some researchers believe that it is caused by the recording device 12 and others believe the
eye itself naturally wobbles after a saccade 12. The PSOs are the type of eye movement for which there is typically
the most substantial disagreement between manual raters. However, they are events that occur during recording
eye movements and can influence the characteristics of fixations and saccades events 18, PSOs are typically very
short events with a duration of about 10—40 ms with an amplitude of 0.5-2¢ and velocities of 20—1400/s [1&],

2.5. Glissades

Another largely unexplored reason behind the variation in event detection results is the behavior of the eye at the
end of many saccades, which indicates that the eye sometimes does not fix directly on the object but undershoots
or overshoots it and then needs to do an additional corrective short saccade. Such an event is called a glissade.
According to 12, glissades happen after about 50% of saccades, so they have a significant impact on the accurate
measurement of saccade offset and onset of the subsequent fixation. Therefore, frequently the glissade is treated
as a separate class of eye movement 29 This movement is also known as a dynamic overshoot (rapid
postsaccadic movement [2) or a glissadic overshoot (slower postsaccadic movement [22)). Researchers have
observed that glissades rarely occur simultaneously in both eyes [21. Although frequently reported in the literature,

it is only sometimes explicitly taken into account by event detection algorithms. Glissades are therefore treated
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unsystematically and differently across algorithms and even within the same algorithm; one glissade may be

assigned to the saccade, whereas the next one is merged with the fixation 29,
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