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Annotation: Introduction. Eye movements objectively reflect perceptual, cognitive and emotionall
processes during visual perception. Studies aimed at analyzing human oculomotor activity require
the use of special equipment (an infrared video oculograph or eye tracker), as well as software
for creating, conducting and analyzing experiments. Methods. A qualitative analysis of the results
of eye-tracking studies makes it possible to visualize the order of attention (using gaze movement
maps), as well as the proportion of attention (using heat maps) to stimulus elements. With the
help of quantitative analysis, it is possible to statistically test hypotheses about the distribution of
attention, as well as to assess the cognitive load both over the entire stimulus and by highlighting
individual areas of interest (the so-called Areas of Interest mechanism, which allows calculating
statistics in individual parts of the stimulus). Quantitative parameters are used to classify errors and
as a predictive metric for target recognition. Quantitative parameters of fixations and saccades
are used to assess professional experience, as well as to diagnose disorders of mental develop-
ment and emotional disorders. Results and discussion. Software with advanced capabilities for
qualitative and quantitative analysis allows for a comprehensive assessment of both the mental
processes of a person and the visual features of the presented stimulus. An in-depth analysis
of oculomotor activity metrics is primarily relevant for research in the field of cognitive psychol-
ogy, but can also be useful in other scientific and applied areas: psychopathology, pedagogy.
ergonomics, medicine, and neuromarketing. The mechanisms of processing «raw datan and
algorithms for determining the types of eye movements, identifying saccades and fixations are
shown using the IVT algorithm as an example. Examples of research in applied fields are given.
The novelty of the article lies in the fact that eye tracking is considered as a tool for studying
cognitive processes and analyzing a person's gaze on a spatio-temporal basis. It is an integration
of qualitative and quantitative analysis using specialized software.

Keywords: visual perception, research methods, video oculography, eye tracking, oculomotor
activity, eye movements, psychophysiology, fixations, saccades, areas of interest
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Highlights:

» Eye-tracking is used in the social and humanitarian sciences to objectify the processes of visual
perception.

» Algorithms based on the speed of eye movements and algorithms based on the spatial posi-
tion of eye movements are used to separate fixations from saccades.

» When analyzing eye movements, both qualitative and quantitative results can be obtained.

» Qualitative results of eye-tracking studies include: eye movement maps, heat maps, fog maps,
bee swarms.

» The quantitative results of eye-tracking studies include parameters related to the number and
duration of fixations, as well as the amplitude of saccades.
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Introduction

The processes of visual perception are largely unconscious and inaccessible to introspection.
For example, subjects report only some of their eye movements or even eye movements they did
not make. For this reason, their study requires special research methods. Eye tracking provides an
opportunity to explore mental processes in settings where verbal reports or introspective judg-
ments cannot be obtained (e.g., studies on infants and toddlers) or their validity is questioned.

Eye movements are closely related to perceptual, cognitive and even emotional processes,

so eye tracking can be used as an effective, objective and relatively simple method of learning
when perceiving complex visual scenes, performing cognitive tasks, interacting with interfaces,
perceiving social scenes and much more.

Some of the main scientific and applied areas of application of eye tracking:

1. Cognitive psychology. Eye tracking is a highly sensitive method of probing attention by re-
ducing interference from motor or verbal responses, and is therefore often used in visual
search paradigms (Blakley et al., 2022). Analysis of oculomotor activity patterns provides
evidence that Raven's matrix solving strategies are directly related to individual differences
in intelligence (Vigneau et al., 2006). Since eye movements precede and facilitate conscious
retrieval of information from memory, eye tracking is also popular in memory research
(Hannula et al., 2010).

2. Psychopathology. Since eye movements are quite stereotyped and reproducible, even rela-
tively minor deviations in oculomotor patterns can be informative markers for identifying
the risk of many mental disorders, such as attention deficit hyperactivity disorder (Maron et
al., 2021), schizophrenia (Hashimoto, 2021), obsessive- compulsive disorder (Kim et al., 2021).

3. Pedagogy. The subject of eye-tracking research in education is related to various aspects
of human cognitive development. For example, eye movements are objective indicators of
impaired development of reading skills in children, so they can play a significant role in
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their diagnosis (Zashchirinskaya et al., 2019). The close relationship between the study of
geometry and spatial reasoning makes eye-tracking a suitable method for investigating the
perceptual processing of geometric shapes (Strohmaier et al., 2020). Eye tracking is also used
to track student engagement (Kaakinen, 2021).

4. Neuromarketing. One of the main application areas using the eyetracking method. The
registration of eye movements allows us to explore the visual attention of consumers and
provides information about the level of visibility and attractiveness of advertising or product
packaging elements (Motoki et al., 2021).

5. Ergonomics. Increased cognitive load can negatively affect the performance of professionals
in high-risk industries (such as aviation) and increase the likelihood of dangerous situations.
A potential benefit of using eye-tracking to measure cognitive load is that it can capture
fluctuations in cognitive load that occur over short time intervals (Ahlstrom & Friedman-
Berg, 2006).

6. Medicine. Tracking eye movements can help not only to objectively consider the features
of the cognitive processes that underlie the interpretation of diagnostic images, but also
make a significant contribution to the process of medical education. Allowing students to
observe the scanning paths performed by experts is more effective than verbal description
of the visual diagnostic method (Fox & Faulkner-Jones, 2017).

For a long time, only foreign solutions were presented on the Russian market of software for
recording and analyzing eye movements. After analyzing their functionality, as well as the needs
of researchers, we developed the Neuroburo software, which provides synchronous recording of
eye movements, ECG (electrocardiograms), EMG (electromyograms), EDA (electrodermal activity),
EEG (electroencephalography) and responses of the subjects, as well as a wide range of qualita-
tive and quantitative methods of analysis.

Methods

Algorithms for detecting commits

Specialized software designed for research with eye movement registration uses various algo-
rithms for detecting fixations and separating them from saccades.

The input data for the algorithm is a sequence of the form [time stamp, coordinate along the
horizontal axis, coordinate along the vertical axis], where the spatial coordinates of the gaze posi-
tions correspond to each time stamp. Timestamps follow with a frequency based on the sampling
rate and for the Gazepoint series eyetrackers are 60 and 150 Hz and correspond to the resulting
CNT / TIME / TIME_TICK value. Spatial coordinates correspond to the gaze direction point (POG,
point-of-gaze), calculated on the eye tracker using the LPOGX, LPOGY/RPOGX, RPOGY/BPOGX,
BPOGY values, on the monitor screen, and are given as coordinates, where (0,0) — top left, (0.5,0.5)
the center of the screen, and (1.0,1.0) the bottom right.

There are two groups of algorithms: algorithms based on the speed of eye movements and
algorithms based on the spatial position of eye movements (Komogortsev et al., 2010).

Rate-based commit detection algorithms include:
- |-VT (classification based on saccade velocity threshold);
— I-HMM (classification based on the hidden Markov model);
— |-KF (classification based on the Kalman filter).

Spatial data-based fixation detection algorithms include:
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— |-MST (minimum spanning tree classification);
— |-DT (classification based on the spatial dispersion of gaze points).

Fixation detection based on the determination of the saccade speed threshold

At present, Neurobureau software uses an algorithm of the I-VT (the Velocity-Threshold
Identification) family, which consists in classifying eye movements based on the determination
of the saccade velocity threshold:

1. For each distance between the current point and the next point, a speed is calculated.

2. Each point is then classified as either a fixation point or a saccade point based on the ve-
locity threshold: if the point's velocity is below the threshold, it becomes a fixation point,
otherwise it becomes a saccade point.

3.The process then aggregates successive commit points into a commit group.

4. Finally, I-VT translates each fixation group into an <x, y, t, d> representation using the cen-
troid of the points as x and y, the time of the first point as t, and the duration of the points
as d (Salvucci & Goldberg, 2000).

Figure 1

Classification based on saccade velocity threshold

Thus, for the I-VT algorithm to work, it is necessary to set the saccade velocity threshold (Fig.
1). The recommended value for this parameter is 70 °/s (Komogortsev et al., 2010).

To improve the accuracy of fixation detection in the «Neurobureau» software, the I-VT algo-
rithm was supplemented with the following functions: gap filling, data source selection, noise
suppression, merging of adjacent fixations, removal of short fixations. These functions will be
discussed in more detail below.
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The gap filling feature helps fill in data where it is missing: for example, if the subject blinked or
looked at an area off the monitor. «Neurobureau» allows you to select the maximum duration of the
gap that must be filled. The recommended value for this parameter is 75 ms (Komogortsev et al.,, 2010).

For detection of fixations, it is possible to select the source of data obtained both from one
individual eye (for example, right or left), and averaged data. When choosing the left eye, the
source of coordinate data is LPOGX, LPOGY. When choosing the right eye, the data source for
coordinates is RPOGX, RPOGY. When averaging is selected, the coordinate data source is BPOGX,
BPOGY / (LPOGX+RPOGX) : 2, (LPOGY + RPOGY) : 2.

The I-VT algorithm implemented in the «Neurobureau» software includes the possibility of us-
ing the noise reduction function based on the mean or median. This function is a special case of
a low pass filter, better known in signal processing terms as an unweighted moving average filter
(Oppenheim, 1997). To use the noise reduction function, you must set the “window size” param-
eter: the higher it is, the smoother the output data will be. It should be taken into account that
an increase in the numerical values of the “window size” parameter leads to an increase in the
duration of saccades and a decrease in the duration of fixations. The advantage of using median-
based denoising, compared to moving average, is that fewer «false» gaze coordinates are created.

If the fixations are close together both in time and space, there is a high chance that they are
actually parts of the same long fix. To correct such errors, you can use the function of merging
adjacent commits (Komogortsev et al., 2010). «<Neuroburo» allows you to set the maximum time
and maximum angle between two fixation parts, after which they will be considered as separate
fixations. The value of the parameter «maximum time between fixations» should not exceed the
blink duration (Ingre et al., 2006). The recommended value is 75 ms (Komogortsev et al., 2010). For
the “maximum angle between fixations” parameter, the recommended value is 0.5° (Kliegl et al.,
2004; Komogortsev et al., 2010; Over et al.,, 2007).

Even after using the function of combining adjacent fixations, fixations of very short duration
can still remain, the analysis of which is not meaningful in the study of oculomotor behavior,
since the eye and brain take some time to process information about what it sees (Munn et al,
2008). The solution to this situation is to use the function to remove short fixations, for which
you need to set the minimum duration of fixation. The recommended value for this parameter
is 60 ms (Komogortsev et al., 2010), which corresponds to the shortest fixations during reading
(Over et al., 2007).

Results and its discussion
This section will describe the functionality implemented by us in the Neuroburo software.

Mode «Creating an experiment»

This mode is designed to create an experiment design and includes the functions of select-
ing, adding and editing the name of the experiment, description of the experiment, necessary
information about the subject, psychophysiological sensors that will be used in the experiment,
as well as stimulus material.

The «Experiment» mode
The «Experiment» mode is intended for conducting an experiment, as well as for setting up
and testing equipment.
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Mode «Experiment Analysis»

This mode is designed to analyze the results of the experiment, as well as export the obtained
data for further statistical processing.

The «Experiment Analysis» mode provides such types of visualization and analysis of eye move-
ments as: eye movement, heat map, areas of interest, bee swarm, combined analytics.

In the «Experiment Analysis» mode, it is possible to change the following parameters for eye
movement registration data: speed scale; speed threshold, minimum duration of fixation, associa-
tion of fixations (by time; by time and angle); maximum time between fixations, maximum angle
between fixations, noise reduction (average, median); filling gaps.

Next, consider the visualization and analysis methods available in the «Experiment Analysis»
mode.

Analytics «Movement of the eye». The commit sequence map is based on spatial data (where
the commit occurred) and temporal data (when the commit occurred and how long it lasted).
The sequence of fixations and its schematic representation depends on where the subjects look
and how much time they spend on it, and gives a deeper understanding of the mechanism of
attention. The order of attention is a commonly used parameter in oculomotor activity studies
because it reflects a person's interest and allows you to highlight the most significant objects on
the screen or in the environment that stand out visually (for example, by color or brightness) or
are emotionally or socially significant. Also, this type of analytics helps to evaluate the pattern
of image analysis or problem solving.

Figure 2 shows an example of a visualization obtained using the Eye Movement analytics.

Figure 2

Visualization obtained using the Eye Movement analytics
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Analytics «Heat map». A heat map is a static or dynamic union of all points of view of the
subject, showing the distribution of visual attention and displayed by overlaying a color gradient
on the presented image. Using an easy-to-understand color scheme, heat maps are an excellent
way to visualize which stimulus items received the most attention: warmer red areas correspond
to more gaze points (and thus the most interest), cooler yellows and then, green areas correspond
to fewer viewpoints (and thus a lower proportion of attention). The colorless areas correspond
to elements that did not receive the attention of the subjects.

The «Experiment Analysis» mode allows you to select an algorithm for constructing a heat
map (you can select such functions as: constant, linear, exponential).

An example of a visualization obtained using the Heat Map analytics is shown in Figure 3.

Figure 3

Visualization obtained using the Heatmap analytics

Analytics «Areas of interest». An area of interest (AOI, short for Area of Interest) is a tool for

selecting areas of a presented image or video and extracting metrics specific to those areas.

The Areas of Interest analytics allows you to select any shape to highlight (rectangle, circle,

ellipse, freeform, polygon).

Using the Regions of Interest analytics, the following eye movement parameters can be cal-

culated and optionally exported in CSV (Comma-Separated Values) or XLS (Excel) format:

1. Time to first fixation on the region of interest. Bright (Bojko, 2006), large (Schreij et al., 2008)
or out-of-context elements (de Graef et al., 1990) attract attention faster. Based on this,
location, color, contrast, brightness and size are called ascending factors, as they cause
involuntary switching of attention to oneself (Orquin et al.,, 2020). This type of attention is
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called exogenous, or ascending. Endogenous, or downward attention, provides an arbitrary
switching of attention to a certain element of the stimulus. For example, the time to the
first fixation on a target trait is related to the specialist's professional experience (Kundel
et al, 2008). In addition to the time to the first fixation, «<Neurobureau» also calculates the
number of fixations before the first fixation on the area of interest.

2. The total fixation time on the region of interest. This parameter can be used to compare the
amount of attention given to different areas of interest (Poole & Ball, 2005).

3. Duration of the first fixation. One of the most popular parameters in psycholinguistics, it
reflects the process of lexical activation and depends on the grammatical characteristics of
the word (Clifton et al.,, 2007).

4. The number of returns to the region of interest. Re-fixations on a previously scanned area
are necessary to remove information ambiguity and other processing difficulties (Spivey &
Tanenhaus, 1998).

5. Average fixation time. Longer fixations indicate that subjects spend more cognitive resources
on analyzing and interpreting the content of the area of interest (Sharafi et al., 2015). For
visual search tasks, fixation duration can be used to classify errors and as a predictive metric
for target recognition (Williams & Drew, 2019). Fixation duration indicates the time needed
to plan the next saccade (Liversedge et al., 2012). Anxiety has also been found to reduce
the duration of fixations (Wilson, 2012).

6. The ratio of the number of subjects who looked at the area of interest to the total number
of subjects. This parameter is used as an indicator of the visibility of an interface element,
advertising or product packaging (Jacob & Karn, 2003). In reading studies, this parameter
can be used to calculate the «percentage of gaps», i.e. the percentage of words on which
the reader did not fixate (Inhoff & Radach, 1998).

7. The total number of commits. The number of fixations per area of interest is related to the
information value and complexity of information processing (Henderson et al., 2009). A higher
number of fixations for the entire stimulus indicates a less efficient search for relevant in-
formation (Goldberg & Kotval, 1999).

8. Average amplitude of saccades. The smaller the saccade amplitude, the higher the cognitive
load (Poole & Ball, 2005). When reading, the amplitude of saccades is limited to 7-9 let-
ters (approximately 2°), while it depends on the reading skill: it is much smaller in children
and dyslexics (Rayner, 1998). When reading aloud, the amplitude of saccades decreases to
1.5 angular degrees (Rayner & Pollatsek, 1989). Problems with understanding the text also
lead to a decrease in the amplitude of saccades. For visual search tasks, the amplitude of
saccades averages 3 angular degrees, and when perceiving visual scenes, it increases to 4-5
angular degrees (Rayner, 2009).

9.The number of saccades. This parameter reflects the process of comparing or integrating
several elements of the stimulus (Eckstein et al., 2017). In addition, the number of saccades
increases with increasing cognitive load (Hébraud et al., 2004). Work experience also affects
the number of saccades: experts perform fewer saccades than beginners (Dong et al., 2018).

10. The total length of the scan path. The longer scanning path suggests that the subject paid
more attention to switching between different areas of interest and explored the stimulus more
in general, which indicates a less effective visual search (Goldberg et al,, 2002). The length of
the scanning path decreases as the professional skill improves (Skuratova et al.,, 2021).
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11. Average and peak speed of saccades. The peak saccade velocity, in contrast to the average
velocity, does not depend on the saccade duration, because it is not associated with it a
priori by a mathematical function (Di Stasi et al., 2011). According to the cognitive-energy
performance model of Sanders (Sanders, 1983), peak saccade velocity varies with changes
in the resources required to complete a task (App & Debus, 1998), decreasing as task com-
plexity increases, as well as cognitive fatigue (Di Stasi et al., 2011).

A display of the ratio of the area of interest to the total area of the stimulus is also available.

Analytics «Bee Swarm». Analytics is designed to display the movement of the gaze of the
subject without pre-processing.

Combined analytics. This mode is designed to combine several methods of visualization and
analysis of results. You can combine any type of analytics.

Data export. The «Data Export» function is designed to save the original signal received from
the eye tracker, EDA sensor, ECG sensor, EMG sensor and electroencephalograph, as well as data
on mouse clicks and keyboard buttons for further processing in third-party software. Export is
possible in the following formats: for electroencephalography, edf+ format, for other devices, csv
and xlsx formats. It is possible to export data containing synchronization marks, which indicate
the time of entry and exit from the region of interest. A multi-export function is available, which
allows you to save all the results obtained in one experiment with the click of a button.

Conclusion

The software presented in the article allows you to conduct experiments to study the processes
of visual perception. It is also possible to combine various sensors of the psychophysiological state.
In the future, the expansion of the functionality of creating an experiment to support behavioral
and cognitive experiments, by creating a functionality for logical control of the presentation of
stimuli (selection of answers, repetition of tasks, etc.).
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