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Introduction

Short Characteristics of Eye Movements

N. Wade and B. W. Tatler (2005), who conducted historical research on the first
mentions of eye movement studies in the literature available to them, proved that eye
movements have interested researchers since the dawn of time. According to their
information, the first mention of eye movements appeared in the work of Du Laurens
in 1596. According to the authors, the monograph of Johannes Miiller, published
in 1826, was the first to describe an eye movement study. The second precursor
of eye movement research, according to Wade and Tatler (2005), is believed to
be Charles Bell, who, in his work from 1823, presented the results of research on
active and passive eye movements in response to visual stimuli, and drew attention
to proprioception (referred to as muscle sense in the work) (for: Wade & Tatler,
2005). One should not forget about the work of Czech scientist Jan Evangelist Purk-
inje, despite the fact that his work concerned a broader subject, mainly physiology.
Nowadays, the eye movements of a healthy person are divided into convergent move-
ments, a tremor, gentle eye tremor, drift, microsaccades, optokinetic reflex, tracking,
and jumping movements or saccadic eye movements (Soluch & Tarnowski, 2013).
We also distinguish fixations, often considered a separate physiological mechanism,
composed of minor movements called interfixations, i.e., tremor, microsaccades, and
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drift. Although fixations are, in fact, also movements, they are interpreted as focusing
on a particular fragment of the image (a static process lasting several hundred ms),
which is justified, because small movements are used to broaden the field of precise
view—it is a compensation mechanism (Soluch & Tarnowski, 2013). Tracking move-
ments involve following the sight of the observed object changing its position while
maintaining a relatively stable position of the head. Ross et al. (1999) proved that the
brain centers responsible for undertaking and maintaining tracking movements block
the operation of saccadic movements. Under natural conditions, object tracking is
also associated with head movement, and sometimes also with corrective saccades.
These movements interact with each other, so their mechanisms are quite complex
(Srihasam et al., 2009). Although the processes of visual attention were associated
mainly with the mechanisms of eye movement, the role of attention mechanisms in
tracking movements was increasingly being underlined (Khurana & Kowler, 1987).
Hutton and Tegally (2005) showed a decrease in the speed and spatial precision of
tracking movements, caused by performing additional tasks which required attention.
According to the authors, this type of movement does not depend only on simple
nervous mechanisms, but, as in the case of jumping movements, they result from
complex processes of the cognitive system. As described by Soluch and Tarnowski
(2013), apart from mechanical eye movements, brain mechanisms responsible for
perception stability also play an important role in perception processes. Without
them, conscious perception of continuous body movement relative to the perceived
objects would most likely be impossible due to the need of recognizing the image
again after each movement. One of the more important mechanisms is the optoki-
netic reflex. This mechanism compensates for head movements in order to maintain
fixation on a particular object. Saccadic suppression is another important mechanism.

This phenomenon involves blocking certain batches of neurons within certain
areas of the brain that are responsible for seeing through other batches that are
responsible for saccadic eye movements (Lee et al., 2007). The purpose of this
mechanism is to counteract the disturbance in perception that could be caused by rapid
image movement (several times per second). This means that saccadic suppression
is associated with the lack of vision of the part of the image which is on the path
of the saccades. Typical presaccadic suppression causes blindness within 30-40 ms
preceding the start of the saccade, and post-saccadic suppression causes a lack of
vision lasting 100-120 ms of image perception. It can be concluded that it is not
possible to see for all the time during which the fixation occurs, which should be
taken into account in precisely determining the duration of the fixation, and more
precisely, active focusing (Holmqvist et al., 2011). It is worth noting, after Soluch and
Tarnowski (2013), that transsaccadic integration is currently the least known process
enabling the stability of perception. The visual cortex is responsible for integration
at cerebral level (Findlay & Gilchrist, 2003). This mechanism is of great importance
due to the fact that each eye movement fundamentally changes the image of the
external world projected onto the retina, and thus the visual system must somehow
re-analyze the individual objects and their features (Soluch & Tarnowski, 2013). The
integration mechanism guarantees that performing eye movements does not disturb
the perception of particular elements, which is currently being explored in search of
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the bounds of this compensation process (Prime et al., 2004, 2007). An important
component of the transsaccadic integration mechanism is not only image analysis
after saccadic movement, but mainly analysis of the previous image (Gajewski &
Henderson, 2005). Although it has been proven that transsaccadic integration is not
associated with iconic memory, many new data (Findlay & Gilchrist, 2003; Melcher,
2009) indicate the involvement of attention processes and active image processing.
Studies by Melcher (2005) have shown that transsaccadic integration results from
the cortical representation of space, not the retinal image itself.

A precise explanation of this mechanism requires an approach to visual perception
as an active way of seeking information, and not just as a passive reflection of
the surrounding world. Research on transsaccadic integration is currently one of
the most-explored problems in perception psychology, as the latest technological
achievements, e.g., neuroimaging, are being used for the purposes of such research.

Pupillometry

The pupil is a movable diaphragm located between the cornea and the lens of the
eye. The primary function of the pupil is to regulate the amount of light that falls on
the retina of our eye. The pupil of a healthy person is approximately circular, so we
can use its diameter to describe changes in pupil size. Winn et al. (1994), Beatty and
Lucero-Wagoner (2000), The diameter of the pupil in young, healthy people ranges
from 3 to 8 mm (Sosnowski et al., 1993). Studies on pupil diameter changes, often
referred to as pupillometry, Andreassi (2000), are widely used in medicine. Exam-
ination of pupil diameter changes is used, among others, to diagnose neurological
syndromes such as Addison’s disease and Horner’s syndrome, to monitor the effects
of some medications, e.g., psychotropic, or to check for anesthesia (Wilhelm, 2011).
Assessment of the rate of change in the diameter of the pupil as its response to light
is used in clinical settings to detect optic nerve dysfunction, diagnose the effects of
certain medications and substances, drugs, and assess the functioning of the brain-
stem (Lowenfeld, 1999). It can be said that it is a fast, painless, and non-invasive
and relatively convenient diagnostic process. Currently, pupillometry is also used in
psychology, Harrison et al. (2006), psychiatry, and in the field of educational research.
We can find the first application attempts described in the literature in the 1960s as
a measure of cognitive load affect (Hess & Polt, 1964; Hess, 1972), and, in partic-
ular, the observation that pupil width increases due to cognitive load (Kahneman &
Beatty, 1966), Libby et al. (1973), Matthews et al. (1991). In the 1980s, the use of
scientific research on pupil diameter changes was extended (Beatty, 1982). Increas-
ingly, individual differences in the area of learning and processing information were
also reflected in the differences in pupil diameter changes, providing potential for
the identification and diagnosis of mental disorders.
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Pupillometric Hypotheses

The neural efficiency hypothesis assumes that more intelligent people, when
processing information and solving problems, are more efficient, without incurring
as much mental effort as less intelligent people (Davidson & Downing, 2000; Haier
etal., 1992, 415-426; Hendrickson, 1982). This hypothesis is reinforced by research
in the field of psychophysiology on eye pupil reactions. The dilation of the eye pupil
of the person undergoing research while solving a cognitive task is a psychophys-
iological measure of the burden of the process of analyzing and processing data.
The greater the pupil dilation, the greater the burden of information processing or
mental effort (Beatty, 1982). Ahern and Beatty (1979) also showed that there is a
relationship between pupil responses and the cognitive abilities of the subjects. They
showed that the changes recorded in students during multiplication were negatively
correlated with their cognitive abilities. This meant that students with lower scores
in the Scholastic Aptitude Test (SAT) had greater pupil dilatation during multipli-
cation. This result is consistent with the neural efficiency hypotheses. Potential in
the area of application of pupillometric tests in education and pedagogical sciences
can be noted in the areas of anxiety disorder diagnosis. According to Ober et al.
(2009) abnormalities in pupillometric reactions can be seen in people suffering from
anxiety disorders. In people who showed a high tendency for anxiety, worrying, and
rumination, smaller ranges of pupil diameter changes were observed when solving
problems requiring a significant cognitive load. Such people, despite deviations in
their reaction in terms of pupil diameter changes, performed the tasks in an effective
manner, which means that the level of requirements did not exceed their cognitive
abilities.

Methodology

The aim of the study is to identify whether monitoring the changes in pupil diameter
when solving graph-related tasks concerning physics and mathematics will allow for
obtaining information on the cognitive load of the subjects Paas et al. (2003), during
the task-solving process and on the subjective assessment of the difficulty of the
tasks. Gopher. (1994), Backs and Walrath (1992), Granholm, (2004), Partala et al.
(2000), The experiment was carried out in a group of 103 people. The diameter of
the examined pupils was measured using a Hi-Speed SMI eyetracker and iViewX ™
software with an assumed sampling frequency of 500 Hz. Data analysis was based on
proprietary data analysis procedures which were performed on data series exported
to CSV files. Blasiak et al. (2013), The analysis of data regarding the analysis of
pupil diameter changes and the examination itself can be carried out assuming that
the lighting conditions in the room do not change during the examination for each
task and for each person. Therefore, in order to ensure the invariability of the light
stream falling on the retina of the subjects’ eye, the measurement was carried out
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when looking at a static image and, what is important, in the absence of changes in
the distance between the screen and the eye retina of the subjects, with unchanging
lighting conditions of the room in which the research was carried out. During the
research, it was ensured that the lighting intensity in the room in which the test was
conducted did not change. Therefore, the entire study was conducted with fixed,
artificial interior lighting, which did not change for each of the subjects. Prior to the
calibration, the subjects additionally spent several minutes in the room in which the
examination was carried out, so that their eyes could adapt to the lighting conditions.
This procedure was intended to ensure even greater reliability in measuring pupil
diameter throughout the study. A 9-point device calibration procedure was performed
prior to testing. Due to individual differences in terms of pupil diameter and their
response, absolute values were not compared during data analysis. For the purpose
of analyses and comparisons, only the percentage values of relative changes in pupil
diameter were used. The entire procedure of comparing relative values consisted of
the following activities: device calibration, registration of the task-solving process
performed by the subjects, including registration of absolute pupil diameter values
during the entire process with a sampling rate of 500 Hz, export of the recorded
data to CSV files, identification and selection of appropriate data areas illustrating
the eye fixations of the examined persons in terms of the visual representations
of individual tasks, and all other important elements of the study for which the
analysis of pupil width changes was made. The process of calculating the values of
relative pupil diameter changes consisted of calculating the average pupil diameter
value for each of the subjects individually in terms of task completion time, then
calculating the instantaneous values of the percentage differences from the average
for individual fixations for each of the solved tasks and for each subject. Subsequently,
further assumptions were made. Due to the fact that the subjects did not have a
time limit to solve the tasks, they could solve them at their own pace. This was
associated with a very large dispersion of the recorded response times, and thus the
total inability to impose and directly compare the records of this process for individual
subjects. Therefore, for the purpose of analyzing and comparing the registered data,
it was assumed that the individual response of the subjects, manifested in changes
in the diameter of the pupil (Beatty, 1982) as a subjective assessment of the degree
of difficulty, occurs during the first seconds of learning the content of the task,
immediately after displaying the task, most often while reading the content of the
task. The legitimacy of this assumption is confirmed by the analysis of the first
fixations of the subjects during the analysis of the visual representations. Therefore,
an analysis of the changes in the diameter of the pupil during the first ten fixations of
the subjects in the observed image was made, assuming that it was when the subjects
made the first subjective assessment of the category of the task and the degree of its
difficulty (Ahern & Beatty, 1979). Therefore, in the first research approach described
in this chapter, the relative percentage values of pupil diameter changes in selected
groups of people for the first ten fixations were taken into account. This is a conscious
simplification in which we assume averaging, i.e., analysis of all changes in the
pupil diameter of the participants for the entire group, knowing that the reactions of
individual people may occur at different times, the directions of the pupil diameter
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Fig. 13.1 Percentage pupil size changes of P104, P59, P21, during first 25 fixations

changes may not be consistent, and that some people can carry out tasks with very
different levels of motivation (including a total lack of motivation). Assuming this
method of analysis, we are aware that the calculation and visualization of average
changes for selected groups of study participants is associated with the “blurring”
of individual changes. We assume, however, that if it is possible to demonstrate the
existence of certain tendencies for the whole group with such large simplifications,
despite the process of averaging, it will mean that individual reactions combined
with a precise description of their actions obtained through the interview process
will provide even less ambiguous results, where the changes in relative values may
be even bigger. As an example of the discrepancy of individual responses, we present
the following drawings. Figs. 13.1 and 13.2 present selected examples of the pupil’s
reaction to the content of the task during the first fixations, including a person whose
motivation, based on their interview, was very low.

Results

The following groups were distinguished from all the examined persons: experts, i.e.,
persons with at least a Ph.D. in physics or mathematics, Ph.D. students in physics,
computer science students, biology students, high school students specializing in
mathematics and physics. The mean values of relative pupil diameter changes during
the first ten fixations were calculated for individual groups. The chart below presents
the percentage average values of changes in relative pupil diameter, calculated for
all groups of examined people (Fig. 13.3).

The second important element of the implemented tasks that affects the changes
in the pupil diameter is the moment when the subject makes a decision regarding the
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Fig. 13.2 Percentage pupil size changes of P22 during first 25 fixations
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Fig.13.3 Relative percentage changes in pupil diameter in selected groups, during first ten fixations

choice of the distractor. Due to the fact that the respondents’ time was not limited for
solving the tasks, they adopted various strategies for choosing the correct answer.
This happened at different times during the task-solving process. In this case, a
thorough analysis of the cognitive load and the degree of concentration, aside from
a very detailed interview with the examined, requires the use of other measurement
methods, such as EEG, including a thorough analysis of the changes in brainwave
amplitudes over the course of solving a physics task. However, it is an invasive
and very time-consuming method, requiring long-term preparation of the examined
person, and the research method itself generates additional stress that significantly
affects the size of the lesions, mainly dilation and pupil diameter. For this reason, the
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use of electroencephalography was abandoned in the described experiment. Such an
extension will be the subject of more detailed case studies, which are being planned.
Some simplification was used in this experiment. Because each of the respondents
carried out the process of solving the task at a different pace, the time for solving
tasks differed significantly between subjects. Due to the fact that it was not possible to
directly compare these times, based on the analysis of all records of the task-solving
process, it was assumed that the decision regarding the choice of answers as well
as the greatest cognitive load should occur during the last 25 fixations preceding
the selection of answers. For the analysis of the results, 25 fixations preceding the
answer were selected for each of the subjects. For this time interval, pupil diameter
values for each fixation were identified and their relative changes were calculated
for each person. Then, the average values of the relative changes were calculated for
each of the examined groups and all examined persons. The graphs below show the
average values of the relative changes for individual groups of respondents. As for
the results obtained for individual study groups, a straight equation was fitted using
a linear regression method. It is represented by a dashed line in the figures. It was
assumed that the directional coefficients of a straight line, including its slope, should
describe the size and direction of the changes in pupil diameter. It was assumed
that if the cognitive load differs in individual groups of examined people, we should
obtain different amounts of relative pupil diameter changes, and hence the directional
coefficients of the straight lines that illustrate this process should differ. The charts
below present the results obtained, taking into account the division resulting from
experience in solving problems in the field of physics and mathematics (Figs. 13.4,
13.5, and 13.6).
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Fig. 13.4 Relative percentage changes in average pupil diameter values in expert group for last 25
fixations
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Fig. 13.7 Relative percentage changes in average pupil diameter values in biology student group
for last 25 fixations

It should be noted that the following graph, due to the size of the relative changes,
uses a different scale. In an interview after the study, biology students emphasized
that they had already completed their education in physics, described the tasks they
were solving as difficult, and that they were invited to a study which they had not
been sufficiently informed about beforehand. Many of them described this situation
as stressful. The highest values of relative pupil diameter changes were observed for
this group of subjects (Figs. 13.7 and 13.8) (Table 13.1).

Discussion

By analyzing the relative changes in the pupil diameter during the first fixations on
the task content made by the subjects, we can easily see a significant variation in
the values of average relative reactions for individual groups of subjects, resulting
from substantive preparation. Although the group of biology students is not fully
representative, the size of the recorded reactions of pupil diameter changes in this
group is the largest. High values of changes in the relative diameter of the pupils
of the subjects testify to their significant cognitive effort and possible stress. The
average values of relative pupil diameter changes in the group of computer science
students vary to a lesser extent than in the group of high school students and to a larger
extent than in the group of doctoral students. A detailed analysis of the scan path
records shows that multiple subjects from IT student group chose the answer without
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Table 13.1 .LiSt 9f equations Formulas of linear function
of fitted straight lines matched to data series

High school students Y=02x-19

Computer science students Y=01x-12

Biology students Y=08x-12.2

Ph.D. students Y=02x-1.0

Experts Y=01x-0.1

All Y=02x-291

a thorough analysis of the task content, sometimes randomly. This is evidenced by
significantly smaller amounts of fixations in the area of the problems being solved.

Rejection of such people, based on interviews and scan path records, which did not
have adequate motivation, i.e., did not read the content of the tasks, blindly guessed
the solutions, did not carry out research in a reliable way, i.e., who did not make an
intellectual effort when choosing answers, would allow to describe even more precise
reactions of pupil diameter changes in each examined group in further studies. The
linear function adjusted by the linear regression method is a function increasing
for all groups of the examined persons. The value of the parameters describing the
straight equation can be a quantitative description of the subjective assessment of the
degree of difficulty of the problem for individuals and groups.
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Conclusions

The obtained results indicate this methodology is worth using to conduct longitudinal
studies in selected groups. It can be helpful, for example, for the purpose of supple-
menting descriptive, subjective responses regarding the assessment of the difficulty
of tasks, as well as the motivation and stress levels associated with solving physics-
related problems. However, it is important to remember that the largest values of
relative changes in the diameter of the pupil are caused by negative emotions, e.g.,
stress. This should be taken into account when examining the subjective assessment
of the difficulty of tasks and the intellectual effort (Madsen et al., 2012; Sosnowski
etal., 1993). The results obtained during the experiment, mainly for biology students,
confirm this rule. It is worth noting, however, that the study can be used as a method
of determining the level of stress. The results obtained through repeated examina-
tions of the same people, under the same lighting conditions, can be an indicator of
their emotions, mainly negative, and also allow to indicate events that cause stress in
students. The research results we obtained in the field of physics tasks confirm the
hypothesis of neuronal efficiency. We can assume that people with a higher intelli-
gence quotient, more experience, and broader substantive knowledge in the field of
the related tasks use less resources and their psychophysiological response is smaller.
This may indicate less cognitive burden, less intellectual effort when solving physics
tasks. The obtained results confirm this hypothesis. However, it should be clearly
emphasized that the analysis of solely the relative changes in the diameter of the
pupil can only serve as an indicator, while a full interpretation of the changes must be
supported by a thorough interview conducted with the examined person coupled with
the analysis of other psychophysiological parameters such as heart rate, breathing,
and electroencephalographic examination. By analyzing the relative changes in the
diameter of the pupil during the first fixations of the subjects on the content of the
task, we can easily see a significant variation in the values of average responses for
individual test groups, resulting from substantive preparation. It is worth noting the
need for a more detailed and thorough analysis of the results obtained for individual
groups, especially the group of IT students. Further detailed analysis which involves
taking note of those subjects who chose their answers without a thorough analysis
of the task content among the surveyed IT students will allow to further describe the
strategies and motivations when solving this task. We assume that this will become
the subject of subsequent publications. In further research, it would be worthwhile
to include, apart from the interview, the possibility of obtaining information on
cognitive load using EEG methods.

Analysis of recorded data indicates that eyetracking methods can be very helpful
in research on the didactics of STEM, e.g., in teaching subjects such as physics, IT, or
mathematics. These are excellent methods supplementing our knowledge in the field
and research regarding new technologies which are applicable for didactic research.
It is worth using this methodology to conduct longitudinal studies in selected groups.
It could be used, for example, for the purpose of supplementing the description of
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subjective reactions regarding the assessment of the difficulty of tasks, as well as the
motivation and stress levels associated with the solving process.
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