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Abstract: Humans have the unique ability to discern spatial and temporal regularities in their
surroundings. However, the effect of learning these regularities on eye movement characteristics
has not been studied enough. In the present study, we investigated the effect of the frequency of
occurrence and the presence of common chunks in visual images on eye movement characteristics
like the fixation duration, saccade amplitude and number, and gaze number across sequential
experimental epochs. The participants had to discriminate the patterns presented in pairs as the
same or different. The order of pairs was repeated six times. Our results show an increase in fixation
duration and a decrease in saccade amplitude in the sequential epochs, suggesting a transition from
ambient to focal information processing as participants acquire knowledge. This transition indicates
deeper cognitive engagement and extended analysis of the stimulus information. Interestingly,
contrary to our expectations, the saccade number increased, and the gaze number decreased. These
unexpected results might imply a reduction in the memory load and a narrowing of attentional focus
when the relevant stimulus characteristics are already determined.

Keywords: eye movements; fixation duration; saccade amplitude; saccade number; gaze number;
learning; memory

1. Introduction

Humans detect and extract the temporal and spatial regularities in the environment
through a process called statistical learning. While much research has been focused on
distributional regularities (e.g., frequency of occurrence) and transitional probabilities (e.g.,
order of appearance), higher-order regularities remain underexplored [1]. Moreover, in
typical studies on statistical learning, the acquired knowledge of the statistical regularities
is not examined in its development but is evaluated in a subsequent test phase. One way to
explore the learning process is by using non-observational tasks that require a response
from the participants. This approach is used in studies applying either the Serial Reaction
Time (SRT) task [2] or the Alternating Serial Reaction Time task (e.g., [2]). In both tasks, the
stimulus location and order are manipulated, thus varying the predictability of the targets.
The participants respond manually, and the response time change in the experimental trials
is a measure of the learning success. In a recent study, [3] used eye movement records to
evaluate the temporal dynamics of the learning process by examining the occurrence of
anticipatory eye movements during the experiment. This study is one of the few studies
that evaluate the changes in eye movement characteristics across trials to characterize the
ongoing process of learning. However, the eye movement characteristics may provide
richer information than those evaluated by the predictive gaze landings on targets with
variable predictivity. Eye movements can provide insight into the unobservable processes
of visual selection, decision making, and uncertainty reduction associated with learning.

It is generally believed that statistical learning occurs without awareness (e.g., [4]), i.e.,
it involves implicit memory. Ramey and co-authors [5] explored whether gaze behavior
changes depending on the involvement of explicit or implicit memory in a visual search
task. The study’s results showed that the location of the first fixation depended on explicit
memory, whereas the search efficiency evaluated by the eye scan path improved due to
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unconscious memory. The study also showed that the effects of the two memory types
were independent.

Other authors (e.g., [6,7]) suggested that eye movements were not needed for implicit
learning of spatial configurations. Arató and co-authors [8] provided evidence for the
mutual connection between eye movement patterns and the acquired knowledge about
the statistical structure of the scenes. Their study explored the interaction between eye
movement characteristics and the learning process without a well-defined task. However,
natural vision is an active process, and movements of the eyes allow continuous comparison
of the current visual input with prior experience to guide our future behavior (e.g., make
decisions, navigate [9], and use the acquired knowledge from a scene in future situations
and conditions).

Eye movements are not random but reflect both bottom-up and top-down processes.
The bottom-up processes are associated with the salience of the image features like edge
distribution, contrast, color, size, and other low-level features. In the present study, we
aimed to evaluate whether the eye movement behavior reflects the process of learning the
high-order regularities in image characteristics when the salience of the stimuli does not
differ significantly. Hence, the differences in eye movement characteristics primarily reflect
top-down attentional control.

We manipulated the spatial regularities in visual displays, varying the repetition
frequency, the co-occurrence of chunks, and the similarity of patterns, aiming to evalu-
ate the interaction between the accumulated knowledge and the gaze behavior. Spatial
regularities in a visual scene are related to the eye landings at relevant areas of interest
in the visual scenes, whereas temporal regularities produce anticipatory eye movements
reflecting the prediction of future stimulus positions based on the acquired knowledge from
the stimulation.

We studied the potential changes in four characteristics of eye movements: fixation
duration, saccade number, gaze number, and saccade amplitude. The fixation duration is
related to the depth and speed of the information processing. Short fixations (50–150 msec) [10]
are considered ambient, reflecting unconscious processing. Focal fixations [10] are supposed
to reflect conscious processing, focusing on details and object identification.

The focal/ambient mode of image processing is also associated with changes in saccade
amplitude. Short fixations are usually combined with large saccades, while the opposite is
true for long fixations, reflecting the focal mode of processing. Unema and co-authors [11]
showed a transition from an ambient mode of processing (short fixations and large saccade
amplitudes) to a focal processing mode (long fixations and short saccades) during a single
trial. In our study, conversely, we aim to explore the changes in the dynamics of eye
movements during the learning process. We hypothesize that the participants will use the
ambient mode of processing in the initial stages of the study to obtain maximal information
about the spatial layout of the images. In contrast, when they acquire enough knowledge of
the stimulus structure, they will switch to the focal mode with longer fixations, indicating
deeper cognitive processes and a longer time for analyzing and interpreting the stimulus
information. Hence, we expect the fixation duration to increase and the saccade amplitude
to decrease in the learning and practice process.

Alternatively, the fixation duration might decrease. Short fixations are seen, for exam-
ple, for expert readers (e.g., [12,13]). Practice is shown to reduce the location and identity
uncertainty in visual search tasks, thereby reducing fixation duration [14,15]. Moreover, the
participants were under time pressure (we limited the stimulus presentation to 3 s), a con-
dition also known to reduce fixation duration [16]. Hence, in our experimental conditions,
the repetition frequency of the patterns and the co-occurrence of visual chunks may allow
participants to gain familiarity with the pattern combinations, adopting strategies that
enable them to process relevant stimulus information more rapidly. Such an experimental
outcome aligns with findings from previous studies, which suggest that expertise and time
constraints can lead to shorter fixation durations as participants become more efficient in
their visual search strategies.
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If a transition from an ambient to a focal mode of processing occurs during the sequen-
tial trials, the saccade amplitude would be expected to decrease in the sequential blocks
due to the correlation between the fixation duration and saccade amplitude. Moreover, it
has been shown that the repetitive presentation of the patterns leads to a smaller attentional
span and, thus, smaller saccade amplitudes [17,18].

The saccade number is tightly related to the number of fixations. It is supposed
to reflect the efficiency of information search behavior, the complexity of the inference
processes, and information acquisition. We expect that the saccade number will decrease
in the sequential blocks of the trials due to the knowledge of the task and the improved
discrimination of relevant from irrelevant stimulus information. However, in a study
testing repetition effects in visual search [5], the authors related the improvement in search
performance to unconscious memory. They showed that the unconscious memory did not
affect the saccade number but made each saccade more efficient.

The gaze number reflects the number of regions of interest the participants select to
perform the task. We expect that it will decrease due to learning the relevant stimulus
characteristics for a task’s performance and the increased efficiency in their selection.

In summary, we expect that acquiring knowledge about the image regularities would
affect the gaze behavior, although the direction of this change is not well defined in advance.
We hypothesize that it will also depend on the context, i.e., on the similarity of the patterns
in the image and the difficulties of their discrimination.

2. Materials and Methods
2.1. Stimuli

The stimuli were twelve patterns of black squares of size 10 × 10 cm and 15 yellow
squares (size 1 × 1 cm) inside them (Figure 1). The patterns were divided into three
groups, and the members of each group were never presented with the members of another
group. The patterns in Groups 1 and 2 always contained two chunks (groups of connected
elements) of 5 squares. Two patterns (A and D) in these groups had the same 5-element
chunks but in different positions. The other two patterns (B and C) had one common chunk
with patterns A and D. The patterns in Group 3 had chunks of variable numbers.
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Figure 1. Pattern set used in the stimuli design. Each column contains patterns A, B, C, and D; each
row—the patterns from different groups.

The patterns in each group were combined in pairs. The pattern on the left was
presented in its original orientation, while the patterns on the right were rotated by 90◦,
180◦, or 270◦. The patterns from each group were presented on both sides of a stimulus.
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The stimulus set contained 72 unique combinations of patterns. Only one of the patterns
(A) in each group was combined with itself, although in different orientations.

We selected simple geometric shapes forming various chunks of different number
and shape to avoid the effect of previous knowledge on the learning process. This choice
is typical for many other studies of visual statistical learning (to name a few, [8,19–22]).
Moreover, a recent study [23] showed that preexisting knowledge impacted statistical
learning. Abstract shapes or geometric patterns have a better-defined structure that allows
for a better identification of learning effects, without the confounding effect of previous
experience or the insufficient control of other factors affecting the salience of the visual
scenes or top-down factors.

2.2. Procedure

The patterns in a stimulus pair were presented on a gray background in the middle of
a computer screen in a vertical direction and 2.5 cm to the left and right of the screen center
in a horizontal direction so that the distance between their closest edges was 5 cm. The
observers had to respond to whether the two patterns in a pair were the same or different.
If the observers did not respond with a mouse click for 3 s, the stimulus disappeared and
the screen turned gray. The stimulus duration was determined in a preliminary pilot study
performed with experienced participants. This duration allows the task performance in
the initial blocks to exceed slightly that of random guessing and avoids ceiling effects in
the later experimental blocks. Other studies [24–26] also used a 3 s presentation time to
explore the oculomotor anticipation in a serial reaction time task.

We included the patterns of Group 3 with a variable number of chunks to examine the
effect of chunk co-occurrence on performance during the learning process. The choice of
the patterns in the groups also allows for evaluation of the effect of perceptual load and
task difficulty on the process of learning the regularities in the stimulus set.

The combination of the same patterns (combination AA) was presented nine times in
the stimulus sequence, whereas the other combinations were presented only once. Thus,
the stimulus sequence contained 90 stimulus pairs, presented in random order.

Each participant took part in three experimental sessions. In each session, the stimulus
sequence was repeated twice; hence, six blocks of stimuli were presented in the same order.
We will use the term epoch for the sequential blocks in the experiments.

Before each experimental session, the eye movements of the participants were cali-
brated using a 9-point calibration procedure. The eye movements were recorded with a
head-mounted Jazz-Novo multisensor measurement system (Ober Consulting Sp. z o.o.,
Poznan, Poland) with a sampling frequency of 1000 Hz. It measures the eye movements
of both eyes in horizontal and vertical directions by direct infrared oculography. High
temporal precision is not essential for the studied eye movement characteristics, except for
the fixation duration evaluation, but this system provides the spatial resolution needed for
the present study. The participants sat in a dark room at a distance of 57 cm. Their heads
were supported by a chin rest.

2.3. Participants

Ten naïve observers aged 26 to 59 (average age 41.7) participated in the study. They
were recruited from the staff of the institutes of the Bulgarian Academy of Sciences and
gave written informed consent to participate in the study. The sample size is relatively
small, but we used a large set (72) of unique stimuli. Wilming and co-authors [27] showed
that in the spatial analysis of eye movements, the sample size and the stimulus set can
compensate for each other. The experiment was approved by the Ethical Board of the
Institute of Neurobiology, Bulgarian Academy of Sciences (Protocol 48 from 6 June 2023).

2.4. Data Analyses and Measures

Eye tracking software (JazzManager 3.13 created by Ober Consulting Sp. z o.o., Poznan,
Poland in cooperation with Nalecz Institute of Biocybernetics and Biomedical Engineering,
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Polish Academy of Sciences, Warsaw, Poland) was used to divide the eye movements into
saccades and fixations using a threshold velocity of 30 deg/s and an acceleration threshold
of 8000 deg/s2. The potential calibration errors and eye drifts were corrected using the
Iterative Closest Point algorithm [28].

We used the saccade number, the saccade amplitude, fixation duration, and gaze
number to characterize the potential change in gaze behavior in the epochs. These char-
acteristics were evaluated only during the stimulus presentation; thus, we excluded the
memory-guided eye movements from the analyses.

The gaze number was estimated using the DBSCAN clustering algorithm [29] to
aggregate the fixations into regions of interest. The clusters of fixation positions were
required to have at least 200 data points (corresponding to a fixation duration of at least
200 msec for sequential eye records).

All statistical analyses were performed in an R environment [30]. We used generalized
mixed models to evaluate the effect of stimulus similarity and the potential learning effects
on the kinematics of eye movements. The models were fitted with the brms package [31].
This method is more robust for complex data structures and small sample sizes than
frequentist methods. We needed to apply generalized mixed models to take into account
the specifics of the data, the individual differences between the participants, and the
non-normal distributions of the eye movement characteristics. Too often, the frequentist
methods do not converge when applied to these types of models.

For all tested characteristics, we treated the pattern combinations not as random
factors but as categorical variables, as the stimulus combinations were formed following
specific rules. This choice allows us to evaluate the effect of pattern similarity on eye
movement characteristics. In the modeling, we started with the complete set of 72 unique
pattern pairs, i.e., assuming that the pattern position and orientation would change the
gaze behavior. We also tested simpler models in which the pattern orientation or position
was disregarded. Models, disregarding only the rotation angle of the patterns on the right,
included 24 unique stimulus pairs, whereas when the relative position of the patterns in
a pair was also disregarded, the unique stimuli were 15. We used cross-validation for
model comparison. This approach depends less on the prior distribution than the model
comparison based on the Bayesian factor (BF).

The fixation duration has a skewed distribution of positive values. We used a shifted
lognormal distribution for the likelihood. Based on the earlier research data and the high
variability in fixation duration, we used a normal distribution with a mean of 5 and a
standard deviation of 0.8 as prior distribution for the pattern combinations. This choice
implies that the expected saccade duration is about 245 msec and varies with the stimuli
and the blocks in the 0 to 8000 msec range. The sigma was assumed to have a normal
distribution with a zero mean and a standard deviation of 1.5. The standard deviation
of the model parameters was modeled with normal distribution with a zero mean and a
standard deviation of 0.5. We used the default values to model the shift in the distribution.

The data for the saccade amplitude have only positive values and could be considered
as continuous variables. The exploratory analysis of the amplitudes showed that they
had bimodal distributions. We modeled their likelihood function with a hurdle lognormal
distribution. We used a normal distribution with a mean of 10 and a standard deviation of
3 for the prior distribution for the effect of the combinations and the epochs. This choice
implies that the expected average number of saccades is about 15, and it could change for
the different combinations or in the sequential blocks from 12 to 18.

The data for the saccade and gaze numbers are counts, i.e., positive integers. They
were modeled first by a Poisson distribution. Both identity and log links were tested, but
the post-predictive checks did not fit the experimental data well, so we used a negative
binomial distribution for the modeling. This distribution relaxes the assumption of the
equality of the mean and the variance characteristic of the Poisson distribution and allows
for estimation of the dispersion directly from the data. The prior distribution for the main
effects for the saccade number was set to a truncated normal (1, 1), implying the mean
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expected number of saccades of 10 and a range from 0 to 24. For the gaze number, we
used a truncated normal distribution with a mean of three and a standard deviation of 3,
meaning that we expected the range for the gaze number to vary from 0 to about 18 with a
mean value of around 4.

The choice of prior distributions was governed by the recommendation of [32] to
include a range of uncertainties larger than any plausible parameter value.

In modeling, we used 4 to 8 chains and 2000 to 30,000 iterations per chain, with
the warm-ups being half of the iteration number. All model choices approximated the
distribution of the response variables well, as shown by posterior predictive checks. Vi-
sual examination of the model trace plots did not indicate problems with chain mixing.
Moreover, the Rhat values, i.e., the ratio of the variance across chains to the variance within
chains [33], were less than 1.05, showing model conversion. The effective sample size
measures exceed 5000, suggesting that the models provide stable parameter estimates.

We used the 95% credible intervals of the posterior distributions and their overlap to
decide whether a difference in model parameters was significant. These intervals specify
the uncertainty of the estimates and that the range of values of a parameter generated by
the data lies within a 95% probability. Moreover, hypothesis testing on the effect of the
experimental factors and the evidence ratio (ER) is provided to quantify the strength of
evidence in favor of one hypothesis over another. We estimated the probability of direction
(pd) of the model parameters. Its value varies between 50% and 100%, and it could indicate
whether a parameter is strictly positive or negative. We assumed that a pd of 95% showed
a notable change in a parameter.

As a measure of similarity between the patterns, we evaluated the cross-correlation
between the patterns in a pair, the sum of the squared distances between the two patterns,
the structure similarity index, the Jaccard similarity coefficient for binary images, and the
Sørensen–Dice similarity coefficient. The Sørensen–Dice similarity coefficient gives the
intersection between the point sets of the two patterns regarded as binary images divided
by their sum.

3. Results
3.1. Fixation Duration

Typically, the fixation duration has skewed distributions to the right with median
values around (200–250 msec) and larger mean values around 300–350 msec [10,11,34].
Our study has a few excessively long fixations (over 2 s) due to there being only one
participant. These values did not exceed Tukey’s fences and were not excluded from the
data. Please note that we have restricted the eye movement analysis only to data obtained
during the stimulus presentation. Hence, the largest possible fixation duration could
equal the stimulus duration. The range of the fixation duration was 151–3000 msec with a
median of 260 msec. The overall mean fixation duration was 314.19 msec. Figure 2 shows
the distribution of the fixation duration in the various epochs of our study. It shows the
skewed distribution of the fixation times and a decrease in the number of the shortest
fixation durations in the sequential blocks. Overall, this trend shifts the median of the
distributions to larger values consistent with our hypotheses of an increased fixation time
in the sequential blocks.

We performed three models considering the effect of the pattern position and orienta-
tion in a stimulus pair (using all 72 pattern combinations), disregarding the rotation angle
(using a stimulus set of 24 combinations), or disregarding the position swap and rotation
angle (using a stimulus set of 15 combinations).

The model comparison shows that the simplest model, which disregards the position
and rotation angle of the patterns in a stimulus, better describes the experimental data than
the full model.
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After verifying the model’s plausibility and the chosen prior values, we tested the
hypothesis that the fixation duration shortens with practice. Unema and co-authors [11]
suggested that the initial image viewing involved shorter fixations and larger saccade
amplitudes, representing ambient processing. In contrast, smaller saccade amplitudes and
longer fixation duration in the later viewing period represented focal processing. These
results, however, concern the fixation duration in a single trial.

Figures 3 and 4 present the conditional effects obtained from the model and the
changes in fixation duration for the different stimuli and epochs.
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Figure 4 shows that the pattern combinations do not substantially change the fixa-
tion duration. The pairwise comparison of the fixation duration for the different pattern
combinations and their 95% credible intervals (CIs) implies that the fixation duration for
the pairs in each group and between Groups 1 and 2 did not differ significantly. Most
of the stimuli from these groups induce significantly longer fixation durations than the
combinations in Group 3. An exception is the combination BD from Group 3, which does
not differ significantly in fixation duration from the combinations of Groups 1 and 2. It
should be noted that the BD combination is the only one for which the two patterns in the
pair did not swap positions.

The effect of learning, if any, is represented by the interaction between the sequential
epochs and the combination pairs. Figure 4 shows that the change in fixation duration is
largest for the BD pattern combination from Group 2. The epoch has the least effect for the
same patterns from Group 1. Figure S1 (Supplementary File) shows the trend of change
in the fixation duration in the sequential epochs. It is estimated by using the emtrends
function from the package emmeans [35]. The 95% credible intervals of the estimated
trend of change differ, implying an unequal effect of the epochs on discriminating the
paired combinations. The pairwise comparisons of the trends (after correction for multiple
comparisons) show significant differences in the increase in fixation duration for stimulus
AA from Group 1, which is lower than that of all other combinations. For the rest of the
combinations, the rate of change is similar.
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3.2. Saccade Number

The saccade number is related to the number of fixations performed during the task.
Figure 5 shows the distribution of the saccade number in each epoch. It shows that the
saccade number has a skewed distribution.
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We tested three models for the effect of the stimuli and epochs on saccade number.
The first uses all 72 stimuli, and thus, it assumes that the rotation angle and the position of
the patterns affect the exploration activity of the participants. The second model assumes
that the rotation angle is ineffective, but the position of the patterns (whether to the left or
the right of the stimulus) changes the number of saccades. It includes 24 combinations of
patterns. The third model assumes that neither the patterns’ rotation nor position affects
the saccade number. It includes 15 pairs of patterns.

The cross-validation for model comparison implied a better fit of the data by the
model that ignores the rotation angle and the pattern positions and thus regards only
15 combinations of the patterns. In contrast to the fixation duration, the saccade number
varies with the stimulus type. We compared the saccade number for the three groups
of patterns and the combinations of the same and the different patterns. The evidence
strongly supports the hypothesis that for each group, the same patterns require more
saccades than the different ones (Figure 6; Group 1: estimate = 0.26; 95% CI [0.20–0.32];
evidence ratio = Inf; probability = 1.0; Group 2: estimate = 0.08; 95% CI [0.00–0.15]; evidence
ratio = 24.13; probability = 0.96; Group 3: estimate = 0.26; 95% CI [0.19–0.34]; evidence
ratio = Inf; probability = 1.0). Moreover, the same patterns from the different groups elicited
an unequal number of saccades—the largest for Group 1 and about the same for Groups 2
and 3.

The analysis revealed an estimate of 0.15 and 95% credible intervals of 0.08–0.23 for
the hypothesis A1A1 > A2A2 with an evidence ratio of 3332.33, and an estimate of 0.19
with 95% credible intervals for the hypothesis A1A1 > A3A3 and an evidence ratio of 9999.
Based on the evidence ratio, the data provide strong evidence for more saccades elicited
by the same patterns in Group 1 compared to the other groups. The evidence moderately
supports the hypothesis that the saccade number for the same patterns in Group 2 exceeds
those for the same patterns in Group 3 (hypothesis A2A2 > A3A3: estimate = 0.04; 95% CI
[−0.05–0.13]; ER = 3.22; probability = 0.76).
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Contrary to our expectations, the number of saccades increases in the different epochs
(pd equals 100%; the evidence ratio for the hypothesis that the effect of epoch increases
(epoch > 0) and equals Inf with an estimate 0.02; 95% CI [0.0–0.04]), providing strong
support for the hypothesis of an increase in saccade number in the sequential blocks.

The saccade number in our study reflects the exploratory eye movements. Its increase
in the sequential blocks might represent the gained knowledge of the spatial structure of
the stimuli. For example, in [8], the authors showed that both the exploratory and the
confirmatory eye movements increased in the sequential trials when the participants had
an explicit knowledge about the underlying structure of the visual scenes or during long
implicit learning. In our understanding, however, the increase in saccade number in our
experimental conditions and task should be considered in combination with the change in
the other eye movement characteristics. This result is further discussed in the Section 4.

We evaluated the trend of the epoch effect for the different combinations of patterns
using the emtrends function [35]. For all combinations, the trend is positive. It is most
prominent for the combination of the B and D patterns from Group 2, A and D from Group
1, and A and A for Group 3. The smallest increase in the saccade number was obtained for
the AA pattern from Group 1 (Figure 7 and Figure S2 in the Supplementary File).

The insignificant effect of the rotation angle and pattern position implies that the
dominant factor for searching for information and performing saccades is the number of
chunks in the stimuli. The correlation between the estimated effect of pair combinations
and the number of chunks is significant (r = −0.59, p = 0.02).
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3.3. Gaze Number

Whereas the saccade number in our study has a skewed distribution, the gaze number
has a symmetric distribution (Figure 8). Again, we tested three different models for the
effect of pattern combinations on gaze number: taking into account the position and
rotation angle of the patterns in a pair, ignoring the position, or ignoring both the position
and rotation of the patterns. The results suggest a better fit to the data by a model with
15 combinations, thus ignoring the relative position and rotation of the patterns.
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Figure 9 shows the predicted gaze number for the different pattern combinations.
It demonstrates a larger gaze number for the stimuli with the same patterns compared
to those with different ones for the patterns in Groups 1 and 3. This observation was
confirmed by testing the hypothesis of a larger number of gazes for the same patterns in
each group against the null hypothesis of no difference. The evidence strongly supports the
alternative hypothesis for Groups 1 and 3, with an estimate of 0.13 and a 95% CI [0.05–−0.21]
(ER = 332.33) for Group 1, and an estimate of 0.19 and a 95% CI [0.11–−0.27] (ER = 7999)
for Group 3. There is no compelling evidence to suggest a larger gaze number for the same
patterns than for the different patterns of Group 2 (estimate = 0, 95% CI [−0.08–−0.08];
ER = 0.91).
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The results also suggest that the number of gazes tends to decrease during the sequen-
tial epochs of trials. The estimated effect for the hypothesis for the negative effect of the
epoch is −0.02 with 95% CI [−0.05, 0.01] and an evidence ratio of 20.24. Hence, whereas
the saccade number tends to increase, the gazes tend to decrease, suggesting more localized
eye landings in the sequential blocks. The change in the gaze number might reflect a better
understanding of the stimulus structure and a better discrimination of the relevant and
irrelevant parts of the stimuli. The reduction in gaze number may reflect a more local focus
of attention typical for the focal mode of processing.

Figure 10 shows the interaction between the stimuli and the sequential blocks. It shows
that the effects of learning varied with the different stimuli and that the reduction in the
gaze number is more pronounced for the patterns of Group 3. The pairwise comparisons
of the trend of the gaze number change (after correction for multiple comparisons) show
significant differences between the stimuli from Groups 1 and 2 with at least two of the
different pairs from Group 3 (AB and AD) and insignificant differences with patterns AA
and BD from this group (Figure S3, Supplementary File).
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3.4. Saccade Amplitude

The saccade amplitude would depend on the distinctive features of the patterns that
allow for better discrimination. Thus, comparing the chunks in a pattern and between the
patterns in the stimulus would be needed. Figure 11 shows the distributions of the saccade
amplitudes in the sequential epochs. It clearly shows their bimodality. The two modes of
these distributions occur because of the eye movements inside the patterns in the stimulus
and between them.
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We tested whether the saccade amplitude varies with the rotation angle of the patterns.
Analyzing the overall effect of the rotation angle for the whole set of stimuli is not very
meaningful since the rotation angle has different effects for the different stimuli, changing
the relative distances between the chunks in the two patterns in a stimulus. The effect of
the rotation angle might be shown as a difference between the three stimuli in a group that
contains the same patterns in the same position, differing only by the rotation angle. Each
group contains eight such triples, with three comparisons in each. The results show that
the 90% credible intervals of the amplitudes do not overlap for several members of each
group (Figure 12A–C).
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The comparison of the saccade amplitude shows that it is significantly larger for the
same patterns than for the different patterns. The evidence strongly supports the alternative
hypothesis of there being a larger saccade amplitude for the same patterns compared to the
different patterns against the null hypothesis of no difference (estimate = 0.17; [0.10–0.25],
evidence ratio (EF) = for Group 1, estimate = 0.10 [0.03–0.18] for Group 2, and 0.16 [0.08–0.24]
for Group 3 (the values in brackets are the 95% credible intervals)).

The highest density interval (HDI) for the epochs is entirely negative, implying a de-
crease in saccade amplitude during the experiment (estimate = −0.06; 95% CI [−0.11, −0.02],
EF = 91.59). For each combination of patterns, however, the HDI is strictly positive. The effect
of the epoch is unequal for the different stimulus combinations. The trend in block effect is
either negative or insignificant (estimated by the highest posterior density intervals of the
emtrends function at the first and the last experimental blocks). No clear difference between
the groups is evident.

The decrease in saccade amplitude may be interpreted as resulting from unconscious
memory, which reduces the extent to which saccades are made to incorrect regions.

Contrary to the results of [36], we did not find a negative correlation between the
fixation duration and saccade magnitude. Our data showed a lack of correlation between
the two characteristics of the eye movements (r = 0.09).
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3.5. Similarity Measures

We tried to understand whether the pattern similarity might predict the effect of
the combinations on the different eye movement parameters. We used several different
measures to describe the similarity of the patterns in a pair. Since the images could be
regarded as matrices, we can use measures that are appropriate not only for comparing the
images but also for matrix comparisons. Moreover, the patterns we used have only two
colors. We calculated the mean differences between the values of the left and right patterns,
the mean value of the coincidence of their values, the structure similarity index [37], the
correlation, and the mean squared error between the left and right patterns. Converting
the patterns to logical arrays, we also calculated the Sørensen–Dice similarity coefficient
between binary images, the Jaccard similarity coefficient for binary images, and the BF
(Boundary F1) contour matching score. All these similarity measures have higher values
when the similarity of the patterns is stronger (Figure S4, Supplementary File). The results
show that these measures are sensitive to pattern rotation, though typically, two rotation
angles for the right pattern lead to equal values. Additionally, the average values of the
similarity measures for pairs with swapped positions are equal. Moreover, most similarity
measures give some of the lowest values for the pairs of the same but rotated patterns,
except the mean squared error and the mean difference between the images (Figure S4,
Supplementary File). The effects of the position and the rotation angle imply that the
similarity of the patterns in a pair does not determine the performance.

4. Discussion

The study’s results suggest that the attentional selection of relevant image characteris-
tics varies with the experience obtained in experimental task performance. This change
suggests an adaptive strategy of the observers that balances exploration and exploitation
modes shown in the increased saccade number and the change in the saccade amplitude.
They confirmed the usefulness of studying the eye movement characteristics to obtain
information on the processes of attention, decision making, and memory.

Statistical learning is typically considered a process involving implicit memory. Study-
ing the role of unconscious memory in a search task in real-world scenes, [5] showed no
effect of unconscious memory on the number of saccades. Higuchi and Saiki [7] showed
that eye movements were not necessary for implicit learning of spatial configurations,
and keeping a stable fixation at the display center is beneficial for rapid learning of the
spatial layout. Our results, however, show an increased number of eye movements in
the sequential block of trials, but the gaze landings become more localized in the process
of practice and learning. One distinctive feature of our study, compared to visual search
studies, is that the relevant target or targets for successful task performance are not defined
in advance. The participants have to determine which stimulus features to use for task
performance. The large display size may facilitate an exploitative behavior with larger
saccades in the initial stimulus blocks and more focused ones later on. The increase in
fixation duration in the sequential blocks might be considered a switch from exploration to
exploitation mode; however, the saccade number should decrease in this case.

Our findings indicate that learning spatial regularities in the stimulus set leads to a
transition from ambient to focal processing, a phenomenon commonly observed in single
trials [9,10]. Ambient processing is characterized by longer saccades and shorter fixations
and is considered to be involved in processing spatial arrangements and extracting con-
textual information. In contrast, focal processing, which involves smaller saccades and
longer fixations, reflects the processing of details and object identification. The increase
in fixation duration and the decrease in saccade amplitude in the sequential blocks in our
study may be considered as representing a more local focus of attention and a discrim-
ination of the relevant from irrelevant stimulus features for task performance and their
deeper exploration.

The study results show a marginal effect of the stimuli on the fixation duration. The
more pronounced change in this gaze parameter suggests a transition from ambient to
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focal processing. The saccade amplitude change also suggests such a transition, as its
magnitude decreases in the sequential epochs. Its independence from the rotation angle
and the pattern position in a pair implies that the observers compare the relative positions
of the chunks in the patterns. The unequal effects of the epoch on the different stimuli imply
different learning rates. Based on the fixation duration and saccade amplitude outcomes,
the data suggest more rapid learning for the different patterns.

In the present study, we varied the co-occurrence of chunks in the patterns that formed
a stimulus pair. Contrary to typical studies manipulating the co-occurrence of objects, in our
task, the presence of the same chunks in different patterns makes stimulus discriminability
more difficult due to the increased pattern similarity. The large number of unique stimulus
pairs would not allow the use of memory for the combinations to discriminate the patterns
as the same or different. However, the stimulus set contains statistical regularities that
could facilitate the performance in the sequential epochs.

The pattern A from each group appeared on the left side of the stimulus pairs in
their original orientation. Moreover, out of the 90 trials in an epoch, each of these patterns
appeared on the left 36 times, meaning that the three pattern As from the three groups
were shown on the left on 60% of the trials in an epoch. If the participants memorize these
patterns, they could use this knowledge to answer “different” whenever the pattern on the
left side of the stimulus does not coincide with any of them. This strategy would affect both
the saccade amplitude and the number of saccades and gazes—the saccades could explore
predominantly the left pattern. This strategy would imply a decrease in saccade amplitude.

When pattern A is on the left side, the effective strategy for Groups 1 and 2 would be
to seek the two 5-element chunks characteristic of pattern A in the right pattern. In this case,
the number of fixations on pattern A might decrease due to greater exploration of the right
pattern, leading to large saccade amplitude for pattern A on the left. This strategy would
be less effective for the patterns from Group 3, as identifying pattern A on the left side of
the pair would not benefit task performance. We tested the hypothesis that the saccade
amplitude depends on the presence of pattern A on the left side of the pairs separately
for each group. The results show that the saccade amplitudes for pattern A being on the
left are less than the saccade amplitudes for the cases when any of the other patterns were
on the left for the stimuli of Group 1 (estimate = −1.17, 95% CI [−2.34–−0.01], ER = 19.47,
p = 0.95). No significant differences were observed depending on the position of pattern
A in the pair for the stimuli of Groups 2 and 3 (estimate = 0.03; 95% CI [−1.13–−1.19],
ER = 0.93; p = 0.48 for Group 2; estimate = −0.07, 95% CI [−1.31–1.17], ER = 1.16; p = 0.54 for
Group 3).

These considerations imply changes in saccade amplitude and an effect of pattern
position on it—an outcome observed in our results. They correspond to other studies
showing that people learn not only the statistical regularities related to task-relevant targets,
but also the regularities of the task-irrelevant chunks in the visual images [38].

One specific feature of our results is that only saccade amplitude depends on the
rotation angle of the patterns. Interestingly, the saccade amplitude discriminates best
between focal and ambient processing [39]. Most image similarity measures are insensitive
to the relative positions of the patterns in the pair—being on the left or right—but are
sensitive to rotation. Our data suggest that while the position of the patterns in a pair
does not change the fixation duration and saccade number, it effectively changes the
saccade amplitude. These results imply that similarity measures like cross-correlation or
the Sørensen–Dice similarity coefficient could not adequately represent the effect of pattern
characteristics on the saccade amplitude. Measures of similarity like Kullback–Liebler
divergence might be better suited; however, they require probability distributions. The
conversion of the images used in the study into probability distributions of grayscale
values could not distinguish the patterns we used, as they contain an equal number of the
same color elements. The effective similarity measure should consider both the brightness
(color) of the patterns and their position. Strangely, measures of similarity related to image
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segmentation, like bfscore (Boundary F1), seem better suited to describing the effect of the
image manipulations we used on the saccade amplitude size.

The observed change in the saccade number is unexpected as it reflects the efficiency
of searching for information, whereas the number of gazes reflects the complexity of
the interferential process. The greater number of fixations usually indicates insufficient
information on the relevant stimulus or task. Thus, it is more reasonable to expect that
the saccade number will decrease in the sequential epochs. Indeed, [9] demonstrated that
the participants exhibited fewer saccades with practice with visual search tasks, indicating
a shift towards more efficient information processing. Similarly, expert readers tend to
make fewer, more targeted saccades, reflecting a refined strategy for extracting relevant
information [10]. Wedel and co-authors [16] showed that short saccades with repeated
fixations to small regions can be regarded as a way to reduce memory load and they
could facilitate target identification. Thus, a potential effect of the increase in the saccade
number and a decrease in gaze number in the sequential blocks is an efficient way of
reducing the memory requirements of the task when the relevant stimulus characteristics
are already determined. Eye movements reflect item memory [40], which may lead to
decreased fixation duration and saccade number due to the repetition of patterns on the
left stimulus side. The discrimination from the patterns on the right requires relational
memory (e.g., [41]). The review on the interaction of eye movements and memory systems
shows that relational memory requires at least 500–750 ms (about 2 s in total in a task with
three faces, i.e., in a task that required studying face–scene pairs followed by a memory test
with 3-face displays superimposed on the studied scenes). In our study, however, there are
more objects (chunks) between which the relative positions need to be evaluated; thus, the
time needed for relational memory should be longer. One way to reduce the memory load
might be by increasing the number of saccades.

Another explanation for the increase in the saccade number might be a change in
the number of strategies used by the participants. As suggested by [11], depending on
the strategies of the observers and the various contexts, ambient and focal processing
can change dynamically and this interplay would affect the eye movement characteristics.
The shorter fixation duration in the first epochs of the study may also represent the use
of partial information exploration due to making decisions under time pressure. With
practice, the observers may switch to more complete information exploration due to a
speeded-up allocation of attention to the different stimulus chunks. This change in strategy
may allow them to explore more stimulus regions to reduce uncertainty and enhance
decision-making accuracy.

5. Conclusions

The results of the study suggest various changes in eye movement characteristics
that depend on the repetition frequency, practice, and stimulus characteristics of the pat-
terns. These changes reflect attentional selection, memory involvement, and learning
processes. Studying the modifications of the eye movement characteristics jointly pro-
vides a better understanding of the complex interaction between these cognitive processes.
Learning the spatial regularities in a visual scene allows for the prediction of the future
allocation of gaze and may be relevant in computer vision applications and the design of
learning environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
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