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Abstract processes (Rayner, 1998; Reichle et al., 2012). During MW,

The recent surge in online learning demands better ways to
monitor students’ mind wandering (MW) episodes. We
examined whether different eye movement measures were
associated with MW in tasks with different cognitive demands.
We found that a reduced number of fixations was associated
with MW in tasks involving searching for information without
clearly defined strategies. A larger variance in pupil diameter,
as well as reduced eye movement consistency, were associated
with MW when imagining a scenario with a central fixation.
Reduced eye movement consistency, as well as reduced joint
attention with another participant, were both associated with
MW in tasks involving a clearly defined strategy. Interestingly,
none of these eye movement measures was associated with
MW in tasks involving well-learned visual routines such as
face and scene identification, suggesting idiosyncrasy in eye
movement behavior in these tasks. These findings have
important implications for developing effective methods for
detecting MW.
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Introduction

Mind wandering (MW) is defined as a shift of attention from
processing task-related information to thoughts unrelated to
the task (American Psychological Association, 2018). It can
negatively affect learners’ learning performance. In
traditional classrooms, teachers can gauge students' attention
engagement by observing their behavior, which is typically
more challenging in online learning. During the Covid-19
pandemic, demands for online learning have significantly
surged, and this trend is expected to continue post-pandemic
(Statista, 2023). However, due to the limitations of online
learning platforms, a high MW rate has been reported (45%
in Kane et al., 2017). Thus, ways to effectively monitor MW
episodes during online learning has become an important
issue in education research.

However, current research on behavioral markers of MW
during online learning has been limited. During online
learning, typically only videos of a participant’s face are
available. Thus, in addition to facial expressions, one
important source of information regarding MW is from the
participant’s eye gaze behavior. Indeed, one’s eye gaze
behavior has been shown to reflect underlying cognitive

the mind decoupled from processing external stimuli and the
thoughts shifted inward. This shift may result in distinct eye
movement behavior, making eye movement measures good
potential behavioral markers for MW.

Some previous studies have examined the relationship
between eye movement measures and MW during learning.
However, the findings have not been consistent. For example,
increased fixation duration has been reported to be an
indicator of MW during video lectures (Zhang et al., 2020).
However, Faber et al. (2020) reported that when participants
were learning from an audiobook (while maintaining a
central fixation), or when they were asked to identify an
infrequent target from a series of centrally presented stimuli,
reduced fixation duration, rather than increased duration, was
associated with MW episodes.

Faber et al. (2020) speculated that this inconsistency may
be because of the differences in task demands on spatial
attention allocation. More specifically, for tasks requiring
extensive spatial attention allocation, such as reading
illustrated texts or scene viewing, a smaller number of
fixations, longer fixation duration, or more dispersed fixation
distribution may indicate MW. In contrast, for tasks that
require a central attention focus, such as the audiobook
listening and infrequent target identification tasks, shorter
fixation duration or larger saccade amplitude may be
indicators of MW. However, although their results were
generally consistent with this dichotomy according to task
demands on spatial attention allocation, some inconsistencies
remained. This suggested that a finer-grained categorization
based on task demands may be required.

Therefore, here we aimed to examine whether different
aspects of eye movement behavior could be used as
behavioral markers of MW for tasks with different demands.
More specifically, since eye fixations are typically used for
gathering information for performing a task, a smaller
number of fixations or longer fixation duration may be good
indicators for MW in tasks requiring information search.
Indeed, these markers of MW have been observed in scene
viewing tasks (Krasich et al., 2018; Zhang et al., 2021).

In contrast, pupil diameters have been reported to be
affected by learners’ internal states such as affective
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processes or cognitive load (Kahneman & Beatty, 1966;
Partala & Surakka, 2003). Thus, measures such as variance
of pupil diameter changes may be effective MW markers for
tasks involving imagining scenarios, where one’s attention
engagement is affected by one’s internal states rather than
external stimuli. Consistent with our speculation, larger pupil
diameter variation was observed during MW in tasks
depending more on internal state processing such as letter
rearrangement, word/sentence generation, mental arithmetic
addition and scenery imagination tasks (Benedek et al., 2017;
Annerer-Walcher et al., 2021).

In addition to these summary statistics of eye movement
measures, here we considered eye movement measures that
aimed to capture temporal dynamics of eye movement
behavior such as transitions of eye fixations. In particular, we
considered eye movement consistency measures using Eye
Movement analysis with Hidden Markov Models (EMHMM,;
Chuk et al., 2014). In EMHMM, each participant’s eye
movement pattern was summarized in terms of person-
specific regions of interest (ROIs) and transitions among
these ROIs using a hidden Markov model (HMM), with the
optimal number of ROIs determined using a variational
Bayesian approach. Participants’ eye movement consistency
then can be measured as the entropy of the HMM (Cover &
Thomas, 2006). Higher entropy indicates less predictable and
thus less consistent eye movement (e.g., Hsiao, Liao et al.,
2022; Hsiao, An et al., 2021; Hsiao, An et al., 2022; Hsiao,
Chan et al., 2021). Previous research has suggested that high
eye movement consistency in a visual task reflects a well-
developed visual routine (Hsiao, An et al.,, 2022). We
speculated that MW may interfere with the execution of a
visual routine, resulting in reduced eye movement
consistency. In other words, lower eye movement
consistency may be a good marker of MW for tasks involving
well-learned or well-defined visual strategies, such as
identifying faces or familiar scenes, or making a decision
between two alternative choices. In addition, Hsiao, Chan et
al. (2021) showed decreased eye fixation consistency at a
central target fixation location when attention was shifted
away from the location prior to the saccade (see also Gersch
et al., 2008; Zhao et al., 2012). Similarly, Lee et al. (2021)
showed that when making judgements on a series of centrally
presented stimuli while maintaining a central fixation,
individuals with a wider central fixation distribution had
higher MW frequency. Thus, when the task involves
maintaining a central fixation while engaging in internal
thoughts such as imagining a scenario or making judgements
on the stimuli, decreased eye fixation consistency may
indicate inattention or MW.

Since online learning typically involves multiple
participants, whether a participant attends to where other
participants are attending (i.e. joint attention (JA), when two
or more people attend to the same object/location
simultaneously; Langner et al., 2022) may also be a good
indicator of MW. Accordingly, we speculated that a
participant’s decreased JA with others may be good
indicators of MW for tasks involving a clearly defined

strategy or diagnostic features. Indeed, better JA (measured
as time needed to fixate at a common area of interest) has
been shown to be associated with better learning outcomes
during instructional video viewing (Chisari et al., 2020),
suggesting its relevance to reduced MW.

To test these hypotheses, here we recorded participants’
eye movements when they performed ten online learning
tasks. These tasks could be categorized into four types: (1)
tasks involving a clearly defined strategy, such as decision-
making between two alternative choices; (2) tasks involving
imagining a scenario while maintaining a central fixation; (3)
tasks involving well-learned visual routines or diagnostic
features, such as identifying persons or scenes; and (4) tasks
involving searching for information without a clearly defined
strategy such as video viewing, looking for differences, and
playing board games. We hypothesized that 1) for eye
fixation measures, a smaller number of fixations and longer
fixation duration may be good MW indicators for tasks
involving searching for information without a clearly defined
strategy; 2) For pupil diameter measures, a larger variance in
pupil diameter change may be a good MW indicator for tasks
involving imagining a scenario while maintaining a central
fixation; 3) For eye movement consistency (as measured in
entropy), lower consistency may be a good MW indicator for
tasks involving a clearly defined strategy or a well-learned
visual routine such as viewing faces or familiar scenes. It may
also be related to MW in tasks involving imagining a scenario
while maintaining a central fixation; 4) For JA measures, it
may be a good MW indicator for tasks where participants are
expected to look at similar locations, such as tasks involving
clearly defined strategies, well-learned routine/diagnostic
features (e.g., person or familiar scene recognition).

Methods

Participants

We recruited 84 participants (59 females and 25 males) aged
from 18 to 26 (M = 20.9, SD = 2.2), who were all healthy
adult Cantonese speakers growing up in Hong Kong. They
had similar university education backgrounds with normal or
corrected to normal vision with glasses. A power analysis
(G*Power, Faul et al., 2007) showed that a sample size of 34
was needed to obtain a medium effect size (d = .50) in a
paired sample t test (f = .20; a = .05).

Materials

Participants performed 10 tasks through verbal responses.
The design of the tasks was based on the criterion of “recall”,
“interpret” and “evaluate” according to the National
Assessment of Educational Progress (National Assessment
governing board, 2022). The 10 tasks were categorized into
four task types:

(1) Tasks involving a clearly defined strategy:

(1.1) Sound judgment between two alternative choices
This task had 30 trials. In each trial, a sound was played for
5 seconds, together with a sound icon (1.26° x 0.97°)
presented at the center of the screen and two pictures (9.58°
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X 6.45° each) at the left and right side of the screen
respectively. Participants were asked to indicate the picture
that better matched the sound. Only common daily-life
sounds and pictures were used.

(1.2) Preference of a place between two different times
This task had 10 trials. In each trial, participants were
presented with two scene images (9.58° x 6.45° each) of
Hong Kong side by side, with the one on the left
photographed during an earlier time period. Participants had
a discussion based on the question: “Do you prefer this place
the way it was before or it is now? Why?”, which typically
lasted for around 35 seconds.

(2) Tasks involving imagining a
maintaining a central fixation

(2.1) Imagining playing with toys This task had 20 trials.
Each trial featured a picture of a toy at the screen center
(16.11° x 9.69°). Participants judged and explained whether
they thought the toy was interesting, which typically lasted
for around 10 seconds.

(2.2) Imagining working with celebrities This task had 10
trials, with each featuring a picture of a celebrity from Hong
Kong (9.88° x 9.98°). Participants had a discussion based on
the question: “If there is an opportunity for you to either shoot
a movie or sing with this individual, which option will you
choose? Why?”, which typically lasted for around 20 seconds.
A3 Tasks involving well-learned visual
routines/diagnostic features

(3.1) Person Identification This task had 10 trials, with each
trial presenting a photograph of a celebrity from Hong Kong
(9.88°x 9.98°). Participants were asked to identify the person
with a short discussion, which typically lasted for around 20
seconds.

(3.2) Scene Identification This task had 20 trials. Each trial
presented a picture of a scene at the top center of the screen
(12.86° x 7.61°). Participants had a discussion based on the
question: “What is this scene? Which objects typically occur
in this scene?”, which typically lasted for around 20 seconds.
(3.3) Preference of a person This task had 10 trials, with
each trial presenting a photograph of a celebrity from Hong
Kong (9.88° x 9.98°). Participants had a discussion based on
the question: “Do you like this person? Why?”, which
typically lasted for around 20 seconds.

(4) Tasks involving searching for information without a
clearly defined strategy

(4.1) Video viewing This task had five trials, with each
showing a video of current affairs that lasted for 30 seconds
(13.77° x 7.81°). Participants were asked to view videos.
(4.2) Place Comparison This task had 10 trials, with each
trial presenting two scene images of Hong Kong (9.58° x 6.45°
each), with the one on the left photographed during an older
time period, and the one on the right taken more recently.
Participants had a discussion based on the question: “How is
this place different from before?”, which typically lasted for
around 35 seconds.

(4.3) Tic-Tac-Toe This task had 10 trials. In each trial,
participants played five rounds of the game against the host
by drawing on a chessboard (9.74° x 9.74°) shown on the

scenario while

screen, with the other participant observing the process,
which typically lasted for around 30 seconds.

Design

Each online learning session consisted of two participants in
addition to the host (experimenter). We measured potential
eye movement behavioral markers of MW in a task trial
including average number of fixations per second, average
fixation duration, variance of pupil diameter change, eye
movement consistency (including overall entropy and
marginal entropy of the first fixation), and percentage of JA
(including participants’ JA with another participant and with
the host; see Eye movement data analysis section for details).

We used both thought probe and self-report methods to
identify participants’ MW episodes (Risko et al., 2012;
Varao-Sousa & Kingstone, 2019). The thought probe method
involved asking participants at the end of each trial whether
they experienced MW or not during the trial. The self-report
method involved asking participants to press a key whenever
they noticed that they were MW.

To examine MW as a within-subject effect, following
previous studies (e.g., Jang et al., 2020; Reichle et al., 2010;
Mills et al., 2016), for each participant in each task, we
divided the trials into No-MW and MW trials according to
their answer to the thought probe at the end of each trial, and
examined whether the eye movement measures obtained
from the two trial types differed using paired-sample t-test.

Apparatus

Participants performed the online learning tasks through
Zoom on a 10.4-inch tablet with a resolution of 2000 x 1200
pixels, connected to an EyeLink eye tracker (EyeLink 1000,
EyeLink 1000 Plus, or EyeLink portable duo) with WebLink
software to record their eye movement data while using an
external device. A chin rest was used to minimize head
movements with a 59 cm viewing distance. In all eye trackers,
the tracking mode was pupil and corneal reflection with a
sampling rate of 1000 Hz. EyeLink default settings for
cognitive research were applied for data acquisition: the
threshold for saccade motion was .1° visual angle, the
saccade acceleration threshold was 8000° per square second,
and the saccade velocity threshold was 30° per second.

Procedure

Prior to the experiment, participants were instructed on the
definition of MW, i.e., engaging in thoughts unrelated to the
task. Each participant then performed the ten tasks in a
random order together with another participant and the host.
At the end of each trial, a thought probe question appeared on
the screen, and participants indicated whether they were MW
or not during the trial by pressing “Y” and “N” keys
respectively. They were also instructed to press the key “M”
whenever they noticed that they were MW. A nine-point
calibration procedure was performed at the beginning of each
task. During the tasks, participants responded to the stimuli
and questions raised by the host and engaged in discussions
when needed, with a small window at the upper right corner
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showing either the other participant or the host as in a usual
Zoom session.

Eye movement data analysis

Entropy

EMHMM (Chuk et al.,, 2014) was used to quantify
participants’ eye movement consistency during the tasks. For
each participant, we used one HMM to summarize the
participant’s eye movement pattern in each trial. The hidden
states of the HMM corresponded to the participant’s ROIs
during the task, and the eye gaze transitions were summarized
into a transition matrix (Figure 1). The number of ROIs in
each individual model was determined using the variational
Bayesian approach from a preset range 1 to 8, with each
model with a specific number of ROIs trained for 300 times,
and the model with the highest log-likelihood selected for the
analysis. We then -calculated each participant’s eye
movement consistency using the entropy of the HMMs
(Hsiao et al., 2021; Hsiao et al., 2020). Entropy is a measure
of predictability, with higher entropy indicating a less
predictable and thus less consistent eye movement pattern. In
addition to overall entropy of the model, to examine the
influence of participants’ initial fixation, we measured the
marginal entropy of the first fixation of a trial, revealing the
variance in the distribution of the first fixation.

1 3
43 23 33
55 35 .10
31 .59 .10
19 24 57

Figure 1. Example representative model of the “place
comparison” task using EMHMM. Ellipses showed ROIs
with dots indicating raw fixations. Eye gaze transition
probabilities among different ROIs were summarized into a
matrix. Priors show probabilities that the first fixation of a
trial landed in the ROls.

Joint Attention (JA)

To identify a JA event, we considered both spatial and
temporal thresholds. To determine the spatial threshold, we
identified the most prominent object in each recorded video
frame and calculated their average size. We used the average
length (150 pixels) as the spatial threshold, that is, a JA
fixation was identified if the fixation location fell within 150
pixels of another participant’s fixation. For the temporal
threshold, we considered fixation duration, i.e., how long two
people had overlapping fixation durations in the same
location. To consider the duration overlap while measuring
JA from participant A and B (Figure 2), for a fixation of A
with fixation duration ai, we first determined the fixation
duration overlap with B (i.e., bi1 and biz) and then the
percentage of this fixation overlap relative to A’s fixation

duration (i.e., (birt+bi2)/a1). Next, we calculated the mean
percentage of fixation duration overlap across all A’s fixation
as the JA measurement (JA AB DP in Figure 2).

B I ] : 1
; P : Percentage of duration overlap:
Lobn 0 by by, + b
A e e B2
a;
a, Ny biatDig+-+big;
JA_AB DP=—— %

Na

Figure 2. Demonstration of JA calculation. The long strips
represent fixation durations.

Results

Fixation behavior

A smaller number of fixations per second was observed in
MW episodes than in no-MW episodes in tasks involving
searching for information without a clearly defined strategy,
including “video viewing”, #49) = 3.114, p = .003, “place
comparison”, #(44) = 2.790, p = .008, and “Tic-Tac-Toe”,
#(62) =3.007, p = .004. This effect was not found in the other
tasks.

Similarly, longer average fixation duration was observed in
MW episodes than no-MW episodes in “place comparison”,
#(44) = -2.189, p = 0.034. This effect was marginal in “Tic-
Tac-Toe”, #(62) =-1.997, p = 0.050, and was not significant
in “video viewing”, #62) =-0.903, p = 0.371. It was also not
significant in the other tasks. Thus, consistent with our
hypothesis, a decreased number of fixations and increased
average fixation duration may be good MW indicators for
tasks involving searching for information without a clearly
defined strategy.

Pupil diameter change

A larger variance in pupil diameter was observed in MW
episodes than no-MW episodes in tasks involving imagining
a scenario while maintaining a central fixation, including
“imagining playing with toys”, #51) =-2.538, p = .014, and
“imagining working with celebrities”, (47) =-2.122, p=.039.
This effect was not observed in the other tasks, consistent
with our hypothesis that pupil diameter change may be a good
MW indicator of tasks involving attending to internal
thoughts.

Entropy

In overall entropy, lower eye movement consistency (i.e.
higher entropy) was observed in MW episodes than no-MW
episodes in tasks involving imagining a scenario while
maintaining a central fixation, including “imagining playing
with toys”, #(51) =-2.027, p = .048 and “imagining working
with celebrities”, #47) =-2.835, p=.007. Also, MW episodes
showed lower eye movement consistency than no-MW
episodes in tasks involving well-defined strategies as in
“sound judgment between two alternative choices”, #(67) = -
2.098, p = .040, but not for “preference of a place between
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two different times”. This effect was not observed in the other
tasks.

In marginal entropy of the first fixation, lower consistency
in the first fixation was observed in MW episodes than in no-
MW episodes in tasks involving imagining a scenario while
maintaining a central fixation: “imagining playing with toys”,
#51) = -2.058, p = .045, and “imagining working with
celebrities”, #(47) = -2.993, p = .004. This effect was also
observed in tasks involving well-defined strategies or well-
learned visual routines/diagnostic features: “sound judgment
between two alternative choices”, #67) = -2.466, p = .016,
and “preference of a person”, #(43) = -3.199, p = .003. This
effect was not found in the other tasks.

Table 1: Summary of differences in eye movement
behavior between MW and no-MW episodes observed
across different task types. (All significant results are shown
in bold type, ** p < .05, * p <.01, * p <.10)

Indicator of MW Task type Task name
1. Smaller Video viewing (p = .003)**
number of

Searching for Place comparison (p = .008)**
information without Tic-Tac-Toe (p =.004)**

fixations per
Fixation second

behavior 2. Longer a:::arly defined Video viewing (p =.371)

average fixation strategy Place comparison (p =.034)*

duration Tic-Tac-Toe (p = .050)"
Pupil 1. Larger I ing a scenario Imagining playing with toys (p =.014)*
diameter  variance in pupil while maintaining 2 Imagining collaboration with celebrities
change diameter central fixation @ =.039)*

a scenario I playing with toys (p = .048)*
while maintaining a  Imagining collaboration with celebrities
central fixation @ =.00T)**

Sound judgment between two
i Clearly defined alternative choices (p = .040)*
1. Higher S ics Pr of a place between two different
overall entropy times (p = .832)
Well-learned visual Scene identification (p = .948)
routines or Person identification (p = .457)
Eye d features  p, of a person (p =.074)"
movement .
consistency Ima g a scenario | playing with toys (p =.045)*
while maintaining a  ymagining collaboration with celebrities
central fixation (p =.004)**
. Sound judgment between two
2. Higher Clearly defined alternative choices (p =.016)*
marginal strategies Preference of a place between two different
entropy of the times (p =.997)
first fixation o 1 carned visual  Scene identification (p = 258)
routines or Person identification (p = .493)
diagnostic features  pyeference of a person (p =.003)**
Sound judgment between two
Clearly defined alternative choices (p = .003)**
1. Less JA with strategies Preference of a place between two different
another times (p = 145 1 )»
participant Well-learned visual ~Scene identification (p = .458)
routines or Person identification (p = .243)
A diagnostic features  pyeference of a person (p =.049)*
Sound judgment between two alternative
Clearly defined choices (p = .198)
strategies Preference of a place between two
2. Less JA with different times (p =.047)*
the host Well-learned visual Scene identification (p = .601)
routines or Person identification (p =.320)
diagnostic features  pyeference of a person (p =.232)

MW episodes had less JA with another participant than no-
MW episodes in a task with well-defined strategies that
participants generally would consistently follow, i.e. “sound
judgment between two alternative choices”, #67) = 3.091, p
=.003. MW episodes also showed less JA in another task

with well-defined strategies “preference of a place between
two different times”, #(46) = 2.045, p = .047, although it was
between JA with the host instead of with another participant,
possibly because participants may have different choices. In
addition, MW episodes had less JA with another participant
in tasks with clear visual routines/diagnostic features, such as
“preference of a person”, #43) = 2.023, p = .049. These
effects were not found in the other tasks. This result was
consistent with our hypothesis that JA may be a good MW
indicator for tasks involving clearly defined strategies or
clear visual routines/diagnostic features.

In summary, our results generally supported our hypothesis
that different eye movement behavior was associated with
MW episodes across tasks with different task demands.
Specifically, a smaller number of fixations and longer
fixation duration were good MW indicators for tasks
involving searching for information without a clearly defined
strategy. A larger variance in pupil diameter was a good
indicator of MW for tasks involving imagining a scenario
while maintaining a central fixation. Lower eye movement
consistency could be a good indicator of MW for tasks
involving attending to internal states such as imagining a
scenario, well defined strategies such as making a decision
between two alternative choices, or well-learned visual
routine/diagnostic features such as identifying faces.
Similarly, JA measures could be good indicators of MW for
tasks involving well defined strategies or clear visual
routine/diagnostic features (The results were summarized in
Table 1).

Discussion

In this study, we examined whether different eye movement
behavioral measures were associated with MW in tasks with
different cognitive demands during interactive online
learning. Consistent to our hypotheses, we found that eye
fixation behavior, including number of fixations and average
fixation duration, could be potential MW indicators in tasks
involving searching for information without a clearly defined
strategy, with a smaller number of fixations and longer
average fixation duration observed in MW than no-MW trials.
This finding was consistent with previous studies (Krasich et
al., 2018; Zhang et al., 2021; Faber et al., 2020). Number of
fixations may be a particularly useful indicator in this
scenario, as a significant effect was observed across all three
tasks involving searching for information without a clearly
defined strategy, including “video viewing”, “place
comparison”, and “Tic-Tac-Toe”. Since in these tasks, eye
fixations were required for gathering information, during
MW the processing of external information was suppressed
to give priority to the thoughts generated internally (Schooler
et al., 2011; Smallwood et al., 2008), resulting in a reduced
ability to plan and execute saccades and eye fixations. In
contrast, longer fixation duration was not found in MW than
no-MW trials during video viewing. Previous research has
shown that a more centralized attention strategy to focus on
the screen center when learning from video lessons was
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associated with better comprehension performance (Zheng et
al., 2022). Thus, longer fixations during video viewing may
sometimes reflect this centralized attention strategy instead
of MW, making it an unreliable indicator.

In contrast, pupil diameter change was a potential MW
indicator for tasks involving imagining a scenario while
maintaining a central fixation, with a larger variance in pupil
diameter observed in MW trials than no-MW trials. This
finding was consistent with our hypothesis. More specifically,
pupil diameters could usually be affected by internal states
such as affective processes (Ferrari et al., 2016; Henderson et
al., 2014, Snowden et al., 2016), internal attention focus
(Annerer-Walcher et al., 2021; Benedek et al., 2017), or
cognitive load (Kahneman & Beatty, 1966; Partala &
Surakka, 2003). Imagining a scenario while viewing a
centrally presented stimulus may not only involve internal
attention focus, but also increase cognitive load as compared
with viewing the external stimulus alone. The tasks here, i.¢.,
imagining playing with toys or collaborating with celebrities,
may also induce affective processes. Thus, pupil diameter
change could be a potential indicator for MW in this scenario.

Eye movement consistency, including overall entropy and
marginal entropy of the first fixation measured here, was also
a potential MW indicator in tasks involving imagining a
scenario while maintaining a central fixation, with lower
consistency observed in MW than no-MW trials. This result
was again consistent with our hypothesis, as a wider eye
fixation location distribution (and thus lower consistency) at
a centrally presented stimulus during visual tasks have been
reported to be associated with inattention, higher MW
frequency, and poorer task performance (e.g., Hsiao, Chan et
al., 2021; Lee et al., 2021).

In contrast, eye movement consistency did not appear to be
a consistent indicator for tasks involving a clearly defined
strategy or well-learned visual routines/diagnostic features,
although we hypothesized that MW should interfere with
strategy or visual routine implementation, resulting in
decreased eye movement consistency. Specifically, we found
that lower eye movement consistency was a significant MW
indicator in “sound judgment between two alternative
choices”, but not in “preference of a place between two
different times. Perhaps the latter task involved making
preference decisions, and thus the attention strategy was less
clearly defined as sound judgements and could involve a
higher variance across trials (see Chuk et al., 2020; Shimojo
et al., 2003). Similarly, eye movement consistency was a
significant indicator in “preference of a person” but not in
“scene identification” or “person identification”. Perhaps in
these well-learned tasks, individuals still need to adaptively
adjust attention strategies, which could lead to reduced eye
movement consistency. Thus, reduced eye movement
consistency was not a reliable indicator in this scenario.

Lastly, reduced JA was found in MW as compared with no-
MW trials in tasks involving a clearly defined strategy. Since
participants tended to follow a similar strategy and a high
level of JA was expected, reduced JA could be a good MW
indicator. Interestingly, JA with another participant was a

good indicator for “sound judgment between two alternative
choices”, whereas JA with the host was a good indicator for
“preference of a place between two different times”. Since
preference decision making may involve larger individual
differences, JA with another participant may not be a good
MW indicator. In contrast, the host might attend to
participants’ verbal responses in the preference judgment
task, and thus JA with the host became a good MW indicator.
However, while JA with another participant may be a good
MW indicator in this scenario, under what scenarios JA with
the host would be a good MW indicator requires further
examinations. In contrast, different from our hypothesis,
participants did not differ in JA between MW and no-MW
trials in tasks involving well-learned visual routines. Indeed,
recent research has reported that in well-learned visual tasks
such as face and scene perception, individuals develop
idiosyncratic eye movement behavior that is consistent over
time (Peterson & Eckstein, 2013; Hsiao, Lan et al., 2021; An
& Hsiao, 2021). For example, in face recognition individuals
could differ in adopting more eyes- or nose-focused face
scanning patterns (Chuk et al.,, 2017; Chan et al., 2018).
These individual differences in the visual routines may render
JA with another participant/host an ineffective MW indicator.

Thus, different eye movement behavioral measures could
be associated with MW in tasks with different cognitive
demands, and a slight difference in task demands may change
the effect. This finding is generally consistent with the
current literature on human attention, where eye movements
in visual tasks are reported to be goal-driven and task-
dependent (Henderson, 2017; Hsiao & Chan, 2023), as well
as being idiosyncratic (Kanan et al., 2015). Future work will
examine whether these indicators or a combination of the
indicators can be used to detect MW episodes during
interactive online learning using machine learning classifiers.

In conclusion, here we showed that different eye
movement behavioral measures were associated with MW
behavior in different tasks during interactive online learning,
depending on the task demands. Specifically, eye fixation
behavior, in particular a reduced number of fixations, was
associated with MW in tasks involving searching for
information without a clearly defined strategy. A larger
variance in pupil diameter, as well as reduced eye movement
consistency, were associated with MW in tasks related to
imagining a scenario while maintaining a central fixation.
Reduced eye movement consistency was also associated with
MW in tasks involving a clearly defined strategy. Finally,
reduced JA with another participant was also associated with
MW in tasks involving a clearly defined strategy. However,
subtle differences in task demands, such as perceptual vs.
preference decision making, could lead to different results.
Interestingly, none of the potential indicators that we tested
here was associated with MW in tasks involving well-learned
visual routines such as face and scene identification,
suggesting idiosyncrasy in eye movement behavior in these
tasks. These findings have important implications for
developing effective methods for detecting MW episodes
during interactive online learning.
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