Eye movement behavior during mind wandering in older adults
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Abstract

Aging is associated with task-specific changes in eye
movements, and thus eye movements during mind wandering
(MW) in older adults may differ from young adults. We
showed that changes in number of fixations or fixation duration
were associated with MW in young adults when searching for
information but not older adults, possibly due to aging-related
changes in these measures. Similarly, larger variance in pupil
diameter change was associated with MW when imagining a
scenario in young but not older adults, possibly related to
aging-related affect stability. In contrast, lower eye movement
consistency was associated with MW when implementing
well-learned visual routines in older but not young adults,
possibly related to their higher susceptibility to MW
interferences. Reduced joint attention with another participant
was associated with MW for tasks involving clearly defined
strategies for both young and older adults. These results have
important implications for monitoring task engagement
through eye tracking.
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Introduction

As the world population ages, there has been a significant rise
in older Internet users, increasing from 12% in 2000 to 67%
in 2016 (Anderson & Perrin, 2017). The Internet provides
numerous educational and intervention opportunities, and it
is crucial to evaluate whether older adults are attentive to the
provided content. This consideration brings attention to the
concept of mind wandering (MW), defined as the shift of
attention from task-related information to task-irrelevant
thoughts (American Psychological Association, 2018). MW
disrupts learning, making the identification of MW episodes
essential for optimizing training outcomes in older adults.
Most existing studies have focused on using eye movement
measures to identify MW episodes in younger adults. For
instance, longer fixation duration was associated with MW
during video lectures (Zhang et al., 2020) and scene viewing
(Faber et al., 2020). However, inconsistent results have been
reported. For example, shorter rather than longer fixation
duration was identified as MW indicators when participants
looked at the screen during audiobook listening (Faber et al.,
2020). A smaller number of fixations was associated with
MW in scene encoding task (Zhang et al., 2021) but not in
the audiobook listening task (Faber et al., 2020). These
findings suggest that eye movement markers of MW may be
task specific. Indeed, recent research has suggested that eye
movements during a visual task is driven by task demands

Gloria H.Y. Wong (hoiyangloria.wong@reading.ac.uk)
School of Psychology and Clinical Language Sciences,

University of Reading

Janet H. Hsiao (jhhsiao@ust.hk)

Division of Social Science and Department of Computer

Science & Engineering,

Hong Kong University of Science and Technology

(Kanan et al., 2015; Hsiao & Chan, 2023). To address this
issue, Teng et al. (2024) tested the hypothesis that different
eye movement measures, including number of fixations,
average fixation duration, pupil diameter change, eye
movement consistency and joint attention (JA), may be
associated with MW in tasks involving different task
demands, including tasks involving “clearly defined
strategies”, “imagining a scenario”, “well-learned visual
routines”, and “searching for information”. Consistent with
their hypothesis, they found that a reduced number of
fixations was associated with MW in tasks involving
“searching for information”, whereas a larger variance in
pupil diameter and reduced eye movement consistency was
associated with MW in tasks involving “imagining a
scenario”. Also, reduced eye movement consistency and JA
with another participant were associated with MW in tasks
involving “clearly defined strategies”. However, none of the
eye movement measures tested was associated with MW in
tasks involving “well-learned visual routines” such as face
identification. This may be because a well-learned visual
routine requires minimal attentional resources to implement
in young adults, rendering the tested eye movement measures
ineffective in capturing MW episodes.

While Teng et al.’s (2024) findings are informative for
young adults, it remains unclear whether those indicators
apply to older adults as well. Previous studies have shown
that older adults exhibited lower MW frequency than young
adults (Maillet & Schacter, 2016a), and their thoughts during
MW are generally more pleasant (Maillet et al., 2018),
stimulus-dependent, and past-oriented (Maillet & Schacter,
2016b; Irish et al., 2019). Thus, eye movements during MW
in older adults may differ from young adults. In addition, age-
related differences in eye movements during cognitive tasks
have been commonly reported (Whitehead et al., 2018; Wynn
et al., 2020) and shown to be associated with cognitive
decline in older adults (Chan et al., 2018). For example, older
adults had longer fixation duration than young adults when
searching for information on smartphones or in real-world
photographs, suggesting difficulties in local processing (Al-
Showarah et al., 2014; Williams et al., 2009). They also had
a larger number of fixations at the central part of the screen
in web-based information-search tasks than younger adults
due to their reduced size of useful field of view (Romano et
al., 2013). Similarly, Ho et al. (2001) found that older adults
had a larger number of fixations during visual search for
traffic signs. Therefore, while a smaller number of fixations
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or longer fixation duration were good MW indicators for
young adults for tasks involving searching for information,
they may not be good indicators for older adults.

In addition, emotional stability has been shown to increase
with age (Burr et al., 2020), with older adults experiencing
lower affect variability (Carstensen et al., 2000; Rocke et al.,
2009) due to better emotion regulation capabilities than
young adults (Gross et al., 1997; Blanchard-Fields, 2007;
Shiota & Levenson, 2009), making them require less
cognitive efforts to regulate emotions. For instance, young
adults showed impaired cognitive performance after
regulating emotions during a distressing film, whereas older
adults did not (Scheibe & Blanchard-Fields, 2009). In young
adults, MW during tasks requiring imagining scenarios was
associated with larger variance in pupil diameter changes
(Teng et al., 2024; Partala & Surakka, 2003). Pupil dilation is
reported to be associated with emotional arousal, with an
increased pupil size observed while viewing or imagining
emotional images (Bradley et al., 2008; Whipple et al., 1992).
Thus, larger variance in pupil size changes in young adults
may reflect fluctuating internal emotional states. In contrast,
emotional stability in older adults may reduce their emotional
state changes during imagining a scenario, making variance
in pupil diameter changes not a good MW indicator for them.

Older adults also differ from young adults in where they
attend to during cognitive tasks. For example, Chaby et al.
(2017) showed that older adults were more likely to focus on
the lower part of a face during emotion recognition whereas
young adults showed more exploratory gaze behavior. A
similar phenomenon was observed in face recognition, where
eye movement patterns in older adults were more focused at
the face center, in contrast to young adults, who focused more
on the eyes (Chan et al., 2018). Since eyes are the most
diagnostic feature for face recognition, this finding suggests
that aging leads to reduced cognitive abilities in
implementing the well-learned visual routine due to cognitive
decline (Chan et al., 2018; Hsiao et al., 2022). Thus, as
compared with young adults, older adults’ eye movements
during tasks involving implementing a well-learned visual
routine may be affected more by MW, leading to reduced eye
movement consistency. In other words, reduced eye
movement consistency may be a good MW indicator for older
adults, in contrast to young adults (Teng et al., 2024).

For JA, Teng et al. (2024) found that reduced JA with
another participant was associated with MW in tasks
involving clearly defined strategies, since participants
typically followed similar strategies and thus reduced JA may
indicate reduced task engagement. Consistent with this
finding, previous studies have reported that higher percentage
of JA was associated with better collaboration quality
(Schneider & Pea, 2013) as well as improved task
performance/learning outcomes (Schneider et al., 2016,
2018). As for older adults, since previous research has
reported a similar JA effect in older adults to young adults,
although with a slower time course (Deroche et al., 2016), we
speculated that a similar MW effect may be observed in older

adults, where reduced JA would be associated with MW in
tasks involving clearly defined strategies.

Accordingly, to examine eye movement markers
associated with MW episodes in older adults here we adopted
the same tasks from Teng et al. (2024), which could be
categorized into four task types: tasks involving (1) “clearly
defined strategies”; (2) “imagining a scenario”; (3) “well-
learned visual routines”; and (4) “searching for information”.
We hypothesized that in contrast to young adults, 1) fixation
behaviors including number of fixations and fixation duration
may not be good MW indicators for tasks involving
“searching for information” due to their increased number of
fixations and fixation duration in general during cognitive
tasks; 2) A larger variance in pupil diameter change may not
be a good MW indicator for tasks involving “imagining a
scenario” due to their enhanced emotional stability; 3) Lower
eye movement consistency may be a good MW indicator for
tasks involving “well-learned visual routines” due to their
declined cognitive abilities for implementing the visual
routine, making their eye movement behavior more easily
affected by MW; 4) Reduced JA may be a good MW
indicator for tasks involving “clearly defined strategies”,
which is similar to young adults.

Methods

Participants

We recruited 34 participants (22 females and 12 males) aged
60 to 82 (M =67.2, SD = 6.2) from the local population. They
had normal or corrected to normal vision with glasses. To
ensure the robustness of the linear mixed-effects models
(LMM) analysis, we conducted a power analysis using R with
the simr package (Green, 2016). To examine the MW effect
in each task type, y ~ MWCondition + (1 | SubjectID) + (1 |
SubTaskType) was used as the model equation to simulate
data with fixed and random effect parameters based on
previous studies (Faber et al.,, 2020), indicating that 30
participants would achieve 80% power. To examine whether
a behavioral MW indicator is specific to a particular task type,
the equation y ~ MWCondition * TaskType + (1 | SubjectID)
+ (1 | SubTaskType:TaskType) was used, indicating that 25
participants would achieve 81% power. Thus, the sample size
provided sufficient power for the current study.

Materials

We replicated tasks from Teng et al. (2024), designed based
on “recall”, “interpret” and “evaluate” criteria according to
the National Assessment of Educational Progress (National
Assessment governing board, 2022). Each participant
performed 10 tasks which were further categorized into four
types of tasks by answering the host’s questions verbally.

(1) Tasks involving a clearly defined strategy (“clearly
defined strategy”)

(1.1) Sound judgment between two alternative choices
This task consisted of 30 trials. During each trial, participants
listened to a 5-second sound while fixating on a central sound
icon (1.26° x 0.97° visual angle). They were then instructed

2568



to choose one of two images (9.58° x 6.45°) displayed on the
left and right sides of the screen that corresponded to the
sound. All sounds and images were from everyday scenarios.
(1.2) Preference of a place between two different times
This task consisted of 10 trials. During each trial, participants
viewed two side-by-side images of local scenes (9.58° x
6.45°), with the left one depicting an earlier time period of
the place. Participants were asked to indicate their preference.
(2) Tasks involving imagining a scenario while
maintaining a central fixation (“imagining a scenario”)
(2.1) Imagining playing with toys This task consisted of 20
trials, with each trial displaying a toy image at the center of
the screen (16.11° x 9.69°). Participants were asked to
evaluate its level of interest and provide their explanation.
(2.2) Imagining working with celebrities This task included
10 trials, each showing an image of a local celebrity (9.88° x
9.98°). Participants were asked to decide if they would like
to shoot a movie or sing with the celebrity.

A3) Tasks involving well-learned visual
routines/diagnostic  features (“well-learned visual
routines”)

(3.1) Person Identification This task consisted of 10 trials.
During each trial, participants saw a photograph of a local
celebrity (9.88° x 9.98°). They were instructed to identify the
person and engage in a brief discussion.

(3.2) Scene Identification This task consisted of 20 trials,
each presenting a scene image (12.86° x 7.61°) at the top
center of the screen. Participants were instructed to identify
the scene and list common objects found in that setting.

(3.3) Preference of a person This task consisted of 10 trials.
In each trial, participants viewed a photo of a local celebrity
(9.88° x 9.98°). They were asked to express their preference
for the individual and provide reasons during the discussion.
(4) Tasks involving searching for information without a
clearly defined strategy (“searching for information”)
(4.1) Video viewing This task consisted of five trials. In each
trial, participants watched a 30-second video of current
affairs (13.77° x 7.81°).

(4.2) Place Comparison This task consisted of 10 trials, each
featuring two images of local scenes (9.58° x 6.45°). The
image on the left depicted the location during an earlier time
period, while the image on the right showed the same place
in a more recent era. Participants were instructed to identify
the differences of the place between two periods.

(4.3) Tic-Tac-Toe This task included 10 trials. Participants
played the game against the host five times by drawing on a
chessboard (9.74° x 9.74°) displayed on the screen. The other
participant was asked to view the whole process.

Design

In our experimental protocol, each interactive learning
session was conducted via Zoom with three individuals: a
host (the investigator) and two participants. The investigation
of MW episodes employed the thought probe method (Risko
et al., 2012). Specifically, during the experiment, participants
responded to a post-trial probe inquiring about their
attentional state (i.e. the thought probe) during the trial. Trials

were then classified into MW or No-MW trials based on these
responses for subsequent data analysis. The thought probe
method has been commonly used in the literature on MW and
shown to have similar results to the self-report method
(Varao-Sousa & Kingstone, 2019).

Our analysis focused on several eye movement behavioral
parameters as potential indicators of MW. These metrics
included average number of fixations per second, average
fixation duration, variance of pupil diameter change, eye
movement consistency (measured by overall entropy and
marginal entropy of the first fixation), and percentage of JA
(participants’ shared attention with both the other participant
and the host; see the Eye Movement Data Analysis section
for further details).

To examine whether these eye movement behavioral
measures could indicate MW across task types, we employed
LMMs to do the analyses. These analyses were conducted
using the /me4 package (Bates et al., 2015) in R (version 4.2.3;
R Core Team, 2023), with p-values calculated using the
ImerTest package (Kuznetsova et al., 2017). For each
dependent variable (i.e. eye movement behavioral measures
outlined in our hypotheses), we first examined whether MW
had a significant effect within each task type using the
formula Dependent variable ~ MW condition + (1| Subject)
+ (1] Sub Task Type). Here, MW condition was included as
the fixed effect, while subject and sub-task type were treated
as random effects. If a significant MW effect was detected for
a specific task type, this type was treated as the reference
category to further examine whether the dependent variable
was a unique indicator of MW for that specific task type. The
subsequent formula was specified as Dependent variable ~
MW condition * Task Type + (1| Subject) + (1| Sub Task
Type : Task Type), which incorporated MW condition, task
type, and their interaction as fixed effects, while subject and
sub-task types (nested within task type) were included as
random effects. For both formulas, MW condition was coded
using treatment contrasts, with the no-MW condition chosen
as the reference category for MW condition.

Apparatus

Each participant completed the online learning tasks using a
10.4-inch tablet (2000 x 1200 pixels in resolution) to join
Zoom. Eye movement data were captured with an EyeLink
eye tracker (EyeLink 1000, EyeLink 1000 Plus, or EyeLink
Portable Duo) integrated with WebLink software for tablet-
based data collection. A chin rest was employed to minimize
head movement, maintaining a fixed viewing distance of 59
cm. All eye trackers operated in pupil and corneal reflection
tracking mode at a 1000 Hz sampling rate. The EyeLink
default cognitive research parameters were applied for data
acquisition, including a saccade motion threshold of 0.1° of
visual angle, a saccade acceleration threshold of 8000°/s?,
and a saccade velocity threshold of 30°/s.

Procedure

Before the experiment, participants were first provided with
instructions defining MW as engaging in thoughts irrelevant
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to the task. To ensure accurate eye-tracking data, a nine-point
calibration was carried out at the beginning of each task. Each
participant then completed ten tasks presented in a
randomized order alongside another participant and the host.
During the tasks, participants engaged with stimuli,
responded to questions raised by the host, and participated in
discussions when necessary. A small window was positioned
in the upper-right corner of the screen, displaying either the
other participant or the host, replicating the typical Zoom
interaction setup. Following each trial, a thought probe
appeared on the screen, asking participants to indicate
whether they had experienced MW during the trial. They
responded by pressing "Y" for yes or "N" for no.

Eye movement data analysis

Entropy

To evaluate participants’ eye movement consistency while
exposing them to the stimuli, we employed the EMHMM
method (Chuk et al., 2014; Hsiao, Lan et al., 2021). For each
trial, a Hidden Markov Model (HMM) was generated to
represent the participant’s eye movement patterns. The
hidden states of the HMM represented each person’s ROIs,
with gaze transitions summarized in a transition matrix (see
Figure 1). We set the potential number of ROIs from 1 to 8,
determined using a variational Bayesian approach. with each
model being trained 300 times. The model with the highest
log-likelihood was selected for further analysis. Eye
movement consistency was quantified by calculating the
entropy of participants’ HMMs (Hsiao et al., 2020; Hsiao,
Chan et al., 2021; Hsiao, Liao et al., 2022). Entropy reflects
the predictability of eye movement patterns, with higher
entropy indicating less predictable and less consistent
patterns. In addition, we examined the marginal entropy of
the first fixation in each trial. This measure captures the
variance in initial fixation distribution, showing how first
fixations influenced overall eye movement patterns.

1 2 3 4
Prior 41 35 .07 .17

1 .77 .16 .07 .00
2 .31 .63 .06 .00
3
4

.30 .19 .51 .00
.00 .00 .01 .99

Figure 1. Representative model example of the “Preference
of a place between two different times” task generated using
EMHMM. Ellipses represented ROIs, and dots indicated
raw fixations within these areas. Eye gaze transition
probabilities among different ROIs were summarized in a
transition matrix. The prior showed the probability of the
first fixation in a trial landing in each ROI.

Joint Attention (JA)

To define a JA event, following Teng et al. (2024), both
spatial and temporal thresholds were considered. The spatial
threshold was based on the average size of prominent objects

in each video frame, set at 150 pixels. A JA fixation was
identified if one participant’s fixation fell within 150 pixels
of the other participant’s fixation.

For the temporal threshold, fixation duration overlap was
used to measure how long two participants’ fixations aligned
at the same location. To calculate this overlap, we started
with a fixation from participant A (duration: ai) and then
identified the overlapping fixation durations from participant
B (denoted as bi1 and bi2). The overlap percentage relative to
A’s fixation duration was calculated as (biitbiz)/ai. The
mean overlap percentage across all of A’s fixations was then
used as the JA measurement (i.e. JA_AB DP in Figure 2).

B [ | [ 1
by i\ by !

Percentage of duration overlap:
: ; i ; byy + by,
A I S S
a
a
Ny Diatbigt+biy;

JA AB DP=—=1 & °
_AB_ Na

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

Results

Fixation behavior

In average number of fixations per second, we observed a
significant effect of MW condition in task type “clearly
defined strategies”, y*(1, N = 34) = 5.037, p = .025, where
participants had a smaller number of fixations per second in
MW condition than no-MW condition, = -0.000, SE = 0.000,

=-2.244, p = .025. No significant MW effect was observed
in any other task types. We further examined whether a
smaller number of fixations per second was a unique
indicator of MW for the task type “clearly defined strategies”
when compared with the other task types. The LMM results
indicated that there was no significant interaction effect
between MW condition and task type, yA3, N = 34) = 4.067,
p = .254, suggesting the MW effect did not vary across tasks.
Thus, although a significant MW condition effect was only
observed in task type “clearly defined strategies” but not in
the other task types, it did not appear to be a unique MW
indicator for this task type when compared with the others.

In average fixation duration, we did not observe a
significant effect of MW condition in any task types.
Therefore, a longer average fixation duration did not appear
to be a good MW indicator for older adults. This result was
in contrast to the findings from young adults in a previous
study (Teng et al., 2024), where a longer fixation duration
was a good MW indicator for task type “searching for
information”.

Pupil diameter change

In pupil diameter change, we did not observe a significant
effect of MW condition in any task types. Therefore, a larger
pupil diameter change did not appear to be a good MW
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indicator for older adults. This result was in contrast to the
findings from young adults in a previous study (Teng et al.,
2024), where a larger variance in pupil diameter change was
a good MW indicator for task type “imagining a scenario”.

Entropy

In overall entropy, we did not observe a significant effect of
MW condition in any task types.

In marginal entropy of the first fixation, we observed a
significant effect of MW condition in task type “well-learned
visual routines”, y(1, N = 34) = 5.117, p = .024, where
participants had lower consistency in the first fixation (i.e.
higher marginal entropy of the first fixation) in the MW
condition than no-MW condition, f=0.135, SE =0.060, ¢t =
2.262, p = .024. No significant MW effect was observed in
any other task types. We further examined whether lower
consistency in the first fixation was a unique indicator of MW
for the task type and “well-learned visual routines” when
compared with the other task types. The results indicated that
there was a marginally significant interaction between MW
condition and task type, yA(3, N = 34) = 6.322, p = .097,
suggesting lower consistency in the first fixation could
potentially be an indicator of MW uniquely for task type
“well-learned visual routines”: compared with “well-learned
visual routines”, participants had a significantly smaller MW
condition effect in task type “searching for information”, =
-0.217, SE = 0.098, t = -2.210, p = .027, but this effect was
not significant when compared with task types “imagining a
scenario” and “clearly defined strategies” (Table 1).

JA

In JA with another participant, we observed a significant
effect of MW condition in task type “clearly defined
strategies”, y(1, N=34)=6.230, p = .013, where participants
had less JA with another participant in the MW condition
than no-MW condition, f§=-0.022, SE =0.009, t =-2.496, p
=.013. No significant MW condition effect was observed in
any other task types. This result was consistent with findings
from young adults (Teng et al., 2024), suggesting that JA may
be a good MW indicator for tasks involving clearly defined
strategies across the age groups.

We further examined whether JA with another participant
was a unique indicator of MW for task type “clearly defined
strategies” as compared with the other task types. The results
showed a marginally significant interaction between MW
condition and task type, y%3, N = 34) = 7.601, p = .055,
suggesting JA with another participant could potentially be
an indicator of MW uniquely for task type “clearly defined
strategies”: compared with “clearly defined strategy”,
participants had a significantly smaller MW condition effect
in “imagining a scenario”, f = 0.032, SE = 0.013, r = 2.415,
p =.016, and in “well-learned visual routines”, = 0.029, SE
=0.012, t=2.371, p = .018; this effect was not significant in
“searching for information” (Table 2).

In JA with the host, we did not observe a significant effect
of MW condition in any task types. Therefore, it did not
appear to be a good MW indicator for older adults.

In summary, our results generally supported our hypothesis
that young and old adults showed differences in eye
movement behavioral MW indicators. Specifically, a smaller
number of fixations and longer fixation duration and a larger
variance in pupil diameter were not good MW indicators for
any type of tasks for old people. Lower eye movement
consistency could be a good indicator of MW in task type
“well-learned visual routines”. In addition, JA with another
participant could be a good indicator of MW in task type
“clearly defined strategy”, and this finding was consistent
with that from young adults.

Table 1. Fixed effects estimates from the LMM results for
marginal entropy of the first fixation (***p <.001, *p < .05,

p <.10).

Fixed Effects Omnibus test
Effect af x P
MW condition 1 4323 0.064"
Task Type 3 8.499 0.037*
MW condition X Task Type 3 6322 0.097

Fixed Effects
Effect B SE 95%CI t P
(Intercept) 12300 0.194  [12.602,13.255] 63.557 <.001***
MW condition 0.139  0.067 [-0.057,0.156] 2.079 0.038*
“clearly defined strategy” vs “well-learned visual(.523  (.276 [-1.049,-0.068] 1.907 0.105

routines”

“imagining a scenario” vs “well-learned visual routines” (.374 0.276
“searching for information” vs “well-learned visual 0.700 (.248
routines”

MW condition: Task Type (“clearly defined strategy” vs 0.009 0.104
“well-learned visual routines™)

MW condition: Task Type (“imagining a scenario” vs -0.045 (.107
“well-learned visual routines”)

MW condition: Task Type (“searching for information” vs -0.217 (.098
“well-learned visual routines”)

[0.996,-0.015] 1354 0.225
[-1.268,-0.389] 2.823 0.030*

[-0.052,0.215]  0.082 0.935
[-0.023,0.282] -0.421 0.674

[-0.087,0.185]  -2.210 0.027*

Table 2. Fixed effects estimates from the LMM results for
JA with another participant (*p < .05, "p <.10).

Fixed Effects Omnibus test

Effect af x 4
MW condition 1 5712 0.017*
Task Type 3 2458 0483
MW condition X Task Type 3 7.601  0.055"

Fixed Effects
Effect B SE 95%CI t P
(Intercept) 0.115 0.038 [0.050,0.181] 2.996 0.021*
MW condition -0.022  0.009 [-0.040,-0.004]-2.390 0.017*
“imagining a scenario” vs “clearly defined strategy” -0.005  0.053 [-0.095,0.085] -0.097 0.926

“well-learned visual routines” vs “clearly defined strategy” 0.060  0.048 [-0.023,0.142] 1.232 0.264
“searching for information” vs “clearly defined strategy” 0.013 0.048 [-0.069,0.096] 0.270 0.796
MW condition: Task Type (“imagining a scenario” vs 0.032  0.013 [0.006,0.059] 2.415 0.016*
“clearly defined strategy™)

MW condition: Task Type (“well-learned visual routines” vs 0.029  0.012 [0.005,0.052] 2.371 0.018*
“clearly defined strategy™)

MW condition: Task Type (“searching for information” vs (0.018 0.012 [-0.006,0.043] 1.424 0.154
“clearly defined strategy™)

Discussion

In this study, we examined eye movement behavior during
MW in older adults. when they performed different types of
cognitive tasks in an online learning scenario. We
hypothesized that since older adults are shown to exhibit
different eye movement behavior from young adults in these
cognitive tasks, they may also have different MW indicators.
Specifically, in contrast to young adults, number of fixations
and fixation duration may not be good MW indicators for
tasks involving “searching for information” in older adults
since they tend to make more fixations with longer fixation
durations even without MW. Similarly, a larger variance in
pupil diameter change may not be a good MW indicator for
tasks involving “imagining a scenario” in older adults due to
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their relatively stable emotional states as compared with
young adults. However, in older adults’ lower eye movement
consistency may turn out to be a good MW indicator for tasks
involving “well-learned visual routines” in contrast to young
adults, because their cognitive decline may make these well-
learned visual routines more easily affected by MW. Finally,
similar to young adults, reduced JA may be a good MW
indicator for tasks involving “clearly defined strategies”.

Consistent with our hypotheses, we discovered that
fixation behaviors, including either number of fixations or
fixation duration, were not reliable indicators of MW for
older adults in the task type “searching for information”. This
phenomenon may be related to aging-related increase in
number of fixations and fixation duration when searching for
information typically observed in the literature. Indeed, as
compared with young adults reported in Teng et al. (2024),
older adults in the current study had a larger number of
fixations in the “Tic-Tac-Toe” task, U = 863, p <.001. This
finding was consistent with a previous study, which
suggested that the increased number of fixations may be
related to age-related decline in visual working memory
(Laberge & Scialfa, 2005). We also found that older adults
had shorter average fixation duration than younger adults in
the “video viewing” task, U = 1047, p = .024 and the “Tic-
Tac-Toe” task, U = 772, p < .001, which may be related to
older adults’ higher familiarity with the stimuli than young
adults, which facilitated their processing (Meyer et al., 2014).
Although age differences in fixation behavior in tasks
involving searching for information did not appear to be
consistently found, in general our results suggest that these
summary statistics measures of fixation behavior may not be
a good MW indicator in older adults as in young adults since
they can be affected by multiple factors including cognitive
decline and stimulus familiarity.

Similarly, in contrast to young adults, larger variance in
pupil diameter changes was not a reliable MW indicator in
older adults during the task type “imagining a scenario”,
consistent with our hypothesis. Indeed, as compared with
young adults in Teng et al. (2024), our older adults had a
marginally smaller variance in pupil diameter change in the
task “Imagining playing with toys”, U= 1148, p = .097. This
result was consistent with previous research showing that
older adults had more effective emotion regulation
(Blanchard-Fields, 2007) and experienced lower affect
variability (Rocke et al., 2009) than younger adults. This age
difference may have rendered variance in pupil diameter
change an ineffective MW indicator for older adults.

As for eye movement consistency, consistent with our
hypothesis, we found that in older adults’ lower eye
movement consistency (measured in the marginal entropy of
the first fixation) was a unique MW indicator for task type

“well-learned visual routines” but not for any other task types.

This result was in contrast to young adults, where eye
movement consistency during MW and no-MW episodes in
this task type did not differ significantly. We speculated that
this age difference may be related to older adults’ cognitive
decline, making their eye movement during tasks involving

implementing a well-learned visual routine affected more by
MW. In contrast, young adults were able to implement a well-
learned visual routine even during MW. Consistent with this
speculation, we found that older adults had higher marginal
entropy of the first fixation (i.e. lower eye movement
consistency) in this task type (e.g., in task ‘“scene
identification”, U = 1034, p = .019) than younger adults.
Previous research has suggested that older adults are more
susceptible to interference due to cognitive decline (Hasher
& Zacks, 1988). Thus, older adults’ visual routines may be
more easily interfered by MW than young adults’, making
reduced eye movement consistency a good MW indicator for
tasks involving well-learned visual routines for older adults.

Finally, in older adults, reduced JA with another participant
was identified as a unique MW indicator for the task type
“clearly defined strategies” but not for any other task types.
This phenomenon was also observed in young adults (Teng
et al., 2024). For this task type, participants were expected to
pay attention to similar regions using similar strategies,
which would result in higher JA when they focused on the
task. Thus, reduced JA may indicate that participants had
shifted their attention away from the task. The finding that
this effect could be observed in both young and older adults
suggested that this MW indicator for tasks involving clearly
defined strategies is not affected by aging.

In conclusion, our findings revealed fundamental
differences in how MW manifests in eye movement behavior
between older and younger adults, highlighting the
significant impact of aging on attentional processes.
Specifically, fixation behaviors, including a smaller number
of fixations and longer average fixation duration, were good
indicators of MW for younger adults for “searching for
information”. However, this effect was not observed in older
adults, possibly due to multiple factors that could have
influenced older adults’ fixation behavior in addition to MW
including cognitive decline and stimulus familiarity.
Similarly, larger variance in pupil diameter changes was a
good MW indicator for “imagining a scenario” for younger
adults but not for older adults, possibly due to their enhanced
affect stability or emotion regulation ability. In contrast,
lower eye movement consistency was a unique MW indicator
for “well-learned visual routines” for older adults but not for
young adults, possibly due to their higher susceptibility to
interference such as MW when implementing these well-
learned visual routines. We also found that some MW
indicators, such as reduced JA with another participant, was
a good MW indicator for tasks involving “clearly defined
strategies” for both young and older adults. Our findings thus
suggested that aging leads to task-specific changes in eye
movement behavior, which can in turn lead to differential
impact on behavioral indicators of MW across different tasks
in older adults. These findings have important implications
for ways to facilitate learning or cognitive stimulation
therapies in older adults through monitoring task engagement
with eye tracking.

2572



Acknowledgments

We are grateful to Research Grant Council of Hong Kong
(CRF #C7055-21G).

References

Al-Showarah, S., Al-Jawad, N., & Sellahewa, H. (2014).
Effects of user age on smartphone and tablet use,
measured with an eye-tracker via fixation duration, scan-
path duration, and saccades proportion. In C. Stephanidis
& M. Antona (Eds.), Universal access in human-computer
interaction. Universal access to information and
knowledge: UAHCI 2014 (Lecture Notes in Computer
Science, Vol. 8514, pp. 3-14). Springer, Cham.
https://doi.org/10.1007/978-3-319-07440-5 1

American Psychological ~Association. (2018). Mind
wandering. In APA dictionary of psychology.
https://dictionary.apa.org/mind-wandering

Anderson, M., & Perrin, A. (2017, May 17). Tech adoption
climbs among older adults. Pew Research Center.
https://www.pewresearch.org/internet/2017/05/17/tech-
adoption-climbs-among-older-adults/

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015).
Fitting linear mixed-effects models using Ime4. Journal of
Statistical Software, 67(1), 1-48.
https://doi.org/10.18637/jss.v067.101

Blanchard-Fields, F. (2007). Everyday problem solving and
emotion: An adult developmental perspective. Current
Directions in Psychological Science, 16(1), 26-31.
https://doi.org/10.1111/j.1467-8721.2007.00469.x

Bradley, M. M., Miccoli, L., Escrig, M. A., & Lang, P. J.
(2008). The pupil as a measure of emotional arousal and
autonomic activation. Psychophysiology, 45(4), 602-607.
https://doi.org/10.1111/j.1469-8986.2008.00654.x

Burr, D. A, Castrellon, J. J., Zald, D. H., & Samanez-Larkin,
G. R. (2021). Emotion dynamics across adulthood in
everyday life: Older adults are more emotionally stable
and better at regulating desires. Emotion, 21(3), 453.
https://doi.org/10.1037/emo0000734

Carstensen, L. L., Pasupathi, M., Mayr, U., & Nesselroade,
J. R. (2000). Emotional experience in everyday life across
the adult life span. Journal of personality and social
psychology, 79(4), 644.

Chaby, L., Hupont, L., Avril, M., Luherne-du Boullay, V., &
Chetouani, M. (2017). Gaze behavior consistency among
older and younger adults when looking at emotional faces.
Frontiers in Psychology, S, 548.
https://doi.org/10.3389/fpsyg.2017.00548

Chan, C. Y. H., Chan, A. B., Lee, T. M. C., & Hsiao, J. H.
(2018). Eye movement patterns in face recognition are
associated with cognitive decline in older adults.
Psychonomic Bulletin & Review, 25(6), 2200-2207.
https://doi.org/10.3758/s13423-017-1419-0

Chuk, T., Chan, A. B., & Hsiao, J. H. (2014). Understanding
eye movements in face recognition using hidden Markov

models. J. Vision,
https://doi.org/10.1167/14.11.8

Deroche, T., Castanier, C., Perrot, A., & Hartley, A. (2016).
Joint attention is slowed in older adults. Experimental
aging research, 42(2), 144-150.
https://doi.org/10.1080/0361073X.2016.1132826

Faber, M., Krasich, K., Bixler, R. E., Brockmole, J. R., &
D'Mello, S. K. (2020). The eye-mind wandering link:
Identifying gaze indices of mind wandering across tasks.
Journal of experimental psychology: human perception
and performance, 46(10), 1201.
https://doi.org/10.1037/xhp0000743

Gross, J. J., Carstensen, L. L., Pasupathi, M., Tsai, J.,
Gotestam Skorpen, C., & Hsu, A. Y. (1997). Emotion and
aging: experience, expression, and control. Psychology
and aging, 12(4), 590.

Hasher, L., & Zacks, R. T. (1988). Working memory,
comprehension, and aging: A review and a new view. The
psychology of learning and motivation, 22, 193-225.
https://doi.org/10.1016/S0079-7421(08)60041-9

Ho, G., Scialfa, C. T., Caird, J. K., & Graw, T. (2001). Visual
search for traffic signs: The effects of clutter, luminance,
and aging. Human  factors, 43(2), 194-207.
https://doi.org/10.1518/001872001775900922

Hsiao, J. H., & Chan, A. B. (2023). Visual attention to own-
vs. other-race faces: Perspectives from learning
mechanisms and task demands. British Journal of
Psychology, 114(S1), 17-20.
https://doi.org/10.1111/bjop.12647

Hsiao, J. H., An, J., Hui, V. K. S., Zheng, Y., & Chan, A. B.
(2022). Understanding the role of eye movement
consistency in face recognition and autism through
integrating deep neural networks and hidden Markov
models. npj  Science of Learning, 7, 28.
https://doi.org/10.1038/s41539-022-00139-6

Hsiao, J. H., An, J., & Chan, A. B. (2020). The role of eye
movement consistency in learning to recognise faces:
Computational and  experimental  examinations.
Proceedings of the 42nd Annual Conference of the
Cognitive Science Society (pp. 1072-1078). Cognitive
Science Society.

Hsiao, J. H., Chan, A. B., An, J., Yeh, S. L., & Jingling, L.
(2021). Understanding the collinear masking effect in
visual search through eye tracking. Psychonomic Bulletin
& Review, 28(6), 1933-1943.
https://doi.org/10.3758/s13423-021-01944-7

Hsiao, J. H, Lan, H., Zheng, Y., & Chan, A. B. (2021). Eye
Movement analysis with Hidden Markov Models
(EMHMM) with co-clustering. Behavior Research
Methods, 53, 2473-2486.

Hsiao, J. H., Liao, W., & Tso, R. V. Y. (2022). Impact of
mask use on face recognition: An eye tracking study.
Cognitive Research: Principles and Implications, 7, 32.

Irish, M., Goldberg, Z. L., Alaeddin, S., O’Callaghan, C., &
Andrews-Hanna, J. R. (2019). Age-related changes in the

14(11), 8.

2573


https://dictionary.apa.org/mind-wandering
https://dictionary.apa.org/mind-wandering
https://www.pewresearch.org/internet/2017/05/17/tech-adoption-climbs-among-older-adults/
https://www.pewresearch.org/internet/2017/05/17/tech-adoption-climbs-among-older-adults/
https://www.pewresearch.org/internet/2017/05/17/tech-adoption-climbs-among-older-adults/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1167/14.11.8
https://doi.org/10.3758/s13423-021-01944-7

temporal focus and self-referential content of spontaneous
cognition during periods of low cognitive demand.
Psychological research, 83, 747-760.
https://doi.org/10.1007/s00426-018-1102-8

Kahneman, D., & Beatty, J. (1966). Pupil diameter and load
on memory. Science, 154(3756), 1583-1585.
https://doi.org/10.1126/science.154.3756.1583

Kanan, C., Bseiso, D., Ray, N., Hsiao, J. H., & Cottrell, G.
(2015) Humans have idiosyncratic and task-specific
scanpaths for judging faces. Vision Research, 108, 67-76.
https://doi.org/10.1016/].visres.2015.01.013

Kuznetsova A, Brockhoff P.B., Christensen R.H.B. (2017).
“ImerTest Package: Tests in Linear Mixed Effects
Models.” Journal of Statistical Software, 82(13), 1-26.
https://doi.org/10.18637/1ss.v082.113.

Laberge, J. C., & Scialfa, C. T. (2005). Predictors of web
navigation performance in a life span sample of adults.
Human Factors, 47, 289 - 302.
https://doi.org/10.1518/0018720054679470

Maillet, D., & Schacter, D. L. (2016a). From mind

wandering to involuntary retrieval:  Age-related
differences in spontaneous cognitive  processes.
Neuropsychologia, 80, 142-156.

https://doi.org/10.1016/j.neuropsychologia.2015.11.017

Maillet, D., & Schacter, D. L. (2016b). When the mind
wanders:  Distinguishing  stimulus-dependent  from
stimulus-independent thoughts during incidental encoding
in young and older adults. Psychology and aging, 31(4),
370. https://doi.org/10.1037/pag0000099

Maillet, D., Beaty, R. E., Jordano, M. L., Touron, D. R,
Adnan, A., Silvia, P. J., ... & Kane, M. J. (2018). Age-
related differences in mind-wandering in daily life.
Psychology and aging, 33(4), 643.
https://doi.org/10.1037/pag0000260

Meyer, T., Walker, C., Cho, R. Y., & Olson, C. R. (2014).
Image familiarization sharpens response dynamics of
neurons in inferotemporal cortex. Nature neuroscience,
17(10), 1388-1394. https://doi.org/10.1038/nn.3794

National Assessment governing board. (2022). Reading
assessment framework for the 2022 and 2024 National
Assessment  of  Educational — Progress.  National
Assessment governing board.
https://www.nagb.gov/content/dam/nagb/en/documents/p
ublications/frameworks/reading/2022-nagb-reading-
framework-508.pdf

Partala, T., & Surakka, V. (2003). Pupil size variation as an
indication of affective processing. International journal of
human-computer studies, 59(1-2), 185-198.
https://doi.org/10.1016/S1071-5819(03)00017-X

R Core Team (2023). R: A language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/.

Risko, E., Anderson, N., Sarwal, A., Engelhardt, M., &
Kingstone, A. (2012). Everyday attention: Variation in
mind wandering and memory in a lecture. Applied

Cognitive Psychology, 26, 234-242.
http://dx.doi.org/10.1002/acp.1814

Rocke, C., Li, S. C., & Smith, J. (2009). Intraindividual
variability in positive and negative affect over 45 days: Do
older adults fluctuate less than young adults?. Psychology
and aging, 24(4), 863. https://doi.org/10.1037/a0016276

Romano Bergstrom, J. C., Olmsted-Hawala, E. L., & Jans,
M. E. (2013). Age-related differences in eye tracking and
usability performance: website usability for older adults.
International Journal of Human-Computer Interaction,
29(8), 541-548.
https://doi.org/10.1080/10447318.2012.728493

Schneider, B., & Pea, R. (2013). Real-time mutual gaze
perception  enhances collaborative learning and
collaboration quality. International Journal of Computer-
Supported Collaborative Learning, 8(4), 375-397.
https://doi.org/10.1007/s11412-013-9181-4

Schneider, B., Sharma, K., Cuendet, S., Zufferey, G.,
Dillenbourg, P., & Pea, R. (2016). Using mobile eye-
trackers to unpack the perceptual benefits of a tangible
user interface for collaborative learning. ACM
Transactions on Computer-Human Interaction (TOCHI),
23(6), 1-23. https://doi.org/10.1145/3012009

Schneider, B., Sharma, K., Cuendet, S., Zufferey, G.,
Dillenbourg, P., & Pea, R. (2018). Leveraging mobile eye-
trackers to capture joint visual attention in co-located
collaborative learning groups. International Journal of
Computer-Supported Collaborative Learning, 13, 241-
261. https://doi.org/10.1007/s11412-018-9281-2

Scheibe, S., & Blanchard-Fields, F. (2009). Effects of
regulating emotions on cognitive performance: what is
costly for young adults is not so costly for older adults.
Psychology and aging, 24(1), 217.
https://doi.org/10.1037/a0013807

Shiota, M. N., & Levenson, R. W. (2009). Effects of aging
on experimentally instructed detached reappraisal,
positive reappraisal, and emotional behavior suppression.
Psychology and aging, 24(4), 890.
https://doi.org/10.1037/a0017896

Steinhauer, S. R., & Hakerem, G. (1992). The pupillary
response in  cognitive  psychophysiology  and
schizophrenia. Annals of the new York Academy of
Sciences, 658(1), 182-
204. https://doi.org/10.1111/j.1749-6632.1992.tb22845.x

Teng, X., Lan, H., Wong, G., Chan, A. B., & Hsiao, J. (2024).
Eye Movement Behavior during Mind Wandering across
Different Tasks in Interactive Online Learning.
Proceedings of the 46th Annual Conference of the
Cognitive Science Society (pp. 5934-5941). Cognitive
Science Society.

Varao-Sousa, T. L., & Kingstone, A. (2019). Are mind
wandering rates an artifact of the probe-caught method?
Using self-caught mind wandering in the classroom to test,
and reject, this possibility. Behavior Research Methods,
51,235-242. https://doi.org/10.3758/513428-018-1073-0

2574


https://doi.org/10.18637/jss.v082.i13
https://www.r-project.org/
https://doi.org/10.1145/3012009
https://doi.org/10.3758/s13428-018-1073-0

Whipple, B., Ogden, G., & Komisaruk, B. R. (1992).
Physiological correlates of imagery-induced orgasm in
women. Archives of sexual behavior, 21, 121-133.
https://doi.org/10.1007/BF01542589

Whitehead, J. C., Li, L., McQuiggan, D. A., Gambino, S. A.,
Binns, M. A., & Ryan, J. D. (2018). Portable eyetracking-
based assessment of memory decline. Journal of Clinical
and Experimental Neuropsychology, 40(9), 904-916.
https://doi.org/10.1080/13803395.2018.1444737

Williams, C. C., Zacks, R. T., & Henderson, J. M. (2009).
Age differences in what is viewed and remembered in
complex conjunction search. Quarterly Journal of
Experimental Psychology, 62(5), 946-966.
https://doi.org/10.1080/174702108023219

Wynn, J. S., Amer, T., & Schacter, D. L. (2020). How older
adults remember the world depends on how they see it.
Trends in Cognitive Sciences, 24(11), 858-861.
https://doi.org/10.1016/j.tics.2020.08.001

Zhang, H., Anderson, N. C., & Miller, K. F. (2021).
Refixation patterns of mind-wandering during real-world
scene perception. Journal of Experimental Psychology:
Human Perception and Performance, 47(1), 36-52.
https://doi.org/10.1037/xhp0000877

Zhang, H., Miller, K. F., Sun, X., & Cortina, K. S. (2020).
Wandering eyes: Eye movements during mind wandering
in video lectures. Applied Cognitive Psychology, 34(2),
449-464. https://doi.org/10.1002/acp.3632

2575



