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Research on gaze control has long shown that increased visual-cognitive processing demands in scene viewing are 
associated with longer fixation durations. More recently, though, longer durations have also been linked to mind 
wandering, a perceptually decoupled state of attention marked by decreased visual-cognitive processing. Toward better 
understanding the relationship between fixation durations and visual-cognitive processing, we ran simulations using 
an established random-walk model for saccade timing and programming and assessed which model parameters best 
predicted modulations in fixation durations associated with mind wandering compared to attentive viewing. Mind 
wandering-related fixation durations were best described as an increase in the variability of the fixation-generating 
process, leading to more variable—sometimes very long—durations. In contrast, past research showed that increased 
processing demands increased the mean duration of the fixation-generating process. The findings thus illustrate that 
mind wandering and processing demands modulate fixation durations through different mechanisms in scene viewing. 
This suggests that processing demands cannot be inferred from changes in fixation durations without understanding 
the underlying mechanism by which these changes were generated. 
 
 

Confined by the physical and cognitive 
limitations of the visual system, people cannot 
adequately perceive everything in the environment 
simultaneously. Instead, visual perception is 
piecemeal, with people shifting their eyes frequently 
to acquire situational information. The nonrandom 
nature of gaze control suggests that eye movements 
index the information-processing priorities of the 
visual system (Just & Carpenter, 1976). For example, 
fixation durations—how long the eyes remain 
relatively still at one location—are thought to vary 
according to the time needed for acquiring and 
evaluating visual inputs toward comprehension 
(Rayner, 1978, 1998, 2009). 

During the exploration of naturalistic scenes, 
fixation durations are affected by changes in global 
image features. For example, fixation durations are 
prolonged when the luminance of the entire scene is 
reduced (Henderson et al., 2013; Loftus, 1985) or 
when color is removed (von Wartburg et al., 2005). In 
addition, a  number of   studies  have  employed  gaze- 
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contingent scene manipulations to investigate the 
degree to which fixation durations can be immediately 
adjusted to ongoing visual-cognitive processing 
demands (Glaholt et al., 2013; Henderson & Pierce, 
2008; Pannasch et al., 2011; Walshe & Nuthmann, 
2014). The results from these studies suggest that the 
timing of fixations adapts to stimulus changes (e.g., a 
reduction in scene luminance) that occurred on a 
fixation-to-fixation basis (Walshe & Nuthmann, 2021, 
for a review). 

Fixation durations during scene viewing are also 
modulated by local scene processing difficulty. 
Nuthmann (2017) and Tatler et al. (2017) showed that 
low-, intermediate-, and higher-level information at 
the fovea is systematically related to fixation durations 
when inspecting scenes under different task 
instructions. For example, these studies found that 
fixation durations increase as the number of edges in 
foveal vision increases. When fixation durations are 
analyzed with regard to objects in scenes, gaze 
duration represents the summed duration of all 
fixations landing on the object before moving away 
from it (Henderson et al., 1999). Gaze durations tend 
to be longer for larger objects (Wang et al., 2010) and, 
independently, for higher-salience objects (Nuthmann 
et al., 2020). Moreover, gaze durations are longer for 
objects that are out-of-place than for objects that 
cohered with the scene (Coco et al., 2020; Henderson 
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et al., 1999; Loftus & Mackworth, 1978; Võ & 
Henderson, 2009). 

Neuroscientific findings using co-registered eye 
tracking and magnetic resonance scanning showed 
that individual fixation durations under normal scene 
viewing conditions (i.e., without any experimental 
manipulations) were positively correlated with 
activation in brain regions that support visual-
cognitive processing as well as the executive control 
of ocular motor behavior during scene viewing 
(Henderson & Choi, 2015). These findings thus 
suggested that fixation durations reflected naturally 
occurring modulations in real-time scene processing, 
with longer fixations indicating greater processing. 

Considering past research on gaze control during 
scene viewing collectively, a longstanding 
conventional view has emerged according to which 
longer fixation durations reflect increasingly complex 
and more difficult visual-cognitive processing. One 
challenge with the conventional view, though, is that 
longer fixation durations have also been associated 
with mind wandering during scene viewing (Krasich 
et al., 2018; Zhang et al., 2021). Mind wandering is 
considered a state of attenuated visual-cognitive 
processing, as indicated by converging evidence from 
behavioral (Mason et al., 2007; Stawarczyk et al., 
2011), neuroimaging (Christoff et al., 2016; Fox et al., 
2015; Turnbull et al., 2019), and 
electroencephalogram (EEG) (Baird et al., 2014; 
Barron et al., 2011; Kam et al., 2021; Smallwood et al., 
2008) research. 

Krasich et al. (2018) asked participants to study 
pictures of naturalistic scenes for 45 to 75 s in 
anticipation of a later memory test. While viewing 
these scenes, participants also responded to pseudo-
randomly distributed thought probes that asked 
participants to report whether they were mind 
wandering or paying attention to viewing the image at 
a given moment in time. Specifically, the prompts 
asked, “In the moments right before this message, 
were you paying attention to the picture or zoning 
out.” Fixations made prior to reports of mind 
wandering were then compared to fixations made prior 
to reports of attentive viewing. The findings showed 
that at least 15 s prior to the self-report, fixations 
associated with self-reported mind wandering were on 
average significantly longer than the fixations made 
prior to reports of attentive viewing. Moreover, rates 
of reported mind wandering during initial scene 
memorization were negatively correlated with 
performance on the later memory test, suggesting that 
the longer durations did not correspond to better 
processing of the fixated content. Zhang et al. (2021) 
showed a similar link between probe-caught mind 
wandering, longer fixation durations, and worse scene 
memory in a scene memorization task that included a 

substantially larger stimulus set, shorter viewing times 
(i.e., 10 s), and more thought probes than in Krasich et 
al. (2018). Thus, across two separate studies, mind 
wandering—and its presumed attenuated 
processing—has been linked to longer fixation 
durations in scene viewing. 

Research on mind wandering thus presents a 
difficulty for inferring visual-cognitive processing 
characteristics from fixation durations in scene 
viewing. Specifically, the same behavioral 
phenomenon (i.e., increased fixation durations) has 
been empirically associated with both bouts of 
increased (e.g., under degraded, complex, 
semantically interesting conditions) and decreased 
(i.e., during mind wandering) processing demands. 
Therefore, if an increase in fixation durations is 
observed, it is not clear which is driving this change. 
It is thus critical to disambiguate what underlying 
mechanisms generate increased fixation durations 
during mind wandering for a more accurate, 
comprehensive view of gaze control. Toward this end, 
we used an established computational model of 
saccade timing and programming to investigate the 
mechanisms underlying the increase in fixation 
durations associated with self-reported mind 
wandering that was observed in Krasich et al. (2018) 
and Zhang et al. (2021). We then interpreted our 
findings in conjunction with past work that had used 
the same computational model to characterize the 
mechanism underlying increased fixation durations 
associated with higher processing demands in scene 
viewing (Henderson et al., 2013; Henderson & Pierce, 
2008; Nuthmann et al., 2010; Walshe & Nuthmann, 
2014, 2021). Thus, our current work ultimately seeks 
to determine whether increased processing demands 
and mind wandering impact fixation durations through 
similar or disparate mechanisms, with the further aim 
of understanding how visual-cognitive processing 
demands can be inferred from fixation durations 
during scene viewing. 

 
The current work 

 
We investigated the fixation duration distributions 

of the data reported in Krasich et al. (2018) and in 
Zhang et al. (2021). Typically, fixation duration 
analyses in scene viewing investigate mean durations, 
but this analytic approach implicitly assumes that the 
underlying distributions are symmetric and that mean 
measures can thus provide a good estimate of the 
central tendency of these distributions (Balota & Yap, 
2011). However, it is well-known that fixation 
duration distributions in scene viewing are positively 
skewed and sometimes heavy tailed (Castelhano et al., 
2009; Nuthmann et al., 2010; Walshe & Nuthmann, 
2014).  Therefore,  the  distributions of two conditions 
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Figure 1. Example trace generated by the UCM. The random timer cycles continuously over time, initiating a new labile saccade program upon 
each completion. The saccade program then continues into the nonlabile stage, the motor stage, and saccade execution. Fixations (represented by 
shaded areas) are the periods between subsequent saccades when the eyes remain relatively still. Occasionally, a saccade program in the labile 
stage is cancelled when the timer reaches threshold before that saccade program has reached the non-labile stage (highlighted in red). These 
cancellations are associated with longer fixation durations. 
 
 
 

can not only differ in the mean but also in the spread 
and the tail. 

In the current work, we thus shifted our focus 
from analyzing central tendency alone to one that 
investigated the difference in the overall distributions 
of fixation durations between reports of mind 
wandering and reports of attentive viewing. We used a 
random-walk model for saccade timing and 
programming informally known as the Unnamed 
Computational Model (UCM) (Walshe & Nuthmann, 
2021). Using a computational model allowed us to 
make specific predictions about which model 
parameters would best account for modulations in 
fixation durations associated with self-reported mind 
wandering compared to self-reported attentive 
viewing. 

The UCM incorporates and develops principles 
that have been proposed to explain patterns of eye 
movements in high-level tasks including reading 
(SWIFT: Engbert et al., 2005; Schad & Engbert, 
2012), visual search (ICAT: Trukenbrod & Engbert, 
2014) and scene perception (CRISP: Nuthmann et al., 
2010; Saez de Urabain et al., 2017). At the heart of the 
model is an autonomous random saccade timer that 
keeps the eyes moving at a certain mean rate. Random-
timer models acknowledge that eye-movement 
behavior is inherently rhythmic by nature and that the 
eyes never rest—even in the absence of cognitive 
processing demands (Lange et al., 2018). In these 

models, the initiation of the saccade programming 
cascade is not directly coupled to aspects of visual-
cognitive processing, which makes them particularly 
suitable for modeling fixation durations during mind 
wandering (see Nuthmann & Engbert, 2009). 

Figure 1 shows a simulation example of the UCM. 
The fixation-generating process involves several sub-
processes. First, the random timer provides the signal 
to generate a new saccade program whose completion 
comprises multiple distinct stages (labile, non-labile, 
motor, and execution, see y-axis labels in Figure 1). 
Both the timer and the different stages of saccade 
programming and execution are implemented as 
independent discrete-state random walks that each rise 
toward a predefined threshold. As illustrated in the 
bottom part of Figure 1, the saccade timer cycles 
continuously. Once the random walk of the timer 
reaches threshold, a new saccade program is initiated 
and the timer is reset to its initial state (e.g., Figure 1 
at ∼.25 s). The new saccade program starts in a labile 
stage in which it can still be cancelled (Walshe & 
Nuthmann, 2015). Specifically, the saccade program 
will be cancelled if its random walk does not reach 
threshold before the random timer initiates a new 
saccade program (Figure 1, highlighted in red). If a 
labile stage runs to completion, though, it is followed 
by a non-labile stage during which the saccade can no 
longer be cancelled (Becker & Jürgens, 1979; Ludwig 
et al., 2007; Walshe & Nuthmann, 2015). The 
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Figure 2. Theoretical predictions of fixation duration distributions as a function of (A) rate modulation and (B) threshold modulation, which were 
applied to the random walks of the saccade timer and the labile and non-labile stages of saccade programming in the model. Five randomly 
sampled discrete-state random walks corresponding to five separate fixations are illustrated below the corresponding distribution. Each random 
walk is temporally aligned relative to the onset of the previous fixation, such that the fixation begins at 0 ms, and the endpoint of the random walk 
indicates the fixation duration. (A) Random walks with a lower state transition rate (βrate < 1; in yellow) spend an increased duration within each 
sub-process on average, which will on average correspond with longer fixation durations. (B) Random walks with a lower number of discrete 
states (βthreshold < 1; in yellow) have a more variable duration within each sub-process, resulting in more saccade cancellations and longer fixation 
durations. All simulations were generated using the baseline parameters from Walshe and Nuthmann (2021) unless otherwise noted. 

 
 
 
subsequent motor stage represents the time it takes for 
a neural signal to command the eyes to move, and the 
final stage represents the execution of the saccade. 

For each internal sub-process S of the model, the 
time that is spent in S is determined by (1) the total 
number of discrete states Ns within the random walk 
and (2) the rate of state transitions rs from state n to 
n+1. It can be shown that this duration has mean Ns/rs 

and variance Ns/rs2. Notably, the mean and variance are 
necessarily related (see Supplementary Information 
for a derivation of this idea). 

Past research has shown that modulations in 
fixations durations related to changes in processing 
difficulty could be modeled in terms of setting a new 
rate rs′ = βraters for the timer, the labile stage, and the 

nonlabile stage (i.e., rate modulation; Nuthmann et al., 
2010; Walshe & Nuthmann, 2021). Figure 2A provides 
a theoretical illustration of how rate modulation can 
impact the mean and variance of fixation durations 
(see Supplementary Information for a derivation). A 
lower rate will increase the amount of time spent in a 
given sub-process by a factor of 1/βrate and will 
increase the variance of this duration by a factor of 
1/βrate2. In other words, random walks with a lower 
transition rate take longer to reach threshold on 
average, which in turn increases fixation durations. In 
principle, it is possible that, just like with increased 
processing difficulty, the longer fixation durations 
associated with mind wandering could be modeled via 
rate modulation, with mind wandering being 
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associated with a slower rate than attentive viewing. 
Indeed, both Krasich et al. (2018) and Zhang et al. 
(2021) had speculated that bouts of mind wandering 
might be likened to a sort of ‘processing difficulty.’ 
That is, it might be more difficult to process relevant 
content during mind wandering, so people may need 
to fixate for longer periods of time for full 
comprehension. If mind wandering-related fixation 
durations are indeed best modeled as a decrease in rate 
modulation compared to attentive viewing, our 
findings would show that increased processing 
difficulty and mind wandering both modulate fixation 
durations through a similar mechanism. 

In the UCM, fixation durations are also influenced 
by the total number of discrete states Ns within each 
random walk. Similar to rate modulation, the UCM 
allows for threshold modulation, which is a change in 
the number of steps required by the random walks for 
the timer, the labile stage, and the non-labile stage to 
reach threshold, Ns′ = βthresholdNs. As illustrated in 
Figure 2B, when a random walk requires fewer states 
to reach threshold, fixation durations become more 
variable because any exceptionally long or short state 
can deviate the corresponding fixation duration from 
the mean. Threshold modulation increases the 
variability of the time spent in a given sub-process by 
a factor of 1/βthreshold, but it does not affect the mean 
duration of the sub-process. It can, however, impact 
mean fixation duration through modulating the rate of 
saccade cancellations (i.e., cancellation rate; see 
Supplementary Information for mathematical details). 
In random-timing models, saccade cancellations 
contribute to the variability in fixation durations and 
are particularly important for producing long tailed 
fixation duration distributions, which increases mean 
measures (Nuthmann et al., 2010; Saez de Urabain et 
al., 2017; Trukenbrod & Engbert, 2014; Walshe & 
Nuthmann, 2021). We considered the possibility that 
mind wandering-related fixations might be highly 
variable and sometimes very long (e.g., a blank stare). 
Thus, as part of our simulations, we assessed the 
degree to which mind wandering-related fixation 
durations could be modeled through threshold 
modulation. If mind wandering-related fixation 
durations are best modeled through threshold 
modulation, our findings would suggest that mind 
wandering increased mean measures of fixation 
through a different mechanism than increased 
processing difficulty. Moreover, our findings would 
show that the control mechanisms underlying fixation 
duration variability in scene viewing—which have 
received little attention to date—are in part linked to 
the attentional state of the observer. 
 
 

 

To summarize our competing hypotheses, the 
increased mean fixation durations associated with 
mind wandering could be characterized in the UCM by 
a change in the state transition rate of the random 
walks (rate modulation) and/or a decrease in the 
number of states needed to reach threshold (threshold 
modulation) that in turn increases the number of 
saccade cancellations. To test these competing 
hypotheses, we fit the UCM to fixation durations 
measured in Krasich et al. (2018) and Zhang et al. 
(2021), testing which of the two mechanisms (i.e., rate 
or threshold modulation) would best account for 
fixation durations associated with self-reported mind 
wandering compared to self-reported attentive 
viewing. To preview our results, mind wandering-
related fixation durations were best modeled as a 
decrease in threshold, which caused an increase in the 
number of cancellations compared to fixations 
associated with self-reported attentive viewing. This 
demonstrates a mechanism by which the attentive state 
of the observer impacts the variability of the fixation-
generating process, leading to more variable—
sometimes very long—durations. Moreover, when 
considered in conjunction with past research 
(Henderson et al., 2013; Henderson & Pierce, 2008; 
Nuthmann et al., 2010; Walshe & Nuthmann, 2014, 
2021), our findings suggest that increased processing 
difficulty and mind wandering can both increase mean 
fixation durations albeit through different 
mechanisms, with the former increasing the mean 
duration of saccade programming and the latter 
increasing the variability of this programming. 

 
Methods 

 
All deidentified data, analysis materials, and 

supplemental information for this project are available 
at the Open Science Framework. 

 
Participants 
 

Data were obtained from the main study of 
Krasich et al. (2018) and from Zhang et al. (2021). 
Participants from Krasich et al. (2018) were 51 
volunteers from the University of Notre Dame, and 
those from Zhang et al. (2021) were 57 volunteers 
from the University of Michigan. 

 
Stimuli and apparatus 
 

The stimuli from Krasich et al. (2018) were 12 
color photographs of real-world urban scenes (800 × 
600 pixels) presented at a viewing distance of 80 
centimeters on a 20-inch monitor with a resolution of 
1024 × 768 pixels. Eye movements were sampled at a 
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rate of 1000 Hz using an EyeLink 2k tower-mounted 
eye tracking system (SR Research, Ltd., Kanata, 
Canada) with a chin and forehead rest. The stimuli 
from Zhang et al. (2021) were 180 color photographs 
(60 exteriors, 60 interiors, and 60 landscape) from the 
SUN (Xiao et al., 2010) and the LabelMe (Russell et 
al., 2008) databases. The scenes were presented at a 
viewing distance of 70 centimeters on a 20.1-inch 
monitor in 1024 × 768 pixels resolution. Eye 
movements were sampled at a rate of 500 Hz using an 
Eyelink 1000 desk-mounted tracker without a chin or 
forehead rest. 

 
Experimental procedures 
 

Both Krasich et al. (2018) and Zhang et al. (2021) 
operationalized mind wandering as moments when 
participants were not avidly focused on the task and 
were instead engaging in task-unrelated thoughts 
(Smallwood & Schooler, 2006). This definition of 
mind wandering does not capture the origin or 
dynamic progression of mind wandering (Christoff et 
al., 2016; Christoff et al., 2018), but it is currently the 
most used operationalization (Mills et al., 2018). 
Attentive viewing, on the other hand, refers to 
instances when participants self-reported having been 
paying attention to viewing the image rather than mind 
wandering. 

Participants from Krasich et al. (2018) 
sequentially studied each image for 45 to 75 s (M = 
59.96 s; SD = 8.49 s) in preparation for a later memory 
test. Thought probes were presented randomly after 
eight of the images, and asked, “In the moments right 
before this message, were you paying attention to the 
picture or were you zoning out?”. Participants reported 
mind wandering on 27% of probes (SD = 22%), for a 
total of 109 mind wandering observations. We focused 
on the fixations made within the 15-s time frame prior 
to the thought probe because this was the period in 
which fixations associated with self-reported mind 
wandering were significantly longer than fixations 
associated with self-reported attentive viewing. Just as 
in Krasich et al. (2018), fixations that were shorter 
than 50 ms (8 fixations; 0.05%) were excluded. 
Although Krasich et al. (2018) included fixations as 
long as 10,000 ms, here we excluded fixations longer 
than 2,000 ms, which were rare (95 fixations, 0.64% 
of all fixations) and did not affect our main effect of 
interest. Overall, from Krasich et al., (2018), we 
included 3,353 fixations preceding reports of mind-
wandering and 11,311 fixations preceding reports of 
attentive viewing.  

Participants from Zhang et al. (2021) sequentially 
studied each image for 10 s also in preparation for a 
later memory test. Random thought probes appeared 
after 36 of the images, with each image-probe pairing 

being the same for each participant. The thought 
probes asked, “Where was your attention during the 
last picture?” and participants indicated, “I was 
focusing on the picture” or “I was thinking about 
something else.” If participants indicated that they had 
been thinking of something else, they answered a 
second probe asking whether they had been doing so 
intentionally or unintentionally. On average, 
participants reported unintentional mind wandering on 
22% (SD = 19%) of probes and intentional mind 
wandering on 5% (SD = 8%) of probes. Given the few 
observations of intentional mind wandering and that 
both types of mind wandering were associated with 
longer fixation durations, we excluded all trials in 
which participants reported intentional mind-
wandering in the current work. This resulted in a total 
of 428 mind wandering observations. We analyzed 
fixation durations across the entire 10-s viewing time. 
Just as in Zhang et al. (2021), fixations that were 
shorter than 80 ms (3,539 fixations; 7.35%) and longer 
than 2,000 ms (181 fixations; 0.38%) were excluded. 
Overall, from Zhang et al., (2021), we included 8,516 
fixations preceding reports of mind-wandering and 
35,992 fixations preceding reports of attentive 
viewing. 
 
Computational modeling 
 

To explore the mechanisms behind prolonged 
fixation durations during mind wandering, we fit the 
UCM (Walshe & Nuthmann, 2021) to each dataset. In 
this model, fixation durations are generated by 
simulating multiple random walks for saccade timing 
and different stages of saccade programming. The 
baseline model has a maximum of ten free parameters: 
a mean duration and a threshold for each of the five 
sub-processes of the model (i.e., saccade timing, labile 
and non-labile saccade programming, motor 
component, and saccade execution). To reduce the 
complexity of the model, we fixed the threshold to be 
equal for each sub-process (Walshe & Nuthmann, 
2021). Also, the mean duration of the motor stage was 
fixed at 30 ms as a plausible value based on 
neurophysiological estimates (Becker, 1989; Becker, 
1991). The mean duration of saccade execution was 
fixed at 40 ms, which is within a plausible range for 
saccade durations independent of task- or stimulus-
features (Devillez et al., 2020). 

The UCM was previously used to model the 
degree to which the duration of individual fixations 
can be immediately adjusted to ongoing visual-
cognitive processing demands (Walshe & Nuthmann, 
2021). Here, we applied this general approach to 
model the control of fixation durations during mind 
wandering. Specifically, we contrasted two different 
influences on the timer, the labile stage, and the non-
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Figure 3. Distributions of the observed (dotted lines) and the simulated (solid lines) fixation durations preceding reports of attentive viewing (blue) 
and mind wandering (yellow). The simulated data were generated by the full model that allowed for both rate and threshold modulation. Bar charts 
depict mean fixation durations, and error bars depict 95% confidence intervals. (A) Data and model predictions for Krasich et al. (2018). (B) Data 
and model predictions for Zhang et al. (2021). 
 
 
 
labile stage during empirically identified bouts of 
mind wandering: (a) a rate modulation parameter, 
which could decrease the rate of state transitions for 
these three sub-processes, and (b) a threshold 
modulation parameter, which could lower the number 
of state transitions required to proceed from one sub-
process to the next (modulated thresholds were 
rounded to the nearest integer). In the Supplementary 
Information, we showed that while rate modulation 
impacts the mean and variance of the duration of each 
internal sub-process of the model, threshold 
modulation only impacts the variance, implying that 
the two modulation parameters are jointly identifiable. 
Notably, then, we applied both rate modulation and 
threshold modulation simultaneously during mind-
wandering, allowing us to distinguish between effects 
on each parameter. Our model therefore had a total of 
six free parameters: the mean durations for the random 
walks of the timer, the labile stage, and the non-labile 
stage, a fixed threshold for all random walks, the rate 
modulation parameter, and the threshold modulation 
parameter (Table 1). 

We implemented the model using the R package 
simmer (Ucar et al., 2019). To find the maximum 
likelihood parameter values for the model, we used 
Bayesian optimization with the upper confidence 
bound utility function. Since the likelihood of UCM is 
not analytically tractable, we approximated the 
likelihood through simulation (Cranmer et al., 2020). 
That is, we binned the observed fixation durations and 
simulated fixation durations from 10,000 instances of 
the model into histograms and used the proportion of 
simulated data in each bin as the likelihood (Walshe & 
Nuthmann, 2021). Simulated fixations were excluded 

according to the same criteria as the participant-
generated fixations. Specifically, for the data in 
Krasich et al. (2018), we placed fixation durations into 
50-ms bins from 50 to 2,000 ms. For the data in Zhang 
et al. (2021), we used 40-ms bins from 80 to 2,000 ms. 
 

Results 
 

In Krasich et al. (2018), fixation durations were 
on average 342 ms (SD = 251 ms) for self-reported 
mind wandering and 318 ms (SD = 205 ms) for self-
reported attentive viewing. In Zhang et al. (2021), 
fixation durations were on average 328 ms (SD = 238 
ms) for self-reported mind wandering and 297 ms (SD 
= 199 ms) for self-reported attentive viewing. 

The maximum-likelihood set of parameters for 
the model are presented in Table 1. Histograms of the 
actual and model-simulated fixation durations for self-
reported mind wandering and self-reported attentive 
viewing are illustrated in Figure 3. To highlight the 
differences between the fixation duration distributions 
in greater detail, Figure 4 depicts the difference in the 
likelihood of fixation durations between self-reported 
mind wandering and attentive viewing for actual (red) 
and full-model-simulated (blue) fixation durations. 
Specifically, each line was generated by (1) creating 
histograms of fixation durations with a bin size of 0.1 
ms, (2) subtracting the probability density within each 
bin between mind wandering and attentive viewing, 
and then (3) smoothing those differences using linear 
locally estimated scatterplot smoothing (LOESS) with 
a span of .033. In this plot, positive values indicate that 
there were more fixations of a given duration 
preceding reports of mind wandering compared to 
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Figure 4. Difference in the probability density of fixation durations preceding reports of mind wandering compared to attentive viewing for the 
actual data (red), simulated fixation durations from the full model (blue), and simulated fixation durations from the reduced model (green). Positive 
values indicate the presence of more fixations with a given duration preceding reports of mind wandering compared to attentive viewing, and 
negative values indicate the presence of more fixations with a given duration preceding reports of attentive viewing compared to mind wandering. 
(A) Data and model predictions for Krasich et al. (2018). (B) Data and model predictions for Zhang et al. (2021). 
 
 
 
attentive viewing, and negative values indicate that 
there were more fixations of that duration preceding 
reports of attentive viewing compared to mind 
wandering. 

Although the fit of the model was not exact (e.g., 
the model underestimated the likelihood of extremely 
long fixations greater than 750 ms), the results showed 
that the model qualitatively captured the observed 
increase in mean fixation duration (Figure 3) as well 
as differences in the shape of the distributions between 
mind wandering and attentive viewing (Figure 4). 
Specifically, in Krasich et al. (2018), mind wandering 
was associated with an increase in both shorter (< 100 
ms) and longer (> 400 ms) durations but a decrease in 
intermediate-length durations (∼250 ms) compared to 
attentive viewing. The full model largely reproduced 
this pattern, albeit it differed in the exact location and 
size of these effects. Similarly, in Zhang et al. (2021), 
mind wandering was associated with an increase in 
longer (> 300 ms) fixations and a decrease in 
intermediate-length fixations (∼200 ms) compared to 
attentive viewing. Here, the full model provided a 
close fit to the data. Overall, in both cases, the full 
model qualitatively reproduced the differences 
between distributions of fixation duration preceding 
reports of mind wandering and attentive viewing. 

We next investigated whether the model 
accounted for the difference in the fixation duration 
distributions between self-reported mind wandering 

and self-reported attentive viewing as a difference in 
(a) rate modulation, as is seen during bouts of 
processing difficulties (Walshe & Nuthmann, 2021) or 
(b) threshold modulation and saccade cancellations. 
For both datasets, the full model estimated no (i.e., a 
0%) reduction in the rate of state transitions (Table 1). 
In contrast, the threshold was reduced by 35% in 
Krasich et al. (2018) and by 32% in Zhang et al. (2021) 
preceding reports of mind wandering compared to 
attentive viewing. This collectively suggests that 
threshold modulation, but not rate modulation, was 
necessary to account for the increase in mean fixation 
duration associated with mind wandering. 

To verify that threshold modulation was indeed 
necessary to account for mind wandering-related 
fixation durations, we fit a reduced version of the 
model that included rate modulation, but not threshold 
modulation, and compared it to the full model using a 
likelihood ratio test (LRT). The simulated distributions 
for this reduced model are plotted in Figure 5, and the 
difference between simulated distributions preceding 
reports of mind wandering and attentive viewing are 
depicted in green in Figure 4. For both studies, the 
reduced model performed worse than the full model. 
Specifically, for Krasich et al. (2018), the reduced 
model predicted a small difference (i.e., a 2% 
reduction in transition rate) in fixation durations 
preceding reports of mind wandering compared to 
attentive viewing. 
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Table 1 Parameter values of the full and reduced models for Krasich et al. (2018) and Zhang et al. (2021) 
Parameter Symbol Krasich et al. (2018) Zhang et al. (2021) Range 
  Full Reduced Full Reduced  
Threshold N 15 13 18 18 [2, 30] 
Timer duration (ms) ttimer 246 241 230 229 [150, 375] 
Labile duration (ms) tlabile 202 197 189 190 [100, 225] 
Nonlabile duration (ms) tnonlabile 80 71 55 80 [25, 80] 
Motor command (ms) tmotor 30 30 30 30 fixed 
Saccade execution (ms) tsaccade 40 40 40 40 fixed 
Rate modulation βrate 1 (0%) .98 (-2%) 1 (0%) .97 (-3%) [.25, 1] 
Threshold modulation βthreshold .65 (-35%) 1 (0%; fixed) .68 (-32%) 1 (0%; fixed) [.25, 1] 
Note. The threshold denotes the number of states of a random walk. In a given simulation, the threshold was held constant for all five random walks 
involved in the fixation-generating process. The duration parameters represent the mean durations of the random walks. The rate modulation and 
threshold modulation parameters are multiplicative factors representing the reduction in the state transition rate and the threshold, respectively. The 
modulation parameters, which were applied to the timer and the labile and nonlabile stages of saccade programming, are reported as proportions 
with percentage changes in parentheses. During threshold modulation, the new threshold was rounded to the nearest integer. The Range column 
indicates the allowable parameter values explored during model optimization. 

 
 
 
According to the LRT, it provided a significantly 

worse fit than the full model, χ2(1) =47.83, p < .001. 
For Zhang et al. (2021), the reduced model also 
captured a small difference (i.e., a 3% reduction in 
transition rate) in fixation durations preceding reports 
of mind wandering compared to attentive viewing, 
though it was likewise outperformed by the full model, 
χ2(1) = 41.50, p < .001. Overall, the reduced model 
exhibited two main deficiencies. First, it 
underestimated the size of the differences between 
distributions of fixation durations during attentive 
viewing and mind wandering. Moreover, the reduced 
model also failed to reproduce the increase in very 
short fixations associated with mind wandering 
primarily present in Krasich et al. (2018). 

Last, we explored whether saccade cancellations 
in the model contributed to the longer fixation 
durations associated with mind wandering. We found 
that this was indeed the case: for Krasich et al. (2018), 
the model predicted a more extensive involvement of 
saccade cancellations preceding reports of mind 
wandering (M = 33.1%) than attentive viewing (M = 
29.5%). Similarly for Zhang et al. (2021), the model 
estimated that saccade programs were cancelled more 
frequently preceding reports of mind wandering (M = 
31.9%) than attentive viewing (M = 28.1%). To verify 
this prediction of the model, we derived the probability 
of saccade cancellation in the model and demonstrated 
that threshold modulation, but not rate modulation, 
affected this probability (see Supplementary 
Information). 

 

General Discussion 
 

It has been long thought that increased processing 
demands in scene viewing correspond with longer 
fixation durations (Rayner, 1978, 1998, 2009). 
Research on mind wandering, though, presents a 
difficulty for inferring processing from fixation 
durations, given that mind wandering is a state of 
attenuated visual-cognitive processing but is also 
associated with longer fixation durations in scene 
viewing (Krasich et al., 2018; Zhang et al., 2021). 
Toward overcoming this challenge, we further 
investigated how mind wandering-related changes in 
fixation durations may emerge. We used an 
established random-walk computational model of 
saccade timing and programming (UCM, Walshe & 
Nuthmann, 2021) to make specific predictions about 
which model parameters would best account for 
differences in the fixation duration distributions 
between reports of mind wandering and reports of 
attentive viewing. We then fit the UCM to fixation 
durations measured in Krasich et al. (2018) and 
Zhang et al. (2021), testing which mechanism (i.e., 
rate or threshold modulation) would best account for 
the longer fixation durations associated with self-
reported mind wandering compared to self-reported 
attentive viewing.  

Our findings showed that differences in fixation 
duration distributions were best modeled as a 
decrease in the number of steps required for each 
random walk to reach threshold. This threshold 
modulation increased the variability in when the 
random walks reached threshold and, consequently, 
increased the number of saccade cancellations. These 
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Figure 5. Simulations with a reduced model in which rate modulation was applied, but not threshold modulation. Distributions of observed (dotted 
lines) and simulated (solid lines) fixation durations preceding reports of attentive viewing (blue) as opposed to mind wandering (yellow). Bar charts 
depict mean fixation durations, and error bars depict 95% confidence intervals. (A) Data and model predictions for Krasich et al. (2018). (B) Data 
and model predictions for Zhang et al. (2021). 

 
 
 

effects collectively resulted in a more variable 
fixation-generating process, which sometimes led to 
very long fixations that accounted for the increased 
mean durations associated with mind wandering 
observed in Krasich et al. (2018) and Zhang et al. 
(2021). Thus, the current findings demonstrated that 
threshold modulation was the mechanism by which 
fixation durations were on average longer for self-
reported mind wandering than self-reported attentive 
viewing. Interestingly, though, the more variable 
fixation-generating process also sometimes resulted in 
an increase in very short fixations, especially in 
Krasich et al. (2018). This finding further indicated 
that mind wandering was not only associated with 
differences in the mean central tendency but also the 
spread and tails of the distribution. This highlights the 
importance of investigating differences in fixation 
distributions—not just measures of central tendency—
for a more comprehensive view on how mind 
wandering impacts fixation durations and visual-
cognitive processing more generally. 

Importantly, mind wandering-related fixation 
durations were not well characterized by rate 
modulation even though this parameter was critical in 
past research for modeling increased fixation 
durations associated with increased visual-cognitive 
processing demands in scene viewing (Nuthmann et 
al., 2010; Walshe & Nuthmann, 2021). Thus, when 
considered concurrently with past research, our 
findings suggest that increased processing demands 
and mind wandering impact fixation durations through 
different mechanisms. That is, mind wandering does 
not seem to just engender a sort of ‘visual-cognitive 
processing difficulty’ as originally speculated in both 

Krasich et al. (2018) and Zhang et al. (2021). Instead, 
our results indicated that mind wandering was best 
interpreted as a state of increased variability in visual-
cognitive processing (through threshold modulation), 
rather than as a global processing difficulty (through 
rate modulation).  

This work suggests how the same behavioral 
outcome (increased fixation durations) can emerge 
from different states of visual-cognitive processing via 
disparate mechanisms. This poses a problem for the 
conventional view in scene viewing, which has long 
considered increased fixation durations to reflect 
increasingly complex and more difficult visual-
cognitive processing rather than mind wandering. 
Specifically, visual-cognitive processing—and the 
underlying fixation-generating mechanisms—may not 
be easily inferred from mean increases in fixation 
durations alone. Instead, our work shows how 
opposing states of visual-cognitive processing may be 
distinguishable with the use of a computational model, 
such as the UCM, that considers differences in fixation 
duration distributions and the underlying mechanisms 
by which they emerge.  

One remaining question is whether the observed 
changes in fixation duration can be used to determine 
the exact onset and dynamic progression of mind 
wandering over time (Christoff et al., 2016; 
Smallwood, 2013). We analyzed fixations that 
occurred 10 s (Zhang et al., 2021) or 15 s (Krasich et 
al., 2018) before the thought probes, which is where 
mind wandering-associated effects on fixation 
durations were observed in these studies. This is a 
standard approach for measuring correlates of mind 
wandering (Murray et al., 2022), although it is possible 
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that there were dynamic fluctuations between attentive 
viewing and mind wandering preceding the thought 
probe (Christoff et al., 2016; Smallwood, 2013). If so, 
the analyzed time period in the current work could 
contain a mixture of mind wandering- and attentive 
viewing-related fixations, which, if true, would only 
reduce the observed differences between reported 
mind wandering and reported attentive viewing 
relative to their actual magnitude. Despite this 
possibility, though, we observed measurable 
differences in the fixations made prior to self-reported 
mind wandering and self-reported attentive viewing, 
which suggest that these self-reports reflected different 
mental states. A methodology that prevents cross-
contamination of mind wandering- and attentive 
viewing-related fixations could potentially yield larger 
differences. Therefore, an important future question to 
ask is whether fixation durations can assist in tracking 
the temporal dynamics of mind wandering as well as 
the natural fluctuations between states of attentive 
viewing and mind wandering over time. 

Further, the current work focused on global 
changes in fixation durations independently from the 
content being fixated. However, it is well-known that 
local scene features, such as visually salient and 
meaningful scene content, can also impact the location 
and duration of fixations, which are tightly linked 
(Einhäuser & Nuthmann, 2016; Nuthmann, 2017; 
Tatler et al., 2017). Moreover, mind wandering has 
been associated with a greater tendency to fixate on 
visually salient scene content (Krasich et al., 2020), 
although these findings varied with how image 
features were quantified (Krasich et al., 2020; Zhang 
et al., 2022). Thus, it is possible that what local image 
features and scene content were fixated during mind 
wandering could have in part impacted the more 
variable fixation-generating process. Whether the 
impact of mind wandering on fixation durations varied 
according to what was fixated has not yet been 
empirically tested and is thus an important avenue for 
future research. Moreover, future work could employ 
other computational models that rely on both the 
placement and timing of fixations to further 
investigate the mechanisms underlying the effects of 
mind wandering on gaze control (Kucharský et al., 
2021; Tatler et al., 2017). 

In conclusion, the current work showed how mind 
wandering-related changes in fixation durations 
emerged in two separate scene-viewing tasks. As a 
result, the current work advances understanding of 
how the same behavioral phenomenon—an increase in 
mean fixation duration—can reflect opposing states of 
visual-cognitive processing. Considered collectively 
with past research, the current work has critical 
implications for research on gaze control in scene 
viewing, especially under normal viewing conditions 

when stimulus features are not directly manipulated. 
Specifically, if an increase in mean fixation duration is 
observed, visual-cognitive processing cannot be 
inferred—contra to the conventional view—without 
understanding the underlying mechanism by which 
this increase was generated. That is, did the longer 
fixation durations originate as a decrease in the rate of 
visual-cognitive processing (such as when viewing a 
degraded stimulus; Nuthmann et al., 2010; Walshe and 
Nuthmann, 2021) or as an increase in the variability of 
processing (such as during mind wandering)? The 
current work indicates that detailed computational 
modeling provides a way to distinguish between these 
two alternative possibilities. 
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