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Abstract
Self-control is essential for managing our actions, yet its exertion is perceived as effortful.
Performing a task may require effort not only because of its inherent difficulty but also due to
its potential for inducing boredom, as boredom has been shown to be self-control demanding
by itself. So far, the extent of self-control demands during boredom and its temporal
dynamics remain elusive. We will employ a multimethod approach to address this knowledge
gap. Ninety-five participants will take part in an easy and hard version of the Stroop task.
During both tasks, they will indicate several times their current sensation of task difficulty,
boredom, boredom-related cognitive effort, difficulty-related cognitive effort, overall effort,
and fatigue. We will test if pupil size, as a physiological indicator for cognitive effort, is
predicted more accurately by overall cognitive effort (difficulty- and boredom-related) than
by task-difficulty-related cognitive effort alone. This research will uncover the level of
cognitive effort in experiencing boredom which is pertinent not only for self-control research
but also to any research area dealing with boredom or the performance of repetitive tasks.
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Public Significance Statement

This study seeks to uncover the relationship between boredom and cognitive effort
during task completion. To disentangle the dynamic interplay between boredom and
cognitive effort during both easy and difficult tasks, we will employ a combination of
objective measures (pupil size) and subjective measures (self-reports). Understanding how
boredom influences cognitive effort required during the fulfillment of different self-control
demanding tasks will shed light on a crucial aspect of human behavior, specifically how
enduring boredom impacts cognitive effort during task completion. Our findings will carry
important implications for society and well-being, as they offer insights into strategies for

enhancing task performance and maintaining motivation in various areas of life.
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Registered Report: How Effortful is Boredom? Studying Self-Control Demands
Through Pupillometry

To effectively navigate everyday life, people have to control their behavior on a
regular basis (Hofmann et al., 2012). For example, in order to make progress towards the goal
of alleviating their back pain, a person has to control the impulse to linger on their couch and
has to engage in repeated stretching and muscle strengthening exercises instead. This
example illustrates that self-control is essential for reaching our goals. Indeed, self-control is
understood to be a fundamental aspect of human functioning (Ainslie, 2021; Bieleke &
Wolff, 2021b) helping us to overcome impulses that offer short-term gratification but are not
in line with our long-term goals (Hofmann et al., 2009). Better self-control is linked to a wide
range of positive outcomes, such as success, health, and happiness (Hofmann et al., 2014;
Moffitt et al., 2011). As self-control is defined as the “efforts people exert to stimulate
desirable responses and inhibit undesirable responses” (de Ridder et al., 2012, p. 77), self-
control is by definition linked to effort. Notably, self-control is also influenced by
motivational aspects which would not only facilitate the regulation of behavior towards ones
goal, but also reduce the sensation of effort (Wennerhold & Friese, 2023) and consequently
its costs.

Cognitive effort which can be defined as “intensity of mental [...] work that
organisms apply towards some outcome” (Inzlicht et al., 2018), can be measured objectively
(e.g., with pupillometry) or experienced subjectively (Bijleveld, 2018; Robinson & Morsella,
2014) which we will refer to as perceived effortl. A large body of research shows that the
objective and the perceived investment of effort tends to feel unpleasant and aversive (David

et al., 2022; Kool & Botvinick, 2018; Wolff et al., 2021).

! Please note that from now on, we will use the term “effort” to refer to “cognitive effort” for the sake of
readability.
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Thus, while effort is instrumental for effective self-control, it appears to
carry a momentary cost, and the prolonged exertion of effort creates cumulative costs, such as
fatigue or tiredness (Ainslie, 2021; Hopstaken et al., 2015; Kurzban, 2016; Kurzban et al.,
2013; Westbrook et al., 2013). In addition to efforts’ intrinsic costs (Kool et al., 2013),
mobilizing effort towards one goal creates opportunity costs: When we direct our effort
towards one activity (e.g., exercising to tackle backpain), we have to forego other, potentially

more rewarding activities (e.g., going for a walk with friends).

This can create added self-control demands that make pursuing one’s goal
even more self-control demanding and by extension more effortful
(Kurzban et al., 2013). In light of effort’s costs (intrinsic and/or opportunity costs), people are
selective about when to invest effort in the service of self-control and the sensation of effort
has been conceived as an index for the momentary costs of self-control (Bieleke et al., 2023).
Momentary Self-Control Costs and Performance in Self-Control Demanding Tasks
The idea of selectively investing effort is consistent with influential theories like the
motivational intensity theory (Brehm & Self, 1989) which states that individuals do only
decide to invest effort into a task of known difficulty if the required amount of effort can be
justified by the individuals’ importance of success. Other theories like ego depletion or
mental fatigue theories posit that prior engagement in demanding tasks or the exertion of self-
control can result in impaired performance on subsequent tasks (Baumeister et al., 1998;
Kurzban et al., 2013; Marcora et al., 2009). To test this, a plethora of studies has investigated
the effects exerting self-control has on accumulated self-control costs (e.g., exertion, fatigue,
tiredness; Wolff et al., 2021) as well as on performance in subsequent self-control demanding
tasks (see Dang, 2018; Giboin & Wolff, 2019; Hagger et al., 2010). This has most frequently
been studied with a sequential task design (Dang et al., 2021; Englert & Bertrams, 2021,

Solomon et al., 1980; Vassena et al., 2014). Here, participants are asked to complete either a
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more difficult or less difficult version of a task before performance on a secondary task is
measured. While a large body of research has found that prior self-control exertion has
detrimental effects on performance in subsequent self-control demanding tasks (Giboin &
Wolff, 2019; Hagger et al., 2016; Hagger et al., 2010), high-powered pre-registered
replication failures and evidence for a large amount of grey literature (Wolff et al., 2018), as
well as for publication bias (Carter & McCullough, 2014; Holgado & Mesquida, 2023) has
called the evidential value of this proposition into question (Holgado & Mesquida, 2023).
One potential reason for these mixed findings might be that the hard and easy tasks that are
typically used in sequential task design studies, differ not only with respect to their structural
self-control demands caused by task difficulty, but on other properties too. One such
difference could be that easy variants might not only be less challenging but also more boring
(Wolff & Martarelli, 2020). Take, for instance, the Stroop task (Stroop, 1935), which is
frequently used in self-control research (Dang, 2018; Wolff et al., 2018). Here, participants
are asked to categorize a stream of color words (e.g., red, blue) according to the font color
they are presented in. In the easy version, the font color and the semantic meaning of the
word are the same (i.e., congruent). In contrast, font color and semantic meaning differ (i.e.,
incongruent) in the hard version?. Consistent with the hypothesis that hard and easy Stroop
versions might differ not only with respect to their structural self-control demands caused by
task difficulty, participants tend to find the easy version of the Stroop to be more boring
(Bieleke et al., 2021; Hunte et al., 2022; Mangin et al., 2021). This difference matters because
continuing to work on a boring task is understood to be self-control demanding in its own
right (Bieleke & Wolff, 2021a).

How Could Boredom Act as a Self-Control Demand?

Boredom occurs when one’s resources feel not adequately utilized (Wolff et al.,

2 In more demanding versions, participants even have to respond to instantaneous rule changes in the
categorization task, thereby adding task switching as a further self-control demand.
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2024). Put simply, we get bored when we feel we are wasting our time. Consistent with this
conceptualization, boredom tends to occur when tasks are too easy (or too hard; Westgate &
Wilson, 2018), feel meaningless (van Tilburg & Igou, 2017), and/or when a person feels they
have no agency (Danckert & Eastwood, 2020). Crucially, boredom is consequential because
it is understood to signal that one should do something else (Bench & Lench, 2013;
Elpidorou, 2014). With respect to the mechanisms by which boredom operates, research
shows that boredom leads to a devaluation of the current activity, and increased reward
sensitivity (Milyavskaya et al., 2019), thereby prompting exploration behavior (Agrawal et
al., 2022; Bench & Lench, 2013; Danckert, 2019; Geana et al., 2016). By biasing behavior
towards alternative activities, boredom increases the opportunity costs of sticking with what
one is currently doing, thereby increasing the self-control demands (Bieleke & Wolff, 2021a;
Bieleke et al., 2023) and the perceived effort (Eastwood et al., 2012) needed to keep engaged
with the boring task. Take for example a lengthy zoom call. During such a meeting, many
readers have probably experienced moments of boredom and have felt the urge to look at
their phone and browse social media. Not giving in to this boredom-induced urge has likely
made it harder to stay focused on what is discussed in the call. Consequently, self-control and
effort are not only required for performing challenging activities, but also for
underchallenging ones, making boredom a possible confound in self-control research but also
in other research fields (Meier et al., 2023) that has been largely overlooked for so far (Wolff
& Martarelli, 2020).

The Stroop task can provide an intuitive example of this. At the very beginning of the
task, a period to become accustomed to it is required. During this phase, participants need to
familiarize themselves with several key aspects, such as the colors presented, the location of
the corresponding keys, and the task instructions. These additional challenges can result in a
higher task difficulty, potentially leading to a greater demand for cognitive effort to

successfully complete the task. In addition, the task would still feel novel, thereby likely
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being less boring for the participant. However, as the task progresses, participants become
increasingly familiar with its demands. They encountered all the words and colors in different
combinations, repeatedly pressed the keys, and have a clear understanding of the instructions.
Consequently, the task can get easier, leading to a reduction in the self-control demands of
the task. However, as the same stimuli appear and the same keys are pressed over a longer
period, the task might also get more and more boring. Thus, while potentially less effort is
required to deal with the structural difficulties of the task, more effort might be needed to
ward of the boredom-induced urge to get the task over with (Bieleke et al., 2021). Notably,
recent research indicates that both difficult and boring tasks can contribute to fatigue
(Pickering et al., 2023). Fatigue is related to a decreased perception of value in exerting effort
and less willingness to continue investing effort (Dora et al., 2022; Muller & Apps, 2019).
Thus, maintaining focus on a task can become more effortful over time due to fatigue
resulting from both task difficulty and boredom. While perceived task difficulty and task-
induced boredom are likely to dynamically vary in hard and easy tasks, it is likely that these
dynamics are not identical. More specifically, hard and easy tasks likely differ in their
perceived difficulty and boringness from the start, and the temporal dynamics of perceived
difficulty and boringness are likely to follow different trajectories too (Bieleke et al., 2021;
Wolff & Martarelli, 2020). As a result, it is possible for both easy and hard tasks to exhibit
various levels of effort throughout their execution. By exclusively assessing perceived effort
in relation to task difficulty (as is traditionally done in self-control research), the additional
effort requirements that can arise from task-induced boredom might be overlooked.
Furthermore, assessing perceived effort only after task completion neglects the temporal
fluctuations in effort demands during a self-control-demanding task.

To uncouple the temporal dynamics of effort (due to task difficulty and boredom) and
boredom during different self-control tasks, triangulation of methods holds promise. First,

self-reports can provide a valuable reading of people’s state (Cooper-Martin, 1994; Johnson
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et al., 1995) and researchers have highlighted the need to track the dynamics of people’s
feelings with higher resolution (Mills & Christoff, 2018; Waugh et al., 2015).
Complementing self-reports, pupil size can serve as a physiological indicator of effort with,
generally speaking, greater pupil size indicating increased effort: Phasic (stimulus-evoked)
changes in pupil diameter have been found during the completion of various tasks that require
effort with a greater pupil size being related to a greater extend of effort (e.g., in inhibition,
updating, working memory tasks; van der Wel & van Steenbergen, 2018). Moreover, pupil
size measurements, as an objective physiological measure of effort, show consistency and
correlate with the self-reported perception of effort (e.g., Koelewijn et al., 2015; Wals &
Wichary, 2023; Zénon et al., 2014).

While phasic (stimulus-evoked) changes in pupil size tend to occur as reactions to the
immediate demands of a task, tonic (baseline) pupil changes tend to reflect the state of the
individual more generally (Cohen Hoffing et al., 2020). Considering changes of pupil size
from a general psychophysiological perspective, the activation of the sympathetic pathway of
the autonomic nervous system leads to the dilation of the pupil whereas the activation of the
parasympathetic pathway induces its constriction (Kardon, 2005; Math6t, 2018; McDougal &
Gamlin, 2008). While our understanding of the exact neurological processes of pupil dilation
during the exertion of effort is somewhat restricted (Mathot, 2018), we do know that the
locus coeruleus (LC), a brain area suggested to play an important role in behavioral
regulation and, consequently, self-control (Aston-Jones & Cohen, 2005), affects changes in
pupil size. Research indicates that when the LC is more active, the pupils tend to enlarge
(Joshi et al., 2016). Connections from the orbitofrontal cortex (OFC) and the anterior
cingulate cortex (ACC) to the LC were found (Aston-Jones et al., 2002; Rajkowski et al.,
2000). As those brain regions are linked to the evaluation of rewards and costs, a
responsiveness of the LC to ongoing cost-reward evaluations is suggested, consequently

shaping the resulting behavior (Aston-Jones & Cohen, 2005). Given the association of the LC



HOW EFFORTFUL IS BOREDOM 9

activation to cost-reward evaluations and self-control, the relation to pupil size, and the link
between greater effort and larger pupils, these findings imply that the LC likely contributes to
the dilation of pupils when self-control and effort (either difficulty- or boredom-related) are
exerted during the engagement in cognitive tasks. Research investigating the dynamics of
pupil dilation during the performance of cognitive tasks has demonstrated a gradual reduction
in phasic (stimulus-evoked) pupil diameter during the execution of both high and low
cognitive-demanding tasks (Hopstaken et al., 2015; Timme et al., 2022). This decline in pupil
dilation aligns with the reduced demands and required effort of cognitive tasks over time.
However, pupil size has not only been found to decrease over time but also to increase
(Bijleveld, 2018; Timme et al., 2022). Bijleveld (2018) reported that both the perceived
feeling of effort and physiological effort, as measured by phasic peak pupil dilation,
increased over time in easy and hard trials of a cognitively demanding task. This increase
aligns well with the idea of a rise in boredom over time and the proposal that staying engaged
with a boring task might enhance the effort that has to be invested to complete the task
(Wolff & Martarelli, 2020). Although Hopstaken et al. (2015) did not explicitly mention this
observation, Figure 5 in their paper suggests a tendency of an increase in phasic peak pupil
dilation in the first block of the task (which had a comparable duration to the whole task in
Bijleveld, 2018) before the peak pupil dilation started to decrease over time. This could
indicate a progressive increase in boredom, starting early in the task and intensifying over
time and related to this, an increase in effort needed to keep a good performance while the
individual’s willingness to perform is still present. Over time other mechanisms might
become more relevant in explaining total pupil dilation, such as the individual’s decision to
stop investing effort into the task all together, which could result from too high levels of
boredom or fatigue. This idea aligns well with motivational theories like the motivational
intensity theory (Brehm & Self, 1989) which suggests that effort is only mobilized to the

degree that is justified by a tasks potential reward value. Within this framework, it is
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conceivable that fluctuations in boredom alter how much effort should be mobilized toward
the task because boredom has been theorized to reduce the value people ascribe to a
boredom-inducing activity (Wolff & Martarelli, 2020). However, it should be noted that
Timme et al. (2022) found the averaged pupil dilation over a period of ten minutes to first
decrease before showing a tendency to increase which is opposite to the findings of other two
studies described above. Although pupil dilation was calculated differently in this study,
these differences demonstrate the persistent uncertainty regarding how and why the
perception of effort and physiological indicators of effort change during the performance of
cognitive tasks over longer periods of time. Moreover, none of these studies included the
assessment of boredom. Although it is highly speculative why these differences in results
emerge between studies, it highlights the importance of employing a combination of self-
report and pupillometry to allow for a deeper comprehension of the temporal dynamics of
task difficulty and boredom dependent effort during self-controlled behavior.
The Present Study

In the present study we will investigate as how effortful task-induced boredom is
subjectively perceived and physiologically measurable. To achieve this, we will access the
temporal dynamics of task difficulty and boredom-related effort during the performance of an
easy and hard version of a cognitive task (Stroop task). We integrate a promising research
protocol that complements the subjective assessment of perceived effort with the
implementation of pupillometry (tonic and phasic pupil size) as objective measure of effort,
resulting in a high temporal resolution of physiological and subjective data. Subjective
experiences will be assessed several times during the experiment with thought probes asking
for the perception of boredom, task difficulty, task difficulty related effort, boredom related
effort, overall effort, and fatigue. Thereby, we understand task difficulty related effort as the
perception of effort that individuals feel like having to expend into the task in response to the

experienced task difficulty, and boredom related effort as the perception of effort that
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individuals have to expend into the task in response to the experience of boredom. A
secondary task (flanker task) will be included in our study to further access how the
processing of the first task influences performance in the second task. However, note that our
primary focus lies on examining the temporal dynamics of task difficulty and boredom-
related effort in the easy and hard version of the first task (Stroop task). To the best of our
knowledge, this is the first study directly assessing the perception of effort due to boredom
and disentangling task difficulty and boredom related effort. Moreover, implementing a
within-subjects design, this study contributes valuable insights into how boredom and effort
interact across varying difficulty levels of cognitive tasks within the same participants. By
uncoupling effort from its direction (i.e., effort to deal with an intrinsically hard task vs.
effort to keep working on a boring task), this study addresses the research gap on how
enduring boredom impacts effort during the performance of cognitive tasks. As a result, this
study will enhance our understanding of boredom and its role in self-control. We predict
boredom and boredom related effort to increase over time while we assume task difficulty
and task difficulty related effort to decrease. Furthermore, we predict that pupil size (tonic
and phasic) will be predicted more accurately by overall cognitive effort (difficulty- and
boredom-related) than by effort related solely to task difficulty.
Proposed Method

Proposed Sample Characteristics

To ensure a significant difference in the difficulty level and the potential for boredom
induction by our tasks, we conducted an online study that included four Stroop task versions
(easy and hard versions of color Stroop and numerical Stroop, see Appendix A). Based on the
results, we concluded that the color Stroop task was the most suitable variant for our study.
To determine the required sample size for the present study, we conducted a G*Power
Analysis (Faul et al., 2007). Given that the effect size observed in the calculated t-tests was

larger for task difficulty (d = 0.92) than for boredom (d = 0.34), our power analysis focuses
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on the effect size of the difference in boredom between the easy and the hard color Stroop.
Thus, we are adopting a conservative approach in calculating the required sample size. The
power analysis for a one-tailed paired t-test was calculated based on this effect size. The
analysis indicated that 95 participants are necessary to detect a difference in boredom
between the tasks with a power of 95% at an alpha level of 0.05. Replacement participants
will be recruited to achieve the calculated sample size, if participants drop out, z-transformed
error rate in the Stroop task is more than three standard deviations away from the mean of all
participants or errors in the recording of oculomotor data occur (i.e., participants for whom
the calibration procedure did not work correctly, indicated by an average error in measuring
horizontal and vertical eye positions exceeding an angular accuracy of 0.8°).

Participants (age range of 16 to 45 years, all genders) without self-reported color
blindness will be recruited from the general population and from our institute.

Participants will give written-informed consent and be free to end the experiment at
any time. They will receive 100 CHF or course credits as compensation if they are students at
UniDistance Suisse. The local Ethics Committee approved the study, which will be
conducted according to the principles of the Declaration of Helsinki.

Proposed Materials and Design

In this within-subjects design study participants will take part in two sessions
separated by at least one day, each consisting of a Stroop task and a subsequent flanker task.
In one session, participants will complete the Stroop task in its easy congruent-only version
(easy Stroop), while in the other session, they will complete the hard version with modified
instructions (hard Stroop). Pupil size and thought probe data will be recorded during the
Stroop task only, while behavioral data (response time, accuracy) will be recorded during
both tasks.

Tasks

Stroop task. As primary task participants will perform a color Stroop task (original
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Stroop task version first implemented by Stroop, (1935) comprising 34 practice trials and 360
experimental trials. Each trial consists of the presentation of fixation stimuli (###, including
pixels of all four colors of the color words to ensure a more similar luminance, displayed for
1000 ms on screen), a color word (green, red, blue, yellow) that will be presented for 400 ms
either in green (RGB: 0,85,0,255), blue (RGB: 0,0,85,255), red (RGB: 85,0,0,255) or yellow
(RGB: 85,85,0,255), a blank screen (displayed until reaction or for 1500 ms), and an intertrial
interval (displayed for 1500 ms). Participants are instructed to press one of four keys on the
keyboard (“1” for green, “2” for blue, “9” for red, “0” for yellow) to indicate their response.
The background of the screen will be displayed in grey (150,150,150,255). Self-control
demands and the induction of boredom will be manipulated using an easy version of the
Stroop task and a hard version with modified instructions. While in the easy condition
participants will get the instruction to indicate the color of the presented color word, the task
in the hard condition switches according to another stimulus presented on screen which either
demands to indicate the color if a “+” is displayed (in 80 % of trials) or the word if a “X” is
displayed (in 20% of trials). in the easy
condition all trials will be congruent (color and color word matching) whereas in the hard
condition all trials will be incongruent (color and word not matching each other, see Figure 1
A). Response times and accuracy will serve as performance indicators.

Flanker task. As secondary task, participants will perform a flanker task (original
task version first implemented by Eriksen & Eriksen, 1974), comprising 24 practice trials and
140 experimental trials. Each trial consists of fixation stimuli (###, displayed for 1000 ms on
screen), five arrows presented on the middle of the screen, and an intertrial interval
(displayed for 500 ms). The arrows will remain on screen until participants press the keys “1”
for right or “0” for left, indicating the direction of which the central arrow is pointing. The
other four arrows will either be congruent and thus pointing to the same direction as the

central arrow (50 % of all trials) or incongruent and thus pointing to the contrary direction
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(see Figure 1 B). The task performance (accuracy, response times) will be recorded. The
flanker task will be implemented to investigate potential effects of the primary tasks on

secondary task performance.

Figure 1

Example of an Incongruent Trial of the Stroop Task (A) and of the Flanker Task (B)

A B

ittt frarers

+ red
1000 ms

<>

Until
response

1500 ms
or until
response

500 ms

1500 ms

Note. Naming the font color (“+” presented next to the word) will be the task in 80 % of the trials of the hard
Stroop task (A). In 20 % of the trials a “X” will be presented and thus, the task will be to indicate the word. All
trials of the hard Stroop task will be incongruent whereas all trials of the easy Stroop task will be congruent.

Flanker task trials (B) will be either incongruent or congruent (50 % of all trials).

Thought Probes

During the Stroop task participants will be prompted eleven times to report how bored
they are (“How much boredom do you feel?”), as how difficult they are experiencing the task
(“How difficult is the task?””), how much effort they are investing due to task difficulty (“Due
to the difficulty of the task, how much effort do you have to invest into the task?”), due to
boredom (“Due to boredom, how much effort do you have to invest into the task?”’) and
overall (“Overall, how much effort do you have to invest into the task?”’), and how much
fatigue they are experiencing (“How much fatigue do you feel?”’). They will indicate their

answer by pressing a key between 1 (not at all) and 9 (very much) on their keyboard. The
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probes will be displayed randomly after blocks of 30 to 35 trials. The order of the probes will
be randomized for each presentation.
Pupil Size

Tonic (baseline) pupil size and phasic (stimulus-evoked) pupil size during the tasks
will be recorded at a sampling rate of 1000 Hz, a spatial resolution of 0.01°, and a gaze
position accuracy of 0.05° using an EyeLink 1000 Plus eye-tracker. A chinrest will be placed
at a distance of 45 cm to the monitor (1920 x 1080 pixels) in order to prevent head
movements. At the start of the experiment the eye-tracker will be calibrated and validated
using a 9-point grid. Participants where the average horizontal and vertical error exceeds an
angular accuracy of 0.8° will be excluded. The testing room will be cut off from external
light sources, and it will not be illuminated throughout all testing sessions.

The data will be extracted using EyeLink DataViewer version 3.4.1. Missing data
points due to off-screen fixations or eye blinks will be removed before analyzing pupil
diameter. Pupil size will be reported for the right eye and reported in pixels.

Tonic (baseline) pupil size will be averaged separately for each last 500 ms of the
fixation stimuli (###) presentation. Phasic (stimulus-evoked) peak pupil dilation for each trial
will be obtained by correcting peak pupil dilation during the presentation of the blank screen
(as this time period typically corresponds to the occurring of peak pupillary response in the
Stroop task, see for example Hershman & Henik, 2020) for baseline pupil size (averaged
pupil size during a period of 500 ms before stimulus onset). Both tonic (baseline) pupil size
and phasic (stimulus-evoked) pupil size will be averaged in blocks with each block consisting
of the last five trials before each probe. A larger phasic (stimulus-evoked) peak pupil dilation
will serve as indicator for higher stimulus-induced cognitive effort. Conversely, a lager tonic
(baseline) pupil size will serve as indicator for higher cognitive effort, irrespective of the
effort induced by the task stimulus. Analyzing tonic (baseline) pupil size is essential for our

research question as effort related to boredom persists throughout the whole trial, i.e., during
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the presentation of the fixation stimuli and during the presentation of the task stimulus.
Relying solely on tonic pupil size as a means of baseline correcting stimulus-evoked pupil
size and not analyzing it independently would neglect the possible effect of the endurance of
boredom on cognitive effort and could lead to an overlook of this effect.
Supplementary Measures

In addition to the measures needed to investigate the core research question of this
paper we will implement supplementary measures to provide a more comprehensive
description of the sample and to enhance our understanding of experiencing boredom and
related characteristics. For this purpose, participants will answer three questionnaires before
they take part in the experiment, the Short Boredom Proneness Scale (SBPS; Struk et al.,
2017); German version by (Martarelli et al., 2021), the Beck Depression Inventory 11 (BDI-II,
Beck et al., 1996); German version by (Kihner et al., 2007), and the Brief Self-control Scale
(BSCS; Tangney et al., 2018); German version by (Bertrams & Dickhduser, 2009). They will
also indicate whether they have been diagnosed with ADHD, if they have consumed any
stimulants on the day of testing (caffeine, nicotine, amphetamine, others), and whether they
feel sleep deprived (“Do you feel sleep deprived? ” Answered with “yes” or “no”). We will
include responses in the sample description. After the completion of the experiment,
participants will get offered to take with them some sweets. The amount chosen by each
participant will be measured.
Proposed Procedure

Before starting the first experimental session in the laboratory, participants will
answer the Short Boredom Proneness Scale (Struk et al., 2017), the Brief Self-Control
Questionnaire (Tangney et al., 2018) and the BDI-II (Beck et al., 1996) as well as the other
supplementary measures online. Afterwards they will receive an invitation to the laboratory
together with the request not to drink any coffee at least for two hours before the start of the

experiment. In each study part, online and offline, participants will be informed about the
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experimental procedure and asked to consent into the study conditions. The experimental part
of the study consists of two sessions. Every participant takes part in both sessions (within-
subjects design). Before each session participants will report if they have consumed any
stimulants on the day of testing. The procedure of both experimental sessions (see Figure 2)
will be similar with the difference that the first sequential paradigm task (Stroop task) will be
an easy version in one session and a hard in the other one. Both sessions will involve the
flanker task as secondary task. The order of the sessions will be counterbalanced. Each
session will take approximately 40 to 50 minutes. During the task participants will answer to
probes indicating their perception of boredom, task difficulty, effort they have to invest due
to boredom and due to task difficulty, overall effort and fatigue. There will be a break of at
least one day in between the sessions.

In the experimental sessions participants place their head on a chinrest and look at the
screen (at 45 cm distance to head) where the tasks will be presented while oculomotor data
(pupil size) and behavioral data (task performance, probe answers) will be recorded.
Participants will be instructed to stay as still as possible, to direct their gaze to the center of
the screen and to answer the questions (probes) presented on screen by pressing the

corresponding number on the keyboard without removing their head from the chinrest.

Figure 2

Proposed Procedure for Each Session

Recording of pupil size, . Stroop Task
thought probe data, 35 min. (eas ol::' hard)
behavioral data Y
Recording of ~5 min

behavioral data . Flanker Task

v

Note. Behavioral data (reaction time, accuracy) will be recorded during the Stroop task and during the Flanker

task. Pupil and thought probe data will be recorded during the Stroop task only.
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Transparency and Openness

We share the dataset of our online study as well as the R code to reproduce our analyses
on Open Science Framework (OSF) available at
https://osf.io/8rgbd/?view_only=09a4d990eaa24al13b3df3dc8a0f89065. We will further
incorporate the research materials, the full non-aggregated dataset as well as the analysis
scripts for the present study after completing data collection. Data will be analyzed using R,
version 4.3.1 (R Core Team, 2023).

Proposed Analysis and Predicted Outcomes
Manipulation Check
We will confirm the effectiveness of our experimental manipulations by assessing

their impact on participants' subjective perception and performance. This manipulation check
will allow us to ensure that the intended differences between the conditions concerning the
manipulated difficulty level are indeed present.
Task Difficulty
We hypothesize that the hard condition will exhibit significantly greater overall perceived
task difficulty compared to the easy condition. To test this hypothesis, we will perform a
paired t-test comparing the overall task difficulty (dependent variable) in the easy and hard
Stroop (difficulty level as independent variable). The overall perceived task difficulty will be
calculated as the mean of the perceived difficulty ratings for the answered probes.
Boredom
In the context of boredom levels, we expect the easy condition to induce significantly greater
overall boredom compared to the hard condition. To evaluate this hypothesis, we will
conduct a paired t-test comparing overall boredom (dependent variable) in the easy and hard
condition (difficulty level as independent variable). The overall boredom will be obtained by

calculating the mean of the boredom ratings for the answered probes.
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Performance
Performance differences between the two conditions will be assessed by examining error
rates and reaction times. We expect that participants will demonstrate a greater error rate and
longer reaction time in the hard condition compared to the easy condition. We will conduct
two paired t-tests, one comparing the error rate and one comparing the reaction time between
the easy and hard condition, implementing the error rate and the reaction time as dependent
variables each in one analysis and the difficulty level (easy, hard) as independent variable.
Thought Probes

We expect changes over time in participants’ self-reports for both the easy and in the
hard variant of the task. Changes over time concerning those variables will be analyzed
conducting six Linear Mixed Models including the perception of boredom, boredom related
effort, task difficulty and task difficulty related effort, overall effort and fatigue as outcome
variables, task (easy, hard) and time (probe one to eleven) as fixed effects accounting for
differences among participants by including random intercepts and different effects of time
on the outcome variables by including random slopes for time. We expect a main effect of
time. More precisely, we expect an increase in boredom, boredom related effort, fatigue, and
overall effort and a decrease of task difficulty and task difficulty related effort over time for
both Stroop versions (easy and hard). Further, we predict a main effect of difficulty level
(easy, hard). We anticipate greater levels of boredom and greater boredom related effort, but
less task difficulty and task difficulty related effort for the easy Stroop version. We expect an
interaction for perceived task difficulty and task difficulty related effort with a greater
decrease over time in the hard Stroop. We further expect an interaction for perceived overall
effort with a greater increase in overall effort in the easy Stroop version. Six plots showing
the time (probe one to eleven) on the x-axis, the scores on the y-axis, and two different lines
for the two tasks, will illustrate how the perception of boredom, boredom related effort, task

difficulty related effort, task difficulty, fatigue and effort change over time.
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Effort and Pupil Size

To test our prediction that pupil size will show a stronger association with perceived
boredom related effort and task difficulty related effort together than with task difficulty
related effort only, we will analyze tonic (baseline) pupil size and phasic (stimulus-evoked)
pupil size separately. We hypothesize that tonic (baseline) and phasic (stimulus-evoked) pupil
sizes would be more accurately predicted when considering both perceived effort due to
boredom and effort due to task difficulty, as opposed to considering perceived effort due to
task difficulty alone.

To investigate this hypothesis, we will employ eight Linear Mixed Models (LMM) to
assess the influence of these factors on tonic pupil size and phasic pupil size separately. Tonic
pupil size for each probe will be determined by calculating the average tonic (baseline) pupil
size (pupil size during the last 500 ms of the presentation of the fixation stimuli) across the
last five trials preceding the probe presentation. Phasic pupil size for each probe will be
determined by calculating the peak stimulus-evoked pupil size. After baseline correcting
phasic pupil size it will be averaged across the last five trials preceding the probe
presentation. We will construct four different models for each outcome variable (tonic pupil
size, phasic pupil size). Our first model will predict pupil size with the task’s difficulty level
(easy, hard), time (thought probe one to eleven), and perceived effort due to task difficulty as
fixed predictors, accounting for general differences between participants in tonic and phasic
pupil size by including random intercepts and different effects of time on pupil size among
participants by including random slopes for the variable time. Our second model will differ
from model one by implementing effort due to boredom as fixed predictor instead of effort
due to task difficulty. Our third model will integrate effort due to task difficulty and effort
due to boredom as fixed predictors, while remaining with the other predictors. Our fourth
model will expand upon model three by including additional covariates, namely participants’

score of the Short Boredom Proneness Scale (SBPS), the Beck Depression Inventory Il (BDI-
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I1), and the Brief Self-Control Scale (BSCS). To evaluate the relative performance of these
models in predicting pupil size, the Akaike Information Criterion (AIC), Bayesian
Information Criterion (BIC), and WAIC (Widely Applicable Information Criterion) of the
models will be reported. Our decision regarding the optimal balance between model fit and
complexity will be based on the BIC.

As an illustration three plots will be implemented for each outcome variable (tonic
pupil size, phasic pupil size) showing time and the scores of perceived boredom related
effort, task difficulty related effort on the x-axis, the outcome variable on the y-axis and two
different lines indicating the manipulated difficulty level (easy, hard).

Task Performance in Secondary Task

For assessing task performance in the secondary task, we will focus on the error rate
and reaction time separately. We aim to analyze if participants’ performance in the secondary
task (flanker) is influenced by the difficulty level of the preceding task (Stroop task; easy,
hard). We further intend to test whether perceived task difficulty related effort exerted in the
Stroop task predicts task performance in the flanker task, and whether boredom and task
difficulty related effort together predict task performance more accurately.

Difficulty Manipulation’s Influence on Performance

To access whether the level of difficulty in the first task (Stroop task; easy, hard) influences
participants’ performance in the secondary task (flanker), we will conduct two 2 (previous
task type: easy, hard) x 2 (flanker type: congruent, incongruent) ANOVAs. One ANOVA will
analyze participants’ error rate as dependent variable, while the other will focus on the
reaction time. Results will be visualized with two bar charts (one showing the error rate, the
other one showing the reaction time) providing the difficulty level on the x-axis, the error rate
or the reaction time on the y-axis, and four differing bars (one for the easy Stroop version and
congruent flanker trials, one for the easy Stroop version and incongruent flanker trials, one

for the hard Stroop version and congruent flanker trials and one for the easy Stroop version
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and incongruent flanker trials).
Perceived Effort’s Influence on Performance

We will explore the extent to which the perceived effort, resulting from perceived task
difficulty in the Stroop task, can account for variations in error rates and reaction time during
the flanker task. Additionally, we will investigate whether perceived effort due to task
difficulty in the Stroop task predicts performance (error rate, reaction time) in the flanker
task, and whether considering perceived boredom related and task difficulty related effort in
the Stroop task together, provides a more accurate prediction of the error rate and reaction
time in the flanker task than task difficulty related effort alone. To investigate this, we will
employ several Linear Mixed Models (LMMs), using either the error rates or the reaction
time in the flanker task as the outcome variables. Perceived effort due to boredom and effort
due to task difficulty will be obtained by calculating the mean of this variables across the
probes. Three distinct models will be tested for each performance variable (error rate,
reaction time). The first model will assess the impact of the difficulty level (easy, hard; fixed
effect) and perceived effort due to task difficulty (fixed effect) in the Stroop task as well as
the type of flanker trial (congruent, incongruent) on the reaction time in the flanker task while
accounting for random effects among participants with random intercepts and random slopes.
The second model will differ from the first by incorporating boredom related effort as a fixed
effect instead of task difficulty related effort. The third model will include both perceived
task difficulty and boredom related effort as fixed effects. AIC, BIC, and WAIC will be
reported. The model with the lowest BIC will be considered as the most optimal one.

Two plots for each performance variable (error rate, reaction time) will illustrate the
relationship between performance in the flanker task on the y-axis and perceived effort scores
(effort due to boredom and effort due to task difficulty) on the x-axis. Two distinct lines will

represent the difficulty levels of the task (easy, hard).
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Data Summary

Descriptive Statistics

To comprehensively understand our variables, we will conduct an analysis of descriptive
statistics and present them in a table. We will calculate the means and standard deviations for
various measures across eleven different time points. These statistics will be computed
separately for our two difficulty levels (easy, hard). Tonic pupil size, phasic peak pupil size,
ratings of boredom, fatigue, task difficulty, boredom related effort, task difficulty related
effort, overall effort as well as the reaction time and error rates during the Stroop task and the
flanker task will be reported in eleven blocks corresponding to the thought probes. Reaction
times and error rates in the flanker task will be reported separately for congruent and
incongruent trials, as well as combined. Phasic peak pupil dilation during the Stroop task will
be reported as an average across all trials for both tasks. Additionally, it will be reported
separately for the hard task distinguishing between trials involving the color naming task and
trials involving the word naming task. Each block includes the five preceding trials before the
presentation of the probe.

Correlation Analysis

To elucidate the relationships between the key variables in our study, we will conduct
correlation analyses and present them in a correlation table. Boredom, perceived task
difficulty, effort due to boredom, effort due to difficulty, overall effort, and fatigue which will
be assessed with the thought probes will be included in the analysis. Concerning the tasks, the
error rate and the reaction time in the easy version and in the hard version of the Stroop task
as well as the error rate and reaction time in the flanker task will be integrated. Regarding the
pupil size, the average tonic pupil size during the easy and during the hard version of the
Stroop as well as the average phasic pupil size during the easy and hard version of the Stroop

will be encompassed.
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Explorative Analysis

We will explore associations between our key variables and the quantity of sweets
participants took with them.
Pre-Test

To test the feasibility of our study design we tested two participants and recorded
pupil size (tonic and phasic pupil size) and the answers to the thought probes. See Appendix
B for the corresponding descriptive data.
Interpretation Given Different Outcomes

Concerning our primary research question, several result patterns are possible. Should
our results, as hypothesized, show that pupil size as physiological indicator of effort is
predicted more accurately when perceived effort due to boredom is considered as predictor,
we would characterize the endurance of boredom as effortful. This would emphasize the
importance of recognizing boredom as a confounding variable within self-control research
and, more general, within the broader scope of study designs. Conversely, if pupil size is not
predicted by perceived effort due to boredom, it could be argued that being bored during task
performance might not trigger changes in this physiological correlate of effort. However, this
outcome could even indicate a connection between boredom and low arousal levels, a
correlation that remains ambiguous. In this case, the perceived effort elicited by boredom
might be less influential on the pupillary activity than the possible decrease in arousal. But
even when perceived effort induced by boredom does not manifest physiologically, the
evaluation of the thought probes could still indicate a psychological perception of effort as
consequence of the sensation of boredom. In this case, boredom might not serve as a
confounding variable when cognitive effort is measured physiologically, but it would impact
psychological assessments of cognitive effort. In case our results demonstrate that boredom
does induce neither physiological nor the psychological perception of effort, boredom might

not be a confounding factor in experiments that induce boredom during task performance.
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However, further investigations would be warranted to explore whether boredom could still
evoke cognitive effort in cases involving entirely undemanding tasks or no tasks at all.
Limitations

It is important to acknowledge limitations regarding the measurement of certain
constructs in this study. Specifically, the validity of items used to assess perceptions of task
difficulty, boredom and related effort need further validation.

Moreover, a constraint lies in the task switching component of the hard Stroop
version, which may result in varying levels of required cognitive control throughout the task.
Similar designs incorporating switching components (e.g., changes in the proportion of
congruent and incongruent trials) have been demonstrated to impact Stroop interference
(Rothermund et al., 2022), potentially affecting not only performance, but also pupillary
reaction to the trial’s demands as well as other psychological states measured in this study.

Future research will need to test whether the results generalize to other tasks,
including Stroop tasks of intermediate difficulty without task-switching components and with

various levels of congruency.
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Appendix A

Online Study

To ensure a significant divergence in the difficulty level and the potential for boredom
induction by our tasks, we conducted an online study consisting of four Stroop task versions.
These versions included both easy and hard versions of the color Stroop and the numerical
Stroop. Our primary objective was to assess the participant’s perception of task difficulty and
boredom across the four tasks, thereby enabling us to select the most suitable Stroop task
(color or numerical Stroop) for our present study and determining the appropriate sample size
based on the effect size observed in our online study. The R code to reproduce analyses as
well as the data set is available on OSF
https://osf.io/8rgbd/?view_only=09a4d990eaa24al3b3df3dc8a0f89065.
Methods
Data collection for all four sessions of our within-subjects design study was done online via
CloudResearch’s Connect platform. Participants were assigned to one out of two participation
orders (order one: easy color, easy numerical, hard color, hard numerical; order two: hard
color, hard numerical, easy color, easy numerical). The interval between sessions varied from
one to seven days. After completing the tasks for ten minutes each, participants were asked to
indicate how much they agree or disagree with statements about their experience during the
task (boredom and perceived task difficulty).

Participants
Starting with an initial cohort of 328 participants in session one, the study involved 210
participants (42.38 % female, 54.28 % male, 3.33 % other genders or no answer) who
completed all four sessions of the study seriously (z-transformed error rate in the tasks less
than three standard deviations away from the mean of all participants, attention checks
answered correctly) and answered the relevant questions. The mean age of participants was

32.20 (SD = 5.31). Respondents were compensated with a fixed amount of $3.50 for their
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participation in each session. They had the opportunity to earn an additional variable
compensation of up to $1 in two of the sessions. All participants gave informed consent
before starting the experiment. The study was approved by the local Ethics Committee and
carried out in accordance with the Helsinki Declaration.

Tasks

Stroop tasks. The color Stroop versions closely resemble those suggested in the
present study. However, there are some distinctions: in the online study, a task reminder
remained on screen, and the task was indicated not only by the “+” and “x” on screen during
stimulus presentation but also with a fixation cross before stimulus onset which was either a
“+” or an “x”. To maintain participant’s gaze at the center of the screen, we will omit the task
reminder for the present study. Further, we will show the same fixation stimuli (###) in both
tasks to keep the physiological influence on baseline (tonic) pupil size consistent across both

task versions.

In the numerical Stroop version (Schwarz & Ischebeck, 2003; Tzelgov et al., 1992)
each trial consisted of a fixation cross (displayed for 1000 on screen), two presented numbers
(one with a larger numerical value and one in a larger font size), and an intertrial interval
lasting 500 ms. The numbers remained on screen until participants pressed one of two keys

on the keyboard (“1” for left, “0” for right) to indicate their response. In the easy congruent-
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only version one number was both larger in value and in font size. Participants were
instructed to identify the number with the larger font size. In the hard version, the numbers
were presented either congruent or incongruent (50 % of the trials). In incongruent trials one
number was larger in font size while the other was larger in value. The instructions switched
during the task. In 80 % of the trials, participants were instructed to indicate the number with
the lager font size, and in 20 % of the trials, they were instructed to indicate the number with
the larger numerical value. A task reminder was displayed on screen. The task was further
indicated by an “x” (indicate which number has the larger numerical value) or an “+”
(indicate which number has a larger font size).

Subjective experience. After completing each task participants were asked to indicate
how much they agree or disagree with statements about their experience during the task on a
9-point Likert scale (1 = strongly disagree, 9 = strongly agree). Among these statements were
one on boredom (“I was bored while performing the task™) and one on task difficulty (“the
task was difficult for me”).

Supplementary measures. In addition to the tasks and questions described, we
collected additional variables that are not pertinent to the present study.
Results

Results of a two-way repeated measures ANOVA which was performed to analyze
the effect of task variant (color Stroop, numerical Stroop) and difficulty level (easy, hard) on
boredom revealed a main effect of task variant (F(1, 204) = 4.90, p = .028, partial n? =
0.002), indicating that participants perceived the numerical Stroop (M =5.67 , SD = 2.78) as
more boring than the color Stroop (M =5.42, SD = 2.78). Additionally, a main effect of
difficulty level was observed (F(1, 204) = 35.51, p <.001, partial n? = 0.017), highlighting
that the easy tasks (M =5.90, SD = 2.72) were more boring than the difficult tasks (M = 5.19,
SD = 2.74). There was no significant interaction between the effect of task variant and level

of difficulty (F(1, 204) = 2.98, p = .086, partial n> = 0.001).
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Another two-way repeated measures ANOVA analyzing the effect of task variant
(color Stroop, numerical Stroop) and difficulty level (easy, hard) on perceived task difficulty
indicated a main effect of task version (F(1, 204) = 96.46, p < .001, partial n> = 0.060), with a
higher perceived task difficulty in the color Stroop (M = 3.75, SD = 2.58) than in the
numerical Stroop (M = 2.68, SD = 2.03). The ANOVA further revealed a main effect of
difficulty level (F(1, 204) = 170.31, p <.001, partial n?> = 0.116), with a higher perceived task
difficulty in the hard (M = 3.99, SD = 2.52) than in the easy (M = 2.44, SD = 1.94) tasks. A
significant interaction effect was found between task variant and difficulty level (F(1, 204) =
76.80, p <.001, partial n2 = 0.043). This interaction suggests that the impact of difficulty
level (easy, hard) on perceived task difficulty depends on the task variant (color, numerical).
Specifically, in the color Stroop task, participants perceived the task to be more difficult in
the hard (M = 4.98, SD = 2.55) compared to the easy condition (M = 2.53, SD = 1.95). In
contrast, in the numerical Stroop task, the difference in perceived difficulty between the hard
(M =3.00, SD = 2.07) and easy (M = 2.36, SD = 1.93) conditions was less pronounced.

As the focus of the present study lies in the difference between the easy and hard
versions of the color Stroop (see Conclusion for the rationale), we further conducted two t-
tests comparing the perceived task difficulty and boredom between these two tasks. Results
show that perceived task difficulty is greater in the hard version (M = 4.98, SD = 2.54)
compared to the easy version of color Stroop task (M = 2.54, SD = 1.97), t(209) = 13.34,p <
.01, d = 0.92. Boredom on the other hand is less pronounced in the hard (M =5.01, SD =
2.79) than in the easy color Stroop (M =5.90, SD = 2.67), t(209) =4.91, p <.01,d =0.34.
Conclusion
In both versions of the Stroop task (color, numerical) participants found the hard versions to
be more difficult and less boring than the easy counterparts. Overall, the color Stroop was
perceived as more difficult and less boring than the numerical Stroop. The difference in

perceived task difficulty between the two difficulty levels was more pronounced in the color
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than in the numerical Stroop variant. Consequently, the color Stroop emerges as the more
suitable choice for the present study. Our power analysis should focus on the difference in
boredom between the hard and the easy color Stroop (d = 0.34) to adopt a conservative

approach in calculating the required sample size.

34
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Appendix B
Pre-test
Using the described experimental procedure, we tested two participants. Descriptive analyses
revealed for the easy Stroop version a mean in boredom of 5.14 (SD = 1.04), in boredom
related effort 5.59 (SD = 1.06), in task difficulty 2.77 (SD = 1.31), in task difficulty related
effort 1.86 (SD = 0.37), in fatigue 6.41 (SD = 0.48), and in perceived effort 5.64 (SD = 0.60).
In the hard Stroop version, we calculated a mean in boredom of 4.02 (SD = 0.59), in boredom
related effort 3.68 (SD = 1.06), in task difficulty 4.76 (SD = 1.16), in task difficulty related
effort 4.82 (SD = 1.20), in fatigue 5.27 (SD = 1.41), and in perceived effort 5.95 (SD = 0.57).
Across all participants and probes, the mean baseline pupil size during the easy Stroop task
was 918.38 (SD = 47.78), while the peak stimulus-evoked baseline corrected pupil size was
85.92 (SD = 12.30). In the case of the hard Stroop task, the average baseline pupil size was
788.07 (SD =108.32), and the peak stimulus-evoked baseline corrected pupil size was 124.84
(SD = 23.96). The averages of thought probes are presented in table 1, the average tonic and
phasic pupil size (averaged across the five trials preceding the thought probe) are shown in

table 2.
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Table 1
Means and Standard Deviations of Variables Corresponding to Each Thought Probe in the Easy und Hard
Stroop Version
Variable ~ Difficulty 12 3 4 5 6 7 8 9 011
Level
Easy M 450 5.50 5.00 5.50 5.50 5.50 6.00 6.00 6.00 6.00 6.00
BrE sD (0.71) (0.71) (1.41) (0.71) (0.71) (0.71) (0.00) (1.41) (1.41) (1.41) (1.41)
Hard M 2.00 2.50 2.50 2.50 3.50 4.00 4.00 5.00 5.00 4.50 5.00
SD (0.00) (0.71) (0.71) (0.71) (0.71) (1.41) (1.41) (1.41) (1.41) (0.71) (1.41)
Easy M 2.00 2.00 2.00 2.00 2.00 2.00 2.00 1.50 2.00 1.50 1.50
DrE SD (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.71) (0.00) (0.71) (0.71)
Hard M 500 5.00 5.00 5.00 4.50 4.00 6.00 5.00 450 4.50 4.50
SD (1.41) (0.00) (0.00) (1.41) (2.12) (1.41) (0.00) (0.00) (0.71) (0.71) (0.71)
Easy M  5.00 5.50 5.00 5.50 5.50 5.50 6.00 6.00 6.00 6.00 6.00
Effort SD (0.00) (0.71) (0.00) (0.71) (0.71) (0.71) (0.00) (1.41) (0.00) (0.00) (0.00)
Hard M 5.50 5.00 5.00 4.50 5.50 6.00 6.00 6.50 6.50 7.50 7.50
s (0.71) (0.00) (0.00) (0.71) (0.71) (0.00) (0.00) (0.71) (0.71) (0.71) (0.71)
Easy M 5.50 6.50 6.00 6.00 6.00 6.50 6.50 7.00 7.00 6.50 7.00
Fatigue SsD (0.71) (0.71) (0.00) (0.00) (0.00) (0.71) (0.71) (0.00) (0.00) (0.71) (0.00)
Hard M 4.0 4.00 4.00 4.00 2.50 5.00 5.50 6.50 7.50 7.50 7.50
sD (1.41) (1.41) (1.41) (141) (212) (1.41) (2.12) (0.71) (0.71) (0.71) (0.71)
Easy M 350 2.5 2.00 2.50 3.00 2.50 3.50 3.00 2.50 3.00 2.50
Difficulty SD (2.12) (0.71) (0.00) (0.71) (1.41) (0.71) (2.12) (1.41) (0.71) (2.83) (0.71)
Hard M 5.00 5.00 5.00 4.50 5.00 4.50 5.50 5.00 4.33 4.50 4.50
SD (1.41) (0.00) (0.00) (0.71) (0.00) (0.71) (0.71) (0.00) (3.21) (0.71) (0.71)
Easy M 4.00 5.00 5.50 5.50 6.00 6.00 6.00 6.50 6.50 6.00 6.00
Boredom SD (0.00) (0.00) (0.71) (0.71) (1.41) (1.41) (1.41) (0.71) (0.71) (1.41) (1.41)
Hard M 2.5 2.00 2.50 2.00 4.00 4.00 5.0 5.50 5.67 5.50 5.50
SD (0.71) (0.00) (0.71) (0.00) (0.00) (0.00) (0.00) (0.71) (1.15) (0.71) (0.71)

Note. BrE = Boredom related Effort, DrE = Difficulty related Effort.
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Table 2

Means and Standard Deviations of Tonic and Phasic Pupil Size Corresponding to Each Thought Probe in the

Easy und Hard Stroop Version

Variable ~ Difficulty ! 2 3 4 5 6 7 8 9 10 1
Level

Easy M 9764 162.2 9726 9589 0185 9215 8843 9239 8335 8917 8587

Tonic PS SD (174.7) (168.7) (1618) (132.8) (106.1) (45.3) (17.9) (82.0) (75.0) (455) (113.5)

Hard M 9703 0151 8115 8651 8288 7848 7952 7471 6735 6448 6320

SD (738.7) (666.1) (565.7) (596.7) (567.6) (489.9) (453.2) (378.0) (265.2) (211.8) (218.3)

Easy M 939 012 855 873 974 544 830 842 1017 863 802

Phasic PS SD (167) (114) (64) (23) (46) (201) (02) (L7) (7) (66) (L9)

Hard M 1561 1606 160.1 124.2 1051 118.8 1072 1135 1232 1156 88.9
SD (97.1) (1354) (106.2) (80.8) (59.8) (52.1) (455) (90.0) (77.3) (53.7) (37.5)

Note. Tonic PS = Tonic (Baseline) Pupil Size, Phasic PS = Phasic (Stimulus-evoked) Peak Pupil Size, baseline

corrected. Tonic Pupil Size and Phasic Pupil Size are averaged across the five trials preceding the thought probe

and reported in pixels.
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Appendix C
Study-Design Template
Research Question Hypothesis Sampling Analysis Plan Rationale for Interpretation given Theory that could be
Plan deciding the different outcomes shown wrong by the

sensitivity of the outcomes

test for

confirming or

disconfirming

the hypothesis
Manipulation Check: Participants report greater | Ninety-five To test this hypothesis, Differences: Stroop Tasks | The premise that

overall levels of boredom | non-color- we will perform four classified as difficult (and | structurally more

Do hard and easy and less overall task blind paired t-tests comparing high self-control demanding tasks are
Stroop task versions difficulty and show a participants either task difficulty, demanding tasks) are also perceived as more
differ in terms of their | better performance in the | between 16 boredom, error rates or perceived as more difficult and yield
perceived overall task | easy compared to the and 45 years reaction times (as difficult, they induce less lower performance
difficulty, the overall hard. from the dependent variables) in boredom and lead to a scores. In addition: that
level of boredom they general the easy and hard Stroop worse performance in self-reported boredom
induce, and in terms of population version (as independent comparison to easy Stroop | levels are higher in
how good someone will be variable). Tasks (often classified as structurally easy tasks.
performs in the tasks? recruited®. low self-control tasks).

No differences: The
manipulation of the
difficulty level of the
Stroop Tasks does not
impact perceived difficulty
levels or performance.
This would indicate that
these variables are not
affected by the type of
Stroop task that is used.

% To determine the required sample size for the present study, we conducted a G*Power Analysis Faul et al. (2007). Given that the effect size observed in the calculated t-tests in
our online study was larger for task difficulty (d = 0.92) than for boredom (d = 0.34), our power analysis focuses on the effect size of the difference in boredom between the easy
and the hard color Stroop. The power analysis for a one-tailed paired t-test was calculated based on this effect size. The analysis indicated that 95 participants are necessary to

detect a difference in boredom between the tasks with a power of 95% at an alpha level of 0.05.
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We will conduct our main
analyses even if no
differences between the
tasks emerge, as we would
still gain valuable insights
into the dynamics of
boredom and cognitive
effort during task
performance.

Main Research
Question 1:

Do boredom, effort
demands due to
boredom, perceived
task-difficulty, effort
demands due to
perceived task
difficulty, overall
perceived effort and
fatigue change over
time during both tasks
(easy and hard
Stroop)?

We expect an increase in
boredom, effort due to
boredom, fatigue, and
overall effort and a
decrease of task difficulty
and effort due to task
difficulty over time for
both Stroop versions
(easy and hard). We
expect a greater decrease
of task difficulty and
task-difficulty-related
effort over time in the
hard than in the easy
version. We further
expect an interaction for
overall effort with a
greater increase in overall
effort in the easy Stroop
version.

Six Linear Mixed
Models including
boredom, boredom
related effort, task
difficulty and task
difficulty related effort,
overall effort and fatigue
as outcome variables,
task (easy, difficult) and
time (probe one to
eleven) as fixed effects
accounting for
differences among
participants by including
random intercepts and
different effects of time
on the outcome variables
by including random
slopes for time.

If hypothesis is supported:
Over time tasks become
more boring which
increases effort demands to
continue with a boring
task. When tasks become
easier over time, this
reduces effort demands
due to task difficulty. At
the same time overall
effort and fatigue increase.
This holds true for tasks
with different difficulty
levels. Nevertheless, task
difficulty and the related
effort decrease stronger in
hard tasks (due to the
initially higher task
difficulty). Further, as task
difficulty decreases to a
greater extent in hard tasks
than in easy tasks, and
boredom increases in both
tasks, overall effort (which
is expected to include
boredom and difficulty
related boredom) increases
less in harder tasks than in
easy tasks.

N/A
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Main Research
Question 2:

Are physiological
measures of effort
solely influenced by
task-difficulty-related
effort or are they also
affected by boredom-
related effort?

Pupil size (tonic and
phasic), as physiological
indicator of effort, is
predicted more accurately
by task-difficulty-related
effort and boredom-
related effort than by
task-difficulty related
effort alone.

If our hypothesis is not
supported: When results
show that it depends on the
tasks’ difficulty level
(easy, hard) if boredom,
perceived task difficulty,
the related effort,
perceived overall effort,
and fatigue decrease or
increase over time, we
would conclude that task
characteristics are relevant
for predicting how these
variables change over
time.

We will construct four
Linear Mixed Models
(LMM) for each outcome
variable (tonic pupil size,
phasic pupil size).
Difficulty level of the
task (easy, hard), time
(thought probe one to
eleven), effort due to task
difficulty and effort due
to boredom will serve as
fixed predictors and
participants’ score of the
Short Boredom
Proneness Scale (SBPS),
the Beck Depression
Inventory Il (BDI-I1I),
and the Brief Self-
Control Scale (BSCS) as
covariates in different
models. We will account
for general differences
between participants in
tonic and phasic pupil

Should our results, as
hypothesized, show that
pupil size as physiological
indicator of effort is
predicted more accurately
when effort due to
boredom is considered as
predictor, we would
characterize boredom as
effortful. This would
emphasize the importance
of recognizing boredom as
a confounding variable
within self-control
research and, more
general, within the broader
scope of study designs.

Conversely, if pupil size is
not predicted by cognitive
effort due to boredom, it
could be argued that being
bored during task
performance might not

Performing easy and
hard tasks is not
effortful on a
physiological level.

Enduring boredom is
not effortful on a
physiological level.
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Research Question 3A:

Is task performance in
a secondary task
influenced by the level
of difficulty (easy,
hard) in the first task?

Given the inconsistent
results in ego depletion
research (Giboin &
Wolff, 2019; Hagger et
al., 2016; Hagger et al.,
2010), this research
question will be tested
exploratively.

size by including random
intercepts and different
effects of time on pupil
size among participants
by including random
slopes for the variable
time. To evaluate the
relative performance of
these models in
predicting pupil size, the
AIC, BIC, and WAIC
will be reported. We will
base our decision on the
most optimal model

trigger changes in this
physiological correlate of
effort. However, this
outcome could even
indicate a connection
between boredom and low
arousal levels, a
correlation that remains
ambiguous. In this case,
the perceived effort
elicited by boredom might
be less influential on the
pupillary activity than the
possible decrease in

regarding model fit and arousal.
complexity on the BIC.
We will conduct two If secondary task Ego Depletion:

paired t-tests. One t-test
will analyze participants’
error rate as dependent
variable, while the other
will focus on the reaction
time. The difficulty level
of the first task (easy,
hard) will serve as the
independent variable in
both tests.

performance is worse after
performing the hard task:

Working on a structurally
more demanding task leads
to reduced performance on
a subsequent task.

If secondary task
performance is worse after
performing the easy task:

Working on a structurally
less demanding task leads
to reduced performance on
a subsequent task.

If secondary task
performance does not
differ:

Structural demand

Self-Control needs in a
preceding task leads to
less remaining self-
control for a secondary
task which manifests in
a worsened task
performance. (Please
note that even if a
reduction in
performance is
observed, this would
not constitute evidence
for a depletion of a
specific resource, as we
do not measure such a
resource in this
research.)

Mental Fatigue
Theories: Mental
fatigue occurs after a
period of prolonged
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Research Question 3B:

Can task performance
in a secondary task be
explained by the
perceived amount of
effort due to task
difficulty invested in
the first task? And does
considering perceived
boredom related effort
in the first task provide
a more accurate
prediction of
performance in the
second task than
considering task
difficulty related effort
alone?

This research question
will be tested
exploratively.

differences in a prior
mental task do not
differentially carry over to
performance on a
secondary mental task.

mental activity which
leads to decrements in
task performance.

Three distinct LMMs
will be tested for each
performance variable in
the flanker task (error
rate, reaction time). The
first model will assess
the impact of the
difficulty level (easy,
hard; fixed effect) and
the perception of effort
due to task difficulty
(fixed effect) in the

Stroop task as well as the

type of flanker trial
(congruent, incongruent)
on the reaction time in
the flanker task while
accounting for random
effects among
participants with random
intercepts and random
slopes. The second
model will differ from
the first by incorporating
perceived boredom
related effort as a fixed
effect instead of
perceived task difficulty
related effort. The third
model will include both
perceived task difficulty
and boredom related
effort as fixed effects.

If secondary task
performance can be
explained by task difficulty
related effort in the
preceding task:

Subjectively investing
effort due to the difficulty
of a task reduces
performance on a
subsequent task.

If secondary task
performance can be
explained more accurately
by boredom related effort
and task difficulty related
effort together:

Both the perception of a
higher task difficulty
related effort and boredom
related effort in a first task,
reduce performance in a
subsequent task. Thus,
performing boring as well
as difficult tasks can lead
to a worsened performance
in a secondary task if effort
(related to boredom or task
difficulty) is perceived to
be invested in the
preceding task.

Ego Depletion;
Self-Control needed in
a preceding task leads
to less remaining self-
control for a secondary
task which manifests in
a worsened task
performance. (Please
note that even if a
reduction in
performance is
observed, this would
not constitute evidence
for a depletion of a
specific resource, as we
do not measure such a
resource in this
research.)

Mental Fatigue
Theories: Mental
fatigue occurs after a
period of prolonged
mental activity which
leads to decrements in
task performance.
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The model with the
lowest BIC will be
considered as the most
optimal one.

If performance in the
secondary task cannot be
explained by task difficulty
or boredom related effort
in a first task:

Performance in a
secondary is not impacted
by the perceived amount of
effort (either task difficulty
or boredom related)
invested in a preceding
task.

Exploratory:

Does boredom
proneness affect the
quantity of sweets
participants take with
them after completing
the experiment?

1) Controlling for trait
self-control, boredom
proneness effects the

amount of sweets taken.

2) No other hypothesis.
Other analysis with key
variables fully
exploratory.

1) We will perform a
multiple regression
analysis with the amount
of sweets taken as
dependent variable,
boredom proneness as
predictor and trait self-
control as control
variable.

2) We will conduct
correlation analyses
between the amount of
sweets taken and our key
variables.

If boredom proneness
affects the amount of
sweets taken: Reward
sensitivity after the
performance of a
prolonged task differs with
higher levels of boredom
proneness. General
alterations in reward
sensitivity are likely. This
might impact behavior of
individuals with higher
boredom proneness in
various ways.

If boredom proneness does
affect the amount of
sweets taken:

Reward sensitivity after
the performance of a
prolonged task is not
affected by boredom
proneness. There are either
no alterations in the reward
system of individuals with

Individuals with higher
boredom proneness
levels show alterations
in their reward
sensitivity (which
impacts need for
rewards after
experiencing boredom).
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higher boredom proneness
or the alterations do not
manifest in the need for
sweets after performing
prolonged tasks.




