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Abstract

Self-control enables people to override momentary thoughts, emotions, or impulses in order

to pursue long-term goals. Good self-control is a predictor for health, success, and subjec-

tive well-being, as bad self-control is for the opposite. Therefore, the question arises why

evolution has not endowed us with perfect self-control. In this article, we draw some atten-

tion to the hidden benefits of self-control failure and present a new experimental paradigm

that captures both costs and benefits of self-control failure. In an experiment, participants

worked on three consecutive tasks: 1) In a transcription task, we manipulated how much

effortful self-control two groups of participants had to exert. 2) In a number-comparison task,

participants of both groups were asked to compare numbers and ignore distracting neutral

versus reward-related pictures. 3) After a pause for recreation, participants were confronted

with an unannounced recognition task measuring whether they had incidentally encoded

the distracting pictures during the previous number-comparison task. The results showed

that participants who exerted a high amount of effortful self-control during the first task

shifted their priorities and attention toward the distractors during the second self-control

demanding task: The cost of self-control failure was reflected in worse performance in the

number-comparison task. Moreover, the group which had exerted a high amount of self-con-

trol during the first task and showed self-control failure during the second task was better in

the unannounced third task. The benefit of self-control failure during number comparison

was reflected in better performance during the recognition task. However, costs and benefits

were not specific for reward-related distractors but also occurred with neutral pictures. We

propose that the hidden benefit of self-control failure lies in the exploration of distractors

present during goal pursuit, i.e. the collection of information about the environment and the

potential discovery of new sources of reward. Detours increase local knowledge.

1. Introduction

In this article, we would like to draw some attention to the paradox of self-control and the hid-

den benefits of self-control failure and introduce a new paradigm to uncover these hidden

benefits.
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A popular definition of self-control states that self-control enables people to override

thoughts, emotions, and behavioral impulses that compete with overarching goals [1], e.g.

inhibiting the urge to eat fast food to achieve the goal to become lean and stay healthy. In a

broader sense, self-control enables us to bring our responses in line with long-term goals that

are derived from ideals, values, morals, or social expectations [1]. Some more general variants

of this definition simply focus on advancing one goal over the other [2]. More specific defini-

tions emphasize that self-control enables us to forgo a small reward obtainable immediately or

with low effort in favor of a large reward obtainable after a delay or only with high effort [3].

Three aspects are common in most definitions: first, a conflict between goals, second, the ques-

tions of what is best for the individual, and third, some kind of cost calculation regarding the

delay, probability, or effort.

Moreover, most authors agree on the positive consequences of self-control and the negative

consequences of self-control failure. On the positive side, high trait self-control is associated

with academic achievements [4, 5], financial and labor market success [6], better social skills

and relationship satisfaction [7], physical fitness [8], psychological well-being [9], and life satis-

faction [10]. On the negative side, low trait self-control is associated with procrastination [11],

financial problems [12], unemployment [13], aggressive and criminal behavior [14], obesity

[15], and psychiatric disorders such as mood or anxiety disorders, eating disorders, substance

addiction, problem gambling, or attention-deficit hyperactivity disorder [16].

In an opinion piece, Hayden [3] very aptly summarized the paradox of self-control in one

question: “Why has evolution not selected for perfect self-control?”. Regarding the conse-

quences of self-control (failure), it seems obvious that most instances of self-control should be

adaptive and advantageous for survival and reproduction and vice versa. Therefore, the ques-

tion arises why evolution has not endowed us with perfect self-control. While the paradox

results from a focus on the benefits of self-control and the costs of self-control failure, the

answer has to look at the costs of self-control and the benefits of self-control failure. In his arti-

cle, Hayden proposes that imperfect self-control is the result of an evolutionary compromise

between the benefits and drawbacks of automatization on the one side and self-control on the

other, i.e. a case of bounded optimality. On the one hand, automatization enables fast, effort-

less, less variable responses and frees up limited processing capacity for other tasks. On the

other hand, automatized processes become less penetrable to modulatory influences, i.e. self-

control. Automatization comes in different flavors and with different drawbacks. Hard-wired

processes help us to feed and mate, but also make us susceptible to addictive substances, high-

caloric food, and internet pornography [17, 18]. Learned habits serve us well and save us pro-

cessing costs in most cases, but sometimes make self-control especially hard as in the well-

known Stroop task [19, 20]. However, apart from pitting automatization against self-control,

research has paid too little attention to the real costs of self-control and the hidden benefits of

self-control failure. Authors who repeatedly addressed these aspects are Inzlicht, Schmeichel,

and colleagues in their process model of self-control [21] and their reward responsivity

hypothesis [22].

The process model of self-control addresses the question of why self-control seems but may

not be limited [21], at least not as much as many studies suggest [23–25]. The authors propose

that effortful self-control is inherently aversive and self-control failure occurs when people

switch their task priorities from cognitive labor (self-control demanding tasks) to cognitive lei-

sure (pleasant activities). The switch of task priorities is an expression of the attempt to achieve

a balance between these two aspects. The process model then offers explanations on three dif-

ferent levels.

The ultimate explanation is inspired by evolutionary psychology and refers to the idea that

organisms strive for an optimal exploitation-exploration trade-off [26]. Humans, like other
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foraging animals repeatedly face the choice either to exploit a known source of reward or to

explore the environment for new potential sources of reward. Both alternatives come with dif-

ferent (opportunity) costs and benefits [27]. The process model uses a definition of exploita-

tion and exploration that originates from research on reward processing [28]. However, these

concepts have been studied in numerous disciplines such as vision science, ecology, machine

learning, and economics [29]. A common feature of these definitions is that they assume that

the individual seeks to maximize some form of utility by finding the right exploitation-explora-

tion trade-off, and this utility need not consist merely of reward, but may also include informa-

tion, knowledge, or skills [29–32]. Many self-control demanding tasks resemble exploitation

and disengagement from these tasks and switch to alternatives resembles exploration [21]. For

example, working on a manuscript is like exploiting a known source of reward, and getting

distracted by social media is like exploring other stimuli as potential sources of reward. In this

sense, one could call exploitation in a self-control demanding task successful self-control and

exploration self-control failure. However, labeling exploration as self-control failure is over-

simplified and ignores the benefits of exploration, i.e. gaining information about the environ-

ment and potential new sources of reward. Moreover, concerning the self-control paradox

introduced above, “self-control failure” can be seen as an integral part of an adaptive strategy

ensuring an optimal trade-off between exploration and exploitation. In this article, we intro-

duce a new experimental paradigm that uncovers the hidden benefits of self-control failure,

especially the benefits of task disengagement and exploration.

The process model of self-control also offers an intermediate and a proximal explanation

for apparent self-control failure [21]. The ultimate account of balancing exploitation and

exploration translates to the intermediate account of balancing cognitive labor and cognitive

leisure, respectively. Effortful self-control during cognitive labor is deemed inherently aversive

[33]. According to the model [21], this inherent disutility of effortful self-control accumulates

during prolonged or repeated cognitive work and motivates the individual to shift their priori-

ties to cognitive leisure. In the last step, this shift translates to the proximal account, i.e. a shift

away from the self-control demanding task toward more pleasant activities. This shift encom-

passes a shift of motivation, attention, and emotion away from the goals associated with cogni-

tive labor toward the goals associated with cognitive leisure. Hence, the model predicts that

people who engage in prolonged or repeated acts of effortful self-control will shift their atten-

tion away from stimuli relevant for cognitive labor toward stimuli associated with cognitive lei-

sure. In other words, the individual will exploit less and explore more.

While the process model has a great heuristic and integrative value, it is a bit vague regard-

ing the psychological mechanisms of the shift. However, the authors put forward the reward

responsivity hypothesis to fill this gap [22]. The premises are the same as in the process model:

self-control is seen as an inherently aversive activity. Moreover, individuals attempt to main-

tain or restore a positive emotional state. Therefore, prolonged or repeated effortful self-con-

trol results in a negative emotional state. As an opponent process, the sensitivity for reward

temporally increases, i.e. the degree or intensity of responding to reward-associated stimuli is

enhanced [22, 34]. Phenomenologically this is supposed to make the individual feel like they

would deserve a reward for their prior effort. On the behavioral level, the individual would

have a stronger tendency to approach reward-related stimuli in order to restore a positive

emotional state. In their review, the authors present evidence for the reward responsivity

hypothesis regarding different types of reward-seeking behavior following effortful self-con-

trol, especially food choice, drug addiction, and money-related behaviors like decision-making

[22]. In the discussion section of the present article, we review further empirical evidence in

favor of and against this hypothesis.
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The fine difference between the ultimate account of the process model and the reward

responsivity lies in the benefits of self-control failure. Whereas the ultimate account recognizes

the benefits of exploration, the reward responsivity hypothesis focuses on the restoration of a

positive emotional state. On the one hand, the benefits lie in the acquisition of knowledge

about the environment and the potential discovery of new sources of reward. On the other

hand, reward-seeking is only a means to the end of a positive emotional state. It is important

to note that the two theories are not mutually exclusive. Rather the reward responsivity

hypothesis just reaches a little farther than the process model because it is more specific about

the psychological processes involved.

The current experiment has two main goals: First, we would like to introduce a new par-

adigm that captures the costs and benefits of self-control failure as well. We hope that peo-

ple will find this paradigm interesting and use it to further investigate the mechanism and

consequences of self-control failure. Second, we aim to test the predictions of the ultimate

account of the process model and the reward responsivity hypothesis. In specific, we test

whether previous effortful self-control just increases the tendency to explore task-irrelevant

stimuli regardless of valence or whether it only increases the response to positive, reward-

associated stimuli. In both cases, we expect that exerting effortful self-control leads to a

shift of task priorities and therefore attention from cognitive labor in a self-control

demanding task to cognitive leisure, i.e. the exploration of distracting pictures. Note, that

the experiment aims to investigate the attention shift hypothesis while the process model

and the reward responsivity hypothesis make further assumptions about intervening pro-

cesses, especially motivation.

The experiment encompassed three steps: In the first step, the amount of necessary effortful

self-control was manipulated using a handwriting transcription task. In the experimental con-

dition, a higher amount of effortful self-control was necessary to complete the task as com-

pared to the control condition. In the second step, participants were asked to focus on a self-

control demanding number-comparison task while simultaneously ignoring distracting neu-

tral versus reward-related pictures. As previous research has shown, reward-related stimuli

tend to “capture the eye” [35] and therefore should be harder to ignore and easier to encode in

memory [36]. During a pause, participants were asked to watch a video about abstract painting

for relaxation. This was done in order to let participants completely recover from the previous

depleting tasks. In the third step, an unannounced recognition task was presented to assess

whether participants had incidentally encoded the pictures which were previously presented as

distractors during the number-comparison task. Note that the unannounced explicit recogni-

tion task in part three of the experiment allowed us to assess the benefits of self-control failure

during the second self-control task. If participants explored the task-irrelevant pictures while

they were required to focus on the task-relevant numbers, they would show better recognition

performance in part three. Moreover, if the exploration of the distractors would be caused by

the search for reward—as the reward responsivity hypothesis states—we would expect that

reward-related distractors lead to even better encoding and recognition in the experimental

group.

In summary, we expected that the experimental group would shift their task priorities from

the self-control demanding number-comparison task to the distracting pictures to a greater

degree as compared to the control group and hence would need more time to solve the explicit

number-comparison tasks and would show better performance in recognizing the implicitly

encoded pictures. Furthermore, we expected that this attention shift would be more pro-

nounced for reward-related pictures as compared to neutral pictures.
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2. Methods

2.1 Ethics statement

The study protocol was discussed and approved by the research colloquium of the department

of psychology of the University of Kiel. Participants received course credits for their participa-

tion. However, participation was optional and all participants gave written informed consent

before the beginning of the experiment. This study was carried out in accordance with the

Declaration of Helsinki and the ethical guidelines for experimental research with human par-

ticipants as proposed by the American Psychological Association.

2.2 Participants

The required sample size was calculated using g�power (version 3.1.3) [37]. We calculated the

required total sample size to detect an interaction effect in an ANOVA with the between-sub-

ject factor Group (experimental vs. control) and the within-subject factor Distractor Valence

(neutral vs. positive). The assumed effect size of f� 0.25 (d� 0.5) and the correlation between

measurements of r� .6 were derived from a previous study of our group where we used the

same experimental manipulation and stimulus material [38]. We assumed an alpha of .05 and

a minimal power of .95. According to g�power, the required total sample size is N = 44 to

obtain a power greater than .95. Therefore, our sample size of 61 should be on the safe side.

However, because the dependent measures of the previous and the current study are different,

the effect size is only a guess and we additionally report sensitivity analyses in the results sec-

tion taking into account the observed correlation coefficients of repeated measures.

We included undergraduate psychology students with normal or corrected to normal vision

in the sample. Potential participants were informed that they would be asked to transcribe a

text and would be working on cognitive tasks encompassing verbal, numerical, and pictorial

stimuli presented on a computer screen. As we wanted to measure incidental memory encod-

ing, we omitted any hints suggesting a subsequent recognition task (see details below). After

the experiment participants filled out a funnel questionnaire concerning their hypotheses

about the experiment and the recognition task. One participant had to be excluded because he

or she expected the memory test and intentionally encoded the pictures. Four participants

were excluded because they did not match the inclusion criteria (age, vision, study subject).

Five participants in each group were excluded due to multiple reaction times shorter than 500

ms (details see section 2.4). The final sample consisted of 61 participants (54 female, 7 male)

aged 24.2 ± 4.7 (mean ± SD). The participants were randomly divided into a control (n = 29)

and an experimental group (n = 32). The groups did not differ regarding gender, handedness,

age, or secondary-school grade point average (GPA). Further details are reported in Table 1.

Table 1. Participant characteristics.

Variable Control Experimental Comparison

n n p
Gender 27 female / 2 male 27 female / 5 male .429

Handedness 3 left / 26 right 3 left / 29 right � 1

mean ± SD mean ± SD df t p Cohen’s d
Age (years) 24.31 ± 4.97 24.00 ± 4.55 59 0.26 .800 0.065

GPA (grade) 1.80 ± 0,66 1.83 ± 0,56 58 -0.16 .874 -0.041

GPA, the grades of the German secondary school grade point averages vary between 1.0 (very good) and 4.0 (satisfactory). Gender and handedness were compared

using Fisher’s exact test. Age and GPA were compared using t-tests. The p-values correspond to two-tailed tests.

https://doi.org/10.1371/journal.pone.0257717.t001
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2.3 Manipulation: Transcription task

To manipulate the amount of exerted effortful self-control in step 1 of the experiment we

employed a handwriting transcription task which has been used in a similar form in numerous

other studies [e.g. 38–47]. Participants were asked to transcribe by hand a text dealing with the

history of the city of Mannheim in Germany (see Fig 1A). In the low effortful self-control con-

dition (control) no further instructions were given. In the high effortful self-control condition

(experimental) participants were instructed to skip any instance of the letters “e” and “n”,

which are the most frequently used letters in the German language. To comply with this rule,

participants had to exert effortful self-control, i.e. monitor their well-learned, highly auto-

mated writing habits and inhibit pre-potent impulses to write the whole word instead of omit-

ting the forbidden letters. After 8 min the experimenter stopped the transcription task.

As a manipulation check, we used a three-item scale (Cronbach’s α = .785) measuring the

effortful self-control exerted during the handwriting transcription task [39, 40]. Participants

rated effort, difficulty, and how much they needed to suppress their usual writing habits on

7-point Likert scales ranging from 1 “not at all” to 7 “very much so” (e.g. “How much did you

suppress your usual writing habits during the copying task?”). To ensure that the manipulation

did not induce changes in the participants’ mood, we applied the German version of the Posi-

tive and Negative Affect Schedule [48]. The participants rated their positive (ten adjectives;

e.g., “attentive”) and negative affect (ten adjectives; e.g., “angry”) on a 5-point Likert scale

ranging from 1 “not at all” to 5 “extremely”. Furthermore, at the end of the experiment, post

hoc ratings of difficulty and (un-)pleasantness were conducted: We asked the participants to

rate how hard (1 “not at all” to 5 “very much so”) and how unpleasant/pleasant (1 “very

unpleasant” to 5 “very pleasant”) it was to work on the transcription task. Descriptive statistics

of the manipulation and mood check are reported in Table 3 in the results section.

2.4 Measurement of the costs of self-control failure: Number-comparison

task

To measure whether participants shift their priorities and hence their attention between tasks,

we devised a new experimental paradigm with an explicit self-control demanding task (num-

ber comparison) and an implicit memory task (recognition of distractor pictures). The task

was programmed in PsychoPy 1.83 [49] and can be downloaded as S2 File below. In the num-

ber-comparison task, participants were presented with two-digit numbers on the left and right

sides of the screen along with irrelevant pictures (see Fig 1B). The participants were instructed

to concentrate only on the numbers, to ignore distracting pictures, and to select as fast and

accurately as possible the bigger of the two numbers by pressing the left or right mouse button.

Note that the task is designed as a speed test as opposed to a power test. Participants only

needed basic number literacy to solve the tasks. Nevertheless, self-control was required to com-

pare numbers in working memory while ignoring distracting stimuli. The numbers spanned

from 11 to 91 and each pair differed by 1 to 9. The side of the bigger number was pseudoran-

domized and each side was correct in 50% of the trials. Each of the 50 trials started with two

boxes at the top and the bottom of the screen with a fixation cross in the middle. After 2000

ms one box was filled with the number-comparison task and the other with the irrelevant dis-

tractor picture. After 500 ms the irrelevant picture disappeared and the number-comparison

task remained on the screen for another 500 ms. If the participant had not responded until

now a blank screen with a question mark was displayed until the participant answered. The

intertrial interval was 1000 ms. The positions (top vs bottom) of the number-comparison task

and the distracting picture were pseudorandomized and balanced over sides (left vs right of

the bigger number) and the valence (neutral vs positive) of the distractors. This was done to
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Fig 1. Tasks. A) The first task was used to manipulate the amount of effortful self-control that participants had to exert. In this transcription task, participants were asked

to copy a text either omitting the frequent letters “e” and “n” (experimental) or as usual (control). B) The second task was used to measure the costs of self-control failure.

Participants of both groups were asked to work on a number-comparison task and to ignore the pictures. Participants had to indicate whether the left or right of the two-

digit numbers was bigger. The distracting photographic pictures either showed reward-related stimuli (e.g. chocolate cake) or matched neutral stimuli (e.g. grey bread).

C) To introduce a delay between incidental memory encoding and recognition task as well as to allow the participants to recover from the previous effortful tasks, a 10

min long video about abstract painting was shown and the participants were instructed to watch and relax. D) The third task was used to measure the hidden benefits of

self-control failure. In an unannounced recognition task, participants were asked whether they had seen the pictures before and how confident they were about their

judgment. One-half of the pictures were “distractors” from the second task and the other half new pictures, i.e. former distractors became targets. A shift of the attention

from the number-comparison task to the distracting pictures would result in better recognition performance later on.

https://doi.org/10.1371/journal.pone.0257717.g001
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make the task unpredictable and thereby force the participants to refocus their attention at the

beginning of each trial. Two dummy trials were added at the beginning to allow for complete

counterbalancing and to familiarize the participant with the task timing. In 25 trials the dis-

tractor picture was neutral and in 25 trials positive. There were no more than three distractors

of equal valence in a row and neutral and positive distractors were equally frequent in the first

and second half of the trials to prevent confounding of fatigue and distractor valence. Reaction

times and the number of correct answers in the number-comparison task were recorded. Note

that a shift of attention from the number-comparison task (cognitive labor) to the distracting

pictures (cognitive leisure) would result in longer reaction times and fewer correct answers.

It was critical that the reaction times were at least 500 ms long so that all distractors were

presented for the same duration. If a participant responded faster than 500 ms the trial would

prematurely end as would the chance to incidentally encode the distractor. Therefore, to keep

the presentation times of the distractor pictures constant the number-comparison task was

designed to last at least 500 ms. In several pretests, we adjusted the difficulty of the number

task accordingly by changing the timing, the constellation of the numbers, and the contrast of

background (grey) and digits (black). However, in a few cases, participants managed to give a

correct answer in marginally less than 500 ms. We allowed only one reaction time per partici-

pant to be shorter than 500 ms to avoid distortion of the recognition task. Participants with

multiple faster reaction times were excluded because the incidental encoding of the distractors

would have been impossible (see section 2.2).

The distractor pictures were selected from a stimulus set evaluated in a previous study [38].

The positive, reward-related distractor pictures were chosen to allude to the affiliation motive

(humans, e.g. „kissing couple“), to the motivation to care (animals, Kindchenschema, e.g.

„cute duckling“), to hunger and appetite (food, e.g. „delicious cake“), or to the appreciation of

beauty (sceneries, e.g. „tree by a beautiful lake“). Furthermore, for each positive picture we

selected a neutral picture with similar content (e.g. humans: “couple in the office”, animals:

“adult sparrow”, food: “grey-bread”, scenery: “tree by a parking lot”). An overview is given in

Table 2. The high-resolution pictures were standardized to 800�600 pixels resolution and equal

luminance. In the previous study, the pictures were rated for valence and arousal using the

self-assessment manikin [50]. In short, positive pictures elicited a significantly more positive

and more arousing emotional state than neutral pictures [for details see 38]. In other words,

looking at the positive pictures made the participants of that study feel good and thus can be

considered as rewarding.

2.5 Measurement of the benefits of self-control failure: Unannounced

memory recognition task

Before working on the unannounced recognition task, participants of both groups were asked

to watch a video about abstract painting and relax (Fig 1C). The duration of the video break

Table 2. Stimuli in the number-comparison task and the recognition task.

Number-Comparison Task Recognition Task

Targets Distractors Targets (old) Distractors (new)

25 number pairs 25 pos. pictures ! 25 pos. pictures 25 pos. pictures

25 number pairs 25 neu. pictures ! 25 neu. pictures 25 neu. pictures

In the number-comparison task, 50 pairs of numbers were presented as targets for the number-comparison task along with 25 neutral and 25 positive pictures as

distractors. The distractors from the number-comparison task became the targets in the subsequent incidental memory recognition task which were presented

intermixed with new distractors not shown before.

https://doi.org/10.1371/journal.pone.0257717.t002
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was standardized to 10 min. Watching the video had three functions: First, a delay between

the incidental memory encoding during the number-comparison task and the recognition

task was introduced. Second, participants were kept busy and discouraged from thinking

about the stimuli from the previous task. Third, this rather long resting break allowed the

participants of both groups to fully recover from the exertion of self-control during the pre-

vious tasks. This was required because we did not aim to measure the effects of previous

self-control exertion on recognition, but only on incidental encoding during the number-

comparison task.

The distractor images of the previously described number comparison task became the

targets in the unannounced recognition task (see Table 2 and Fig 1D). For every distracting

picture from the number-comparison task, we selected a new distractor picture not shown

before which was matched for the content category, valence, resolution, and luminance.

However, the distractor pictures of the recognition task were not formally evaluated but

the similarity of content and valence were determined by the consensual decision of the

authors.

Each of the 100 Trials (50 targets / 50 distractors) began with an empty box on the screen

and a fixation cross in the middle. After 1000 ms the stimulus picture was displayed for 1000

ms. After a blank screen for 500 ms, the two-point recognition rating scale was presented ask-

ing the participants whether the picture was old (i.e., seen during the initial number-compari-

son task) or new. The recognition scale remained on the screen until the participant gave her

or his answer by clicking one of the alternatives. Lastly, the four-point confidence rating scale

was presented asking the participants how confident they were of their old/new rating. The

participants answered by clicking one of four alternatives ranging from 1 “very unsure” to 4

“very sure”. The confidence scale remained on the screen until the participant responded. The

inter-trial interval was 500 ms long. Ratings and reaction times were recorded.

To determine the recognition performance, trials were sorted according to target valence,

receiver operating characteristic (ROC) curves were constructed for each valence category,

and the areas under the curve were computed. To obtain fine-grained ROC curves the recogni-

tion (“old” vs. “new”) and confidence (1 to 4) ratings were combined to 8 judgments: From

old & 4 (“very sure old”) to old & 1 (“very unsure old”) and from new & 1 (“very unsure new”)

to new & 4 (“very sure new”). According to the 8 combined ratings 7 pairs of hit rates and

false-alarm rates were calculated defining an ROC curve [51]. Good recognition performance

was reflected by large areas under the ROC curve and fast reaction times.

Table 3. Manipulation and mood check.

Variable Control Experimental Comparison

n = 29 n = 32

mean ± SD mean ± SD df t p Cohen’s d
Manipulation check 2.71 ± 1.22 4.65 ± 1.07 58 -6.53 < .001 -1.688

Positive affect scale 27.00 ± 5.55 28.45 ± 5.87 58 -0.98 .330 -0.254

Negative affect scale 12.31 ± 2.85 13.26 ± 4.63 58 -0.95 .348 -0.244

Post hoc difficulty 1.72 ± 0.80 3.00 ± 1.08 59 -5.21 < .001 -1.336

Post hoc un-/pleasantness 2.93 ± 0.80 2.94 ± 0.95 59 -0.03 .977 -0.007

Manipulation check, sum score of the 3-item effort scale ranging from 1 (“low exerted self-control”) to 3 (“high exerted self-control”); positive affect scale of the PANAS

ranging from 10 (“low positive affect”) to 50 (“high positive affect”); negative affect scale of the PANAS ranging from 10 (“low negative affect”) to 50 (“high negative

affect”); difficulty rating ranging from 1 (“not at all”) to 5 (“very much so”); un-/pleasentness rating ranging from 1 (“very unpleasant”) to 5 (“very pleasant”) assessed at

the end of the experiment. Groups were compared using unpaired t-tests (two-tailed).

https://doi.org/10.1371/journal.pone.0257717.t003
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2.6 Data processing and statistical analysis

To minimize the effect of outliers, the medians of the reaction times of the number task and

the recognition task were computed separately for every condition and valence category and

entered into the following statistical analyses. To evaluate the effect of the amount of previ-

ously exerted effortful self-control on subsequent task priorities, we computed mixed ANO-

VAs with the between-subject factor Group (control: low effortful self-control versus

experimental: high effortful self-control) and the within-subject factor Valence (neutral versus

positive). Four ANOVAs were computed using the number of correct answers and median

reaction time of the number-comparison task and area under the curve and median reaction

times of the recognition task. In the case of significant effects, Bonferroni corrected post hoc

contrasts were computed. The manipulation checks were carried out using unpaired t-tests

(two-tailed) comparing the control and experimental group. To check for speed-accuracy

trade-offs we computed Pearson’s correlation coefficients of reaction times and the number of

correct answers in the number-comparison task and correlation coefficients of reaction times

and the area under the curve in the recognition task. All computations were carried out using

IBM SPSS Statistics for Windows (2012, Version 21.0. Armonk, NY: IBM Corp.).

3. Results

3.1 Manipulation check

The manipulation check confirmed that the experimental group exerted more effortful self-

control in the transcription task than the control group (t58 = -6.53, p< .001, also see Table 3).

Still, the groups did not differ regarding positive or negative affect after the manipulation (pos-

itive affect scale: t58 = -0.98, p = .330; negative affect scale: t58 = -0.95, p = .348). The post hoc

ratings (assessed at the end of the experiment) revealed that the groups differed regarding the

perceived difficulty (t59 = -5.21, p< .001) but not regarding the affective evaluation (t59 = -0.03,

p = .977) of the transcription task: the experimental group rated the task as more difficult com-

pared to the control group.

3.2 Costs of self-control failure: Slower number comparison

The hypothesis was that the exertion of effortful self-control would lead participants to shift

their subsequent task priorities from cognitive labor to cognitive leisure, i.e. from exploitation

to exploration. Therefore, we expected worse performance and longer reaction times in the

number-comparison task in the experimental group. The ANOVA of the percentage of correct

answers revealed neither a significant main effect of Group (F1;59 = 1.88, p = .176, η2 = .031),

nor Distractor Valence (F1;59 = 0.63, p = .430, η2 = .011), nor an interaction of Group by Dis-

tractor Valence (F1;59 = 0.66, p = .420, η2 = .011, see Fig 2A). To enable better classification of

the results, we have also calculated a sensitivity analysis for the ANOVA with the between-sub-

ject factor Group (control vs. experimental) and the within-subject factor Distractor Valence

using g�power [37]. Given a targeted power of .95, α = .05, N = 61, and the empirical correla-

tion of repeated measures of r = .617, the analysis would reveal medium effects of the within

factor and the interaction (f = 0.205; η2 = 0.041) and large effects of the between factor

(f = 0.422; η2 = 0.151). This fits the design principle of the task as a speed test, which means

that effects should not show up in the performance but in the processing speed.

As expected the experimental group needed significantly longer to solve the tasks than the

control group (main effect of Group: F1;59 = 9.24, p = .004, η2 = .135) indicating that they were

distracted by the irrelevant pictures. Furthermore, by trend participants needed a little longer

to solve the number-comparison task when positive as compared to neutral distractors were
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Fig 2. Results. A) The cost of self-control failure is reflected in an attention shift away from the number-comparison task: Participants of the experimental group who

worked on consecutive self-control demanding tasks were slower in the number-comparison task than participants of the control group who had previously worked on

the easy control task. B) The benefit of self-control failure is reflected in an attention shift toward the distracting pictures presented during the number-comparison task:
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present (main effect of Distractor Valence: F1;59 = 3.12, p = .082, η2 = .050). There was no sig-

nificant interaction of Group by Distractor Valence (F1;59 = 0.15, p = .703, η2 = .002). The sen-

sitivity analysis showed that the ANOVA would reveal even small effects of the within-subject

factor and small interaction effects (r = .969; f = 0.058; η2 = 0.003) but only large effects of the

between-subject factor (f = 0.466; η2 = 0.178). The analysis suggests that an interaction effect

would have been detectable even with the small sample size. There were no significant correla-

tions between the number of correct answers and reaction times indicating that participants

did not use different speed-accuracy trade-offs while dividing their attention between the

number-comparison task and the distracting pictures.

3.3 Benefits of self-control failure: Better recognition of distractors

The hypothesis was that exploration of distracting pictures during the number-comparison

task would result in better incidental encoding and subsequent recognition of these pictures.

In fact, the experimental group showed better recognition performance than the control group

as reflected in the ANOVA of the area under the ROC curve (main effect of Group: F1;59 =

4.25, p = .044, η2 = .067; see Fig 2B). Moreover, positive, reward-related pictures were signifi-

cantly better encoded than neutral ones (main effect of Target Valence: F1;59 = 10.51, p = .002,

η2 = .151). There was no significant interaction effect of Group by Target Valence (F1;59 = 0.44,

p = .509, η2 = .007). The sensitivity analysis showed that the ANOVA would reveal medium

effects of the within-subject factor and small interaction effects (r = .322; f = 0.273; η2 = 0.070)

but only large effects of the between-subject factor (f = 0.382; η2 = 0.127). Since there was no

indication of an interaction effect while at the same time the sensitivity of the analysis was

quite high, it seems unlikely that the analysis missed a substantial effect due to a lack of power.

The ANOVA of the reaction times showed that the experimental group needed significantly

longer for the recognition decision than the control group (main effect of Group: F1;59 = 4.39,

p = .040, η2 = .069). There was neither a significant main effect of Target Valence (F1;59 = 0.01,

p = .907, η2< .001) nor an interaction of Group by Target Valence (F1;59 = 0.03, p = .863, η2 =

.001). The sensitivity analysis showed that the ANOVA would reveal even small effects of the

within-subject factor and small interaction effects (r = .911; f = 0.099; η2 = 0.010) but only

large effects of the between-subject factor (f = 0.459; η2 = 0.174). There were no significant cor-

relations between the area under the curve and reaction times indicating that participants did

not use different strategies in the recognition task.

To check whether subjects who were slower during number comparison were subsequently

better at recognizing the distracting pictures, we computed the correlation between the reaction

times in the number-comparison task and the performance (area under the curve) in the recog-

nition task. Indeed, there was a significant positive correlation indicating that participants who

responded slower to the number-comparison task—and incidentally encoded the distractor pic-

tures–showed better recognition performance in the unannounced recognition test (r = .352,

n = 61, p = .005). Although the correlation does not prove causality, it is compatible with the

interpretation that the participants shifted their attention from the numbers to the distractors.

3.4 Time-on-task

Previous research has shown that short active or passive breaks can improve the performance

of self-control demanding tasks [52, 53]. Therefore, the question arises whether the

After the delay, the experimental group was better at recognizing the incidentally encoded pictures than the control group. Reward-related pictures distracted both

groups more than neutral pictures during the number-comparison task and were also better recognized later on. However, we did not find an interaction effect.

Therefore, it remains unclear whether the exertion of self-control caused a motivation to specifically attend to reward-related distractors.

https://doi.org/10.1371/journal.pone.0257717.g002
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participants of both groups had the same opportunity to rest and recover and whether this

would affect the results of our experiment. In specific, one could suspect that the participants

of the experimental group might have managed to sneak in unobserved breaks to rest.

As shown in Table 4, we compared time-on-tasks between the experimental and control

group for each task in our experiment to ensure that the effects in our main analyses are

not due to excessive resting times in previous tasks. We standardized the durations of the

transcription task, the manipulation check and the affect ratings as well as for the relaxa-

tion video by using a stopwatch or computer respectively. After the transcription task

(manipulation), the groups did not significantly differ in their invested time for reading

the instruction and working on the demo trials preparing them for the following number-

comparison task (mean difference = 5.9 s, t59 = -1.67, p = .100, d = 0.429). As expected, the

experimental group needed significantly longer than the control group to actually complete

the number comparison task (mean difference = 10.9 s, t59 = -3.01, p = .004, d = 0.747) con-

firming the analysis of the reaction times reported in section 3.2. This means that the effect

of the manipulation mainly occurred in the actual task and not during the preceding

instructions and demo trials.

After the number-comparison task, participants of both groups watched a 10 min long

video to completely recover from the exertion of self-control. However, we also checked

the time-on-task to look for residual effects of the manipulation. The participants of the

experimental group needed significantly longer to read the instructions for the upcoming

video (mean difference = 2.2 s, t59 = -2.26, p = .027, d = 0.580) although the difference

between the group means was only 2.2 seconds. Moreover, the duration of the video was

standardized to 10 min (600 s) and should have been long enough to allow for complete

recovery in both groups.

The groups did not differ significantly regarding the time needed to read the instructions

for the recognition task and working on the demo trials (mean difference = 0.7 s, t59 = -0.12, p
= .907, d = -0.030) nor regarding the overall time to perform the recognition task (mean differ-

ence = 28 s, t59 = -1.48, p = .145, d = 0.379). This indicates that the video pause was sufficient

to allow for recovery. However, as the analysis reported in section 3.3 revealed, the participants

of the experimental group invested significantly more time in the old-new judgments and

showed a significantly better recognition performance.

Table 4. Time on task.

Task Control Experimental Comparison

n = 29 n = 32

mean ± SD mean ± SD df t p Cohen’s d
Transcription task 480 ± 0 480 ± 0 standardized duration

Manipulation check 180 ± 0 180 ± 0 standardized duration

Number comparison instr. 73.9 ± 13.6 79.8 ± 13.8 59 -1.67 .100 0.429

Number comparison task 203.0 ± 8.3 213.9 ± 18.6 59 -3.01 .004 0.747

Video instruction 8.2 ± 2.4 10.4 ± 4.6 59 -2.26 .027 0.580

Video watching 600 ± 0 600 ± 0 standardized duration

Recognition instruction 104.9 ± 29.2 104.2 ± 22.8 59 0.12 .907 -0.030

Recognition task 349.9 ± 69.7 377.9 ± 77.7 59 -1.48 .145 0.379

The duration of the transcription task (manipulation), the manipulation check, and the video for relaxation were standardized and controlled by the experimenters

using a stopwatch or computer respectively. All other durations were computed from the log files of PsychoPy. Durations are reported as mean and standard deviations

in seconds.

https://doi.org/10.1371/journal.pone.0257717.t004
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4. Discussion

4.1 Aim and summary

The present study aimed to shed some light on “the other side” of self-control failure, i.e. the

benefits of self-control failure [3], and to investigate the assumptions of the ultimate account

of the process model [21] and the reward responsivity hypothesis [22]. We developed a new

experimental paradigm to test whether previous effortful self-control results in a shift of task

priorities and attention away from a number-comparison task (cognitive labor) toward dis-

tracting pictures (cognitive leisure). In terms of the ultimate account, this would be a shift

from exploitation to exploration. Moreover, we looked at the mechanisms behind this assumed

shift of task priorities. In specific, we tested whether previous effortful self-control exertion

just increases the tendency to explore task-irrelevant stimuli regardless of valence (ultimate

account) or whether it only increases the response to positive, reward-associated stimuli

(reward responsivity).

Our results indicate an attention shift away from the number-comparison task (cognitive

labor): Participants of the experimental group answered slower in the number-comparison

task than participants of the control group. Moreover, we found evidence for an attention shift

toward the distracting pictures (cognitive leisure) presented during the number-comparison

task: After the delay, the experimental group was better at recognizing the incidentally encoded

pictures than the control group. Appetitive, reward-related pictures distracted both groups

more than neutral pictures during the number-comparison task and were also better recog-

nized later on. The lack of any interaction-effect highlights that the previous exertion of effort-

ful self-control led people to shift their task priorities and attention to distracting stimuli,

independently of whether the stimuli have a neutral or positive valence. This is indicative of

exploration.

4.2 No proof for the reward responsivity hypothesis

The first assumption of the reward responsivity hypothesis is that effortful self-control is inher-

ently aversive and results in a negative affect [22]. However, our manipulation check using the

PANAS [48] did not show higher negative affect or lower positive affect in the experimental

group as compared to the control group. Furthermore, in the post hoc rating, the participants

of both groups rated working on the transcription task as equally unpleasant. In fact, the mean

ratings almost hit the “neutral” scale center. Note that the manipulation check measuring the

subjective effort and the post hoc rating measuring the subjective difficulty revealed large and

highly significant differences between the conditions in the expected directions. Therefore,

there is no indication that effortful self-control during the manipulation (transcription task)

led to negative affect although the task was perceived as difficult and performing as effortful.

This matches the results of two of our previous studies where we used the same manipulation

and manipulation check and did not find higher negative affect after effortful self-control

either [38, 46]. According to a meta-analysis [54], prior exertion of effortful self-control has at

best a small effect on negative affect (d+ = 0.14, CI95 [0.06, 0.22], Cochran’s Q-test not signifi-

cant) and no effect on positive affect. Moreover, numerous newer studies did not find any

effect of effortful self-control tasks on negative affect either [e.g. 39–41, 43, 44, 55–58]. In sum-

mary, the premise of the reward responsivity hypothesis that exerting effortful self-control

induces negative affect cannot be confirmed. Although the absence of evidence is not evidence

of absence, the sheer number of studies that did not find more negative affect after the exertion

of self-control puts a question mark behind this hypothesis. But it may be too early to

completely shelve the hypothesis. Looking at the time course, it is noticeable that negative
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affect often occurs before tasks that require self-control and that a failure of emotion regulation

can then lead to procrastination [11, 59]. The negative affect could thus be a consequence of

anticipating self-control exertion rather than the consequence of the exertion of self-control

itself. As the example of procrastination shows, some people regulate their negative affect by

performing pleasurable, rewarding activities instead of the task requiring self-control. Further

studies should investigate the time course of affect before, during, and after the exertion of

self-control preferably using non-reactive measurement methods, e.g. facial electromyography,

skin-conductance responses, or electroencephalography.

The second assumption of the reward responsivity hypothesis is that exerting effortful self-

control increases the tendency to respond to reward-associated stimuli, proposedly to amelio-

rate the negative affect [22]. In the current experiment, we did not find any proof for this

assumption, neither in the number-comparison task (cognitive labor) nor in the recognition

of distracting pictures (cognitive leisure). This was reflected in the lack of an interaction effect

of group and target valence in all analyses although the sensitivity of the analyses was sufficient.

Moreover, a closer look at the data shows a tendency in the opposite direction: the participants

of the control condition showed a slightly larger advantage for the recognition of reward-asso-

ciated distractors relative to neutral distractors as compared to the experimental group. This

cannot be due to a ceiling effect for reward-associated distractors in the experimental group

because overall recognition performance was low and there would have been plenty of room

for heightened reward responsivity to do its thing. This matches the results of one of our previ-

ous studies where exertion of effortful self-control did not amplify the appreciation of appeti-

tive pictures [38]. Note, that in the current experiment and the previous experiment the

stimuli elicited significant main effects of stimulus valence, either in recognition performance

or in affective evaluation, respectively. This means that we could show that the reward-related

stimuli work, but that the effects are independent of whether self-control was exercised

beforehand.

In their comprehensive review, the authors of the reward responsivity hypothesis present

an impressive amount of studies that by and large support their hypothesis [22]. In short, they

highlight the effects of prior exertion of self-control on such different behaviors as consump-

tion of unhealthy food, addictive substances, or gambling. Moreover, they report effects in the

domain of economic decision-making and risk-taking as well as responses to positive stimuli

or rewards. However, we are not aware of any study proving the whole causal chain of events,

in specific proving that exerting effortful self-control causes a shift of task priorities and atten-

tion toward a pleasant task comprised of reward-associated stimuli. In the literature, we identi-

fied three challenges for the empirical test and lastly the falsifiability of the reward responsivity

hypothesis: the distinction between self-control versus negative stimulation/frustration on the

manipulation side, the measurement of subjective effort versus negative affect as intervening

variables, and reward responsivity versus impulsivity on the dependent side.

The reward responsivity hypothesis is based on the assumption that exerting self-control is

aversive and causes negative affect. However, in the literature, there are two types of manipula-

tions that may be aversive for other reasons than exerting self-control. First, some studies used

negative stimuli in the manipulation which are likely to cause negative affect irrespective of the

instruction to inhibit the expression of affect. For example, one study used negative pictures

from the International Affective Picture System [study 1 from 60]. Similar manipulations have

been used in many studies [54]. Another type of manipulation of self-control encompasses an

element of frustration which may also cause negative affect according to the classic frustra-

tion-aggression theory [61]. For example, two studies [e.g. 2b and 3 in 60] used a writing task

very similar to the one we used in the present study except the participants were not required

to copy a neutral text but write about a personal story. This manipulation creates a situation
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where the individual pursues a personal goal and is confronted with frustrating obstacles

which—one might argue—seem very arbitrary and kind of mean. In our study, the partici-

pants were also confronted with a frustrating task (omit “e” and “n” while writing) but the task

had less personal relevance. Moreover, the manipulation check revealed no effect of the

manipulation on negative or positive affect despite significant effects on the self-control and

difficulty ratings.

The reward responsivity hypothesis focuses on negative affect as an intervening variable

between the exertion of self-control and the increase in reward responsivity. Many earlier stud-

ies which manipulated the exertion of self-control in a task also used measures of negative

affect in the manipulation check. This was specifically done to exclude the explanation that

effects are due to negative affect and not due to the high amount of self-control exerted [62].

However, recent studies which may be regarded as support for the reward responsivity hypoth-

esis did not measure whether the manipulation of effortful self-control caused negative affect

[e.g. studies in 60]. In our study, we measured negative and positive affect using a valid and

reliable tool [48] but did not find any effect of the exertion of self-control on affect.

Finally, there are some ambiguities with dependent measures. The reward responsivity

hypothesis proposes that people respond more strongly or more frequently to reward after

exerting effortful self-control. However, in most studies, the participants do not actually get a

reward but are merely confronted with stimuli associated with reward [60, 63], fake money

[60], points [64], or hypothetical rewards. In our study, participants were more distracted by

positive pictures in the number-comparison task but this was independent of the amount of

previously exerted self-control. Moreover, our participants recognized reward-related pictures

better than neutral ones but again, this effect was independent of the amount of previously

exerted self-control. However, participants who exerted more effortful self-control showed a

greater tendency to explore and encode task-irrelevant pictures irrespective of valence. This is

supported by several other studies investigating the effect of effortful self-control on subse-

quent economic decision-making [65–67]. Although these studies used hypothetical monetary

rewards, the results do not indicate an increase in reward responsivity after self-control exer-

tion but increased delay discounting or impulsivity. To our best knowledge, there is one study

that not only measured an attention shift to reward-associated stimuli but also actual reward

(food) consumption [68]. The authors investigated restrained and unrestrained hungry eaters

who either performed the self-control demanding or control variant of the e-crossing task and

subsequently worked on a dot-probe task with reward or self-control associated distractors

and finally had the chance to eat sweets ad libitum in a degustation task. The results showed

no effect: neither the diet status (restrained/unrestrained) nor the self-control manipulation

had any impact on the attentional bias for rewards nor the actual consumption of the reward-

ing sweets. In summary, the empirical evidence in the literature in favor of the reward respon-

sivity hypothesis maybe not so overwhelming as it seems at first sight. Moreover, some studies

yielded results contradicting or at least not confirming the hypothesis [38, 68–73].

4.3 Confirmation of the ultimate account of the process model

The process model of self-control [21] is tied in with the observation that humans like many

other foraging animals prefer an optimal trade-off between exploitation and exploration. Our

experiment supports the idea that repeatedly exerting effortful self-control increases the ten-

dency to stop exploiting the number comparison task (cognitive labor) and to begin exploring

the distracting stimuli (cognitive leisure). This behavior was reflected in the worse perfor-

mance of the experimental group in the number-comparison task and better performance in

the recognition task as compared to the control group. However, the effect was not specific for
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reward-associated distractors but also occurred with neutral distractors. Therefore the ques-

tion arises, which form of exploitation and exploration took place. The process model adopts a

definition of exploration and exploitation that has its origin in reinforcement learning, forag-

ing, and decision-making research [28]. In this context, the individual has to decide between

exploiting a known source of reward or exploring other potential sources of reward. However,

exploration and exploitation have been investigated in multiple disciplines like vision science,

ecology, machine learning, economics, and management [29]. As a result, forms of utility

other than reward have been incorporated in the definition of exploration and exploitation: A

person can keep on exploiting information from a stimulus or decide to explore other stimuli

to gather knowledge. Or a person can keep on optimizing performance in one task or explore

other tasks or actions to acquire skills. Both knowledge and skills have an inherent utility for

the person just like a proper reward. In the context of the current experiment, working on the

number comparison task could be considered a form of reward exploitation: The participants

worked on the task to comply with the instructions of the experimenters, to obtain course

credit, and to make a good impression in comparison with fellow participants, i.e. they

exploited a known source of reward. On the other hand, disengaging from the number-com-

parison task and attending to the distracting pictures could be considered a form of reward

exploration: The participants searched for new sources of reward by exploring the task-irrele-

vant distractors. In other words, they changed their priorities from exploiting cognitive labor

to exploring cognitive leisure. However, the participants were rewarded for their participation

independent of their performance in the number comparison task. Moreover, the increased

tendency to explore the distracting pictures after repeated exertion of self-control was not spe-

cific for reward-associated pictures but also occurred with neutral pictures. If the assumption

of the ultimate account of the process model and the reward responsivity hypothesis were cor-

rect, we would have expected a reward-specific effect, i.e. the participants of the experimental

group should have shown a greater tendency to specifically explore reward-associated distract-

ing pictures. On the other hand, it is important to remember that exploration is not the same

as attending to a reward or even approaching a reward. That would be exploitation, as a reward

in sight is a known source of reward and the reward can simply be collected. Rather, explora-

tion is the search for unknown or potential sources of reward and this can mean attending to

neutral as well as reward-associated distractors alike. Moreover, activities of cognitive leisure

like looking at pictures on social media sites usually have a rewarding characteristic [74]. More

importantly, the participants not only explored potential sources of reward but also gathered

knowledge about the environment, i.e. about stimuli that were irrelevant at the time of encod-

ing but turned out to be useful in the unannounced recognition test. The knowledge acquired

during exploration had an inherent utility. This might be an important hidden benefit of self-

control failure.

In the light of our results, the paradox of self-control becomes a little bit less paradoxical

and the question of why evolution has not endowed us with perfect self-control might be a lit-

tle more clarified: Self-control during task engagement–exploitation–bears as much opportu-

nity costs as self-control failure–exploration–bears the chance to discover new sources of

reward [27, 32]. Moreover, self-control failure–exploration–enables the individual to learn and

to collect information about the environment [32]. There is a German proverb that nicely cap-

tures this idea: "Detours increase local knowledge.". Exerting self-control to focus on a task or

cognitive labor is like staring through a narrow tube. The goal is clearly visible but the sur-

rounding world is not. Self-control failure broadens the view and helps us to be aware of things

in the environment that may become relevant later. This benefit of self-control failure is not

very obvious but very adaptive. This benefit of self-control failure might be relevant for a vast
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amount of behaviors as the review “exploration versus exploitation in space, mind, and soci-

ety” by Hills et al. [32] illustrates.

An open question is, how the mind implements exploration. In the literature two types of

exploration are discussed: directed and random exploration [75]. In the current experiment

directed exploration would be the targeted search for reward-associated stimuli or at least

stronger responses to reward-associated stimuli as the process model and the reward respon-

sivity hypothesis assume. However, the participants in the experimental condition who repeat-

edly exerted self-control showed an increased tendency to explore distracting pictures

independent of the valence or reward-relatedness of the pictures. Therefore, our results are evi-

dence for the second type of exploration, i.e. random exploration. Random exploration does

not depend on a specific motivation to seek reward. Instead, there are alternative mechanisms

that might even rely on less processing capacity, namely a down-regulation of attention and an

up-regulation of impulsivity. There is evidence for both mechanisms. First, Englert et al. [76]

investigated the effect of anxiety and prior self-control exertion on a perceptual-motor task

that required selective attention. They found that dart-throwers under pressure who had previ-

ously engaged in a self-control demanding task were less able to fixate on the dart target and

hit the bull’s eye. Similar results were found with basket-ball throwers [44]. Moreover, Garri-

son et al. [77] found in a very large sample that exercising self-control caused worse attention

performance in subsequent Stroop or Attention Network Tests. This result was supported by

an eye-tracking study by Englert et al. [78] who found a similar effect using an attention con-

trol video. Impulsivity as an alternative mechanism is evident in another set of studies. For

example, Lin et al. [79] also investigated the effect of prior effortful self-control on the perfor-

mance in the Stroop test. However, using a drift-diffusion model the authors showed that the

worse performance was due to reduced response caution (i.e. impulsivity) rather than inhibi-

tory control. Moreover, studies on economic decision-making show increased choice impul-

sivity after exerting effortful self-control [65–67]. In summary, these studies show that exerting

effortful self-control reduces attentional control and increases impulsivity thereby fostering

task disengagement and explorative behavior. However, further studies are needed to decide

which mechanism the mind uses to foster exploration after prolonged or repeated exertion of

self-control.

4.4 Why does self-control failure exist?

The topic of self-control failure has attracted many researchers from multiple disciplines.

Although this shows how relevant the topic is in different areas like education, work, or health

behavior, it comes with the drawback that there are multiple alternative theories that can not

all be tested by a single experiment. In general, two perspectives can be taken to answer the

question of why self-control failure exists: A teleological perspective looks at self-control failure

from the end and asks for the advantageous and disadvantageous consequences of self-control

failure, i.e. “What is it good for?”. A mechanistic perspective looks at self-control failure from

the beginning and asks for the cognitive, affective, and motivational mechanisms of self-con-

trol failure, i.e. “What is the cause?”. The current experiment mainly adds to the first perspec-

tive. The teleological perspective is somewhat agnostic about the causes of self-control failure

but focuses on the consequences, i.e. the hidden benefits of self-control failure. Our experi-

ment showed that a benefit of self-control failure is the collection of information about the

environment and the potential discovery of new sources of reward. However, the process

model and the reward responsivity hypothesis make specific assumptions from the mechanis-

tic perspective. Since we have found no evidence that the exercise of self-control leads to nega-

tive affect or higher reward sensitivity, the question arises as to what mechanisms then cause
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self-control failure. There are three classes of theories about the causes of self-control failure

assuming that, first, people can not control themselves, second, people just think they can not

control themselves, or third, people can but do not want to control themselves.

The first class of theories borrows from the physiology of performance and fatigue. In the

first version of their theory, Baumeister and colleagues assume that self-control works like a

muscle [1, 62]. Accordingly, one needs a limited, exhaustible, domain-spanning resource—

often called willpower—to exercise self-control. Repeated or prolonged exercise of self-control

leads to a temporary depletion of this resource—“ego depletion”—so that the person can no

longer exercise self-control. On the one hand, it was questioned from an empirical perspective

whether the claimed "ego-depletion effect" exists at all [for an overview see 23], and on the

other hand, the assumption of an exhaustible resource was criticized from a theoretical per-

spective, e.g. by the Inzlicht and colleagues in their process model [21, 80].

The second class of theories can be summarized in a quote often attributed to Henry Ford:

“Whether you think you can, or you think you can’t—you’re right.”. Job and colleagues assume

that what matters is not whether or not the capacity for self-control is depleted, but what intui-

tive theory the person has about self-control [81]. Their experiments [82, 83] showed that indi-

viduals who believe that self-control is a limited resource will behave that way, and their self-

control will fail sooner or later the longer they exercise self-control. On the other hand, indi-

viduals who believe that self-control is unlimited will behave that way and continue to success-

fully perform tasks requiring self-control. These data are incompatible with the first class of

theories that see the capacity for self-control as limited. Another theory from the second class

of theories is the schema activation model proposed by Bertrams and colleagues [84]: A

fatigued/decreased vitality schema could lead the individual to disengage from a task and

explore stimuli associated with recreation and restoration of vitality. In our experiment, effort-

ful self-control in the transcription task could have triggered a fatigue schema causing task dis-

engagement in the number-comparison task and exploration of the distracting pictures.

However, we neither measured intuitive theories about self-control nor schema activation.

The third class of theories assumes that the person could control him/herself, but with the

continued or repeated exercise of self-control is less and less motivated to continue exercising

self-control. The process model and the reward responsivity hypothesis discussed above are

examples of this class of theories. The reward responsivity hypothesis does predict that the

exertion of self-control leads people to be motivated to seek reward and to shift their attention.

But ultimately, we only found evidence of an attention shift, and this shift was independent of

whether the distractors were related to reward. A significant interaction effect of Group and

Distractor Valence would have supported the interpretation that approach motivation

(reward-seeking) is the intervening process. But the actual results and the sensitivity analysis

cast some doubt on this. Further studies should clarify whether exercising self-control only

leads to a shift of attention away from tasks associated with cognitive labor or also toward

alternative pleasant activities, as in procrastination. Another theory of this class is the regula-

tory focus theory [85] in combination with recent experiments on boredom as a cause of self-

control failure [86, 87]: The idea is that participation in the experiment, especially in the exper-

imental condition, might have been boring or aversive and therefore caused a regulatory pre-

vention focus, i.e. a tendency to avoid further boredom or negative affect. In our experiment,

this could have caused an attentional disengagement from the number-comparison task rather

than reward-seeking. Although we cannot completely rule out this explanation, the affect rat-

ings after the manipulation and the post hoc affect rating showed no differences between the

experimental and control group. Therefore, the tendency to avoid negative states should have

been the same in both groups and could hardly explain the main effects. Yet another theory of

this class is the motivational control theory of cognitive fatigue as proposed by Hockey [88].
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Interestingly, this theory stems from another research area, namely the investigation of mental

fatigue [89], but it has some striking similarities to the process model which originates from

the field of ego depletion research [21]. Both theories assume that prolonged exertion of self-

control can result in a motivation to shift task priorities from labor to leisure (process model)

or from current activated goals to alternative goals for the control of action (motivational con-

trol theory). However, the motivational control theory also specifies when and how motivation

can help to compensate for fatigue to keep performance high: In two studies Herlambang and

colleagues show that extrinsic or intrinsic motivation can prevent a decline in performance in

cognitively demanding or self-control demanding tasks. In the first study [90], the authors

confronted the participants with 14 blocks of a working memory task which lasted 2.5 hrs in

total and were accompanied by distracting video clips. In an alternating pattern, half of the

blocks were rewarded to foster extrinsic motivation. The results showed, that the participants

reported becoming increasingly fatigued but performance dropped only in the non-rewarded

blocks. In other words, when motivation was high, the participants were able to compensate

for subjective feelings of fatigue and keep performance high. In the second study [91], the

authors used a similar experimental setting but manipulated intrinsic motivation. The partici-

pants were working on 14 blocks of Sudoku puzzles which could either be solved until comple-

tion (high motivation) or were constantly changed so that participants had to start from

scratch multiple times (low motivation). Again the results showed, that the participants

became fatigued over time but high intrinsic motivation prevented a drop in performance.

Moreover, the authors measured higher mental effort and lower distraction in the high moti-

vation blocks which might explain how motivation can help to compensate for subjective

fatigue. However, one rather philosophical question remains: Is it justified to speak of self-con-

trol “failure” when the reason is “not wanting”, i.e. a lack of motivation?

4.5 Strength and limitations

The main strength of the current experiment is the new experimental paradigm that can cap-

ture both the attention shift away from a self-control demanding task as well as an attention shift

toward distracting stimuli. In addition, the paradigm also captures the benefits of self-control fail-

ure which were neglected by previous studies. Another strength of the experiment is the manipu-

lation. In the current and the previous [38, 46] experiments, we used a proven manipulation task

that reliably produced aftereffects of self-control in many studies [39–45, 92]. Moreover, we con-

ducted comprehensive manipulation checks encompassing repeated measurements of subjective

effort and positive and negative affect as well. In addition, we employed multiple, rigorous experi-

mental control procedures of nuisance variables, e.g. standardized stimuli and balancing of pre-

sentation locations. Finally, we standardized the timing of the manipulation, manipulation

checks, affect ratings, and the video pause and logged the time-on-task in all other tasks including

the instructions and demo trials. The analysis of the times-on-task confirms the main analyses, in

specific the effect of the exertion of self-control in the experimental group as well as the suffi-

ciency of the video pause to undo the effect before the recognition task. Furthermore, there was

no indication that participants in the experimental group may have taken “unofficial” rest breaks

to recover prematurely from exercising self-control before the “official” video break began.

During the manipulation, we used a self-control demanding variant of the transcription

task in the experimental group that can possibly create frustration and negative affect.

Although we found no significant differences in positive or negative affect between the experi-

mental and control groups, further studies are needed to investigate the role of affect as a

mediating variable. For example, affect could be explicitly manipulated as in the studies by Ber-

trams and Englert [41, 43].
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A possible limitation could be that the number-comparison task was rather easy. On the

one hand, one might criticize that this resulted in a ceiling effect regarding the performance, as

the rate of correct answers was about 90%. On the other hand, this helped to ensure that the

interesting effect could only be reflected in the response times and not in different speed-accu-

racy trade-offs. Moreover, the task was not designed to require much working memory as in

classical dual-task paradigms but to capture the attention shift between the number-compari-

son task and the distractor pictures. The participants had to exert self-control to focus atten-

tion on the numbers and resist the temptation to explore the distracting pictures.

We acknowledge that exploration of the distracting pictures is a very reduced, “lab-like”

form of exploration. The task was inspired by visual foraging tasks (visual search) where partic-

ipants also have to decide where to look for targets. This form of visual exploration has been

shown to be guided by rewards associated with targets [93]. In the number-comparison task,

both stimuli–number pairs and distractor picture–were presented simultaneously for 500 ms.

Afterward, the distractor disappeared and only the number pair remained on the monitor

until the participant responded. This confronted the participants with the necessity to choose

where to focus their attention first, the task or the distractor. Attending to the picture first,

elaborating its semantic and affective content, and encoding it in memory are considered

some kind of exploration. This resembles an everyday situation in which we need self-control:

Working intently on a task at the computer without being distracted by social media, notifica-

tions, and potentially interesting content. In future studies, the paradigm could be enriched to

give participants more options to actively explore distracting stimuli like videos or notification

lights. Furthermore, eye-tracking could be used to measure visual exploration behavior.

Like most studies, we used reward-associated stimuli instead of actual rewards. On the one

hand, we have previously shown that looking at our positive stimuli creates emotional

responses with positive valence [38], and therefore looking at these pictures (cognitive leisure)

instead of comparing numbers (cognitive labor) might be considered rewarding. On the other

hand, a picture of a reward is not the reward itself and might not be sufficient to elicit

approach motivation or increase reward responsivity. Therefore, future studies should com-

pare conditions employing reward signals versus actual rewards. For example, it would be

interesting to manipulate the amount of reward for working on the self-control demanding

task and the amount of reward that is coupled with the distractors. This way it would be possi-

ble to better distinguish between a motivation to shift away from the self-control demanding

task and a motivation to shift toward alternative stimuli or actions.

The main purpose of this article is not to amass empirical evidence to enforce a final deci-

sion on the process model or the reward responsivity hypothesis. Rather, we regard this article

as an opportunity to offer a new experimental paradigm to the research community and stimu-

late further research and discussion. Therefore, we adhere to open science principles and pro-

vide our data as well as the paradigm for download (see supporting information). We hope

that this will inspire others to repeat and refine our experiment.

4.6 Take-home message

Although self-control and willpower have been proclaimed a superpower [94], there are also

hidden benefits of self-control failure. Our experiment showed that prior exertion of effortful

self-control causes a shift of task priorities from the self-control demanding task (cognitive

labor) to distracting stimuli (cognitive leisure), i.e. a tendency to exploit less and explore more.

This was reflected in worse performance in the self-control demanding number-comparison

task and better performance in the later recognition of the distracting pictures. The hidden

benefit lies in the exploration of the distractors during goal pursuit, i.e. the collection of
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information about the environment and the potential discovery of new sources of reward.

Detours increase local knowledge.

Supporting information

S1 File. Data.

(ZIP)

S2 File. Software.

(ZIP)

Author Contributions

Conceptualization: Christian Dirk Wiesner, Christoph Lindner.

Data curation: Christian Dirk Wiesner, Jennifer Meyer, Christoph Lindner.

Formal analysis: Christian Dirk Wiesner, Christoph Lindner.

Investigation: Christian Dirk Wiesner, Jennifer Meyer, Christoph Lindner.

Methodology: Christian Dirk Wiesner, Jennifer Meyer, Christoph Lindner.

Project administration: Christoph Lindner.

Resources: Christoph Lindner.

Software: Christian Dirk Wiesner.

Supervision: Christian Dirk Wiesner, Christoph Lindner.

Validation: Christian Dirk Wiesner, Jennifer Meyer, Christoph Lindner.

Visualization: Christian Dirk Wiesner.

Writing – original draft: Christian Dirk Wiesner.

Writing – review & editing: Jennifer Meyer, Christoph Lindner.

References
1. Baumeister RF, Vohs KD, Tice DM (2007) The strength model of self-control. Current directions in psy-

chological science 16 (6): 351–355.

2. Inzlicht M, Werner KM, Briskin JL, Roberts BW (2021) Integrating models of self-regulation. Annual

review of psychology 72: 319–345. https://doi.org/10.1146/annurev-psych-061020-105721 PMID:

33017559

3. Hayden BY (2019) Why has evolution not selected for perfect self-control. Philosophical transactions of

the Royal Society of London. Series B, Biological sciences 374 (1766): 20180139. https://doi.org/10.

1098/rstb.2018.0139 PMID: 30966922

4. Duckworth AL, Taxer JL, Eskreis-Winkler L, Galla BM, Gross JJ (2019) Self-control and academic

achievement. Annual review of psychology 70: 373–399. https://doi.org/10.1146/annurev-psych-

010418-103230 PMID: 30609915

5. Lindner C, Nagy G, Retelsdorf J (2015) The dimensionality of the Brief Self-Control Scale—An evalua-

tion of unidimensional and multidimensional applications. Personality and Individual Differences 86:

465–473.

6. Converse PD, Pathak J, DePaul-Haddock AM, Gotlib T, Merbedone M (2012) Controlling your environ-

ment and yourself. Implications for career success. Journal of Vocational Behavior 80 (1): 148–159.

7. Tangney JP, Baumeister RF, Boone AL (2004) High self-control predicts good adjustment, less pathol-

ogy, better grades, and interpersonal success. Journal of personality 72 (2): 271–324. https://doi.org/

10.1111/j.0022-3506.2004.00263.x PMID: 15016066

PLOS ONE Exploring the hidden benefits of self-control failure

PLOS ONE | https://doi.org/10.1371/journal.pone.0257717 October 1, 2021 22 / 26

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257717.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257717.s002
https://doi.org/10.1146/annurev-psych-061020-105721
http://www.ncbi.nlm.nih.gov/pubmed/33017559
https://doi.org/10.1098/rstb.2018.0139
https://doi.org/10.1098/rstb.2018.0139
http://www.ncbi.nlm.nih.gov/pubmed/30966922
https://doi.org/10.1146/annurev-psych-010418-103230
https://doi.org/10.1146/annurev-psych-010418-103230
http://www.ncbi.nlm.nih.gov/pubmed/30609915
https://doi.org/10.1111/j.0022-3506.2004.00263.x
https://doi.org/10.1111/j.0022-3506.2004.00263.x
http://www.ncbi.nlm.nih.gov/pubmed/15016066
https://doi.org/10.1371/journal.pone.0257717


8. Kinnunen MI, Suihko J, Hankonen N, Absetz P, Jallinoja P (2012) Self-control is associated with physi-

cal activity and fitness among young males. Behavioral medicine (Washington, D.C.) 38 (3): 83–89.

https://doi.org/10.1080/08964289.2012.693975 PMID: 22873733

9. Wiese CW, Tay L, Duckworth AL, D’Mello S, Kuykendall L et al. (2018) Too much of a good thing?

Exploring the inverted-U relationship between self-control and happiness. Journal of personality 86 (3):

380–396. https://doi.org/10.1111/jopy.12322 PMID: 28480971

10. Hofmann W, Luhmann M, Fisher RR, Vohs KD, Baumeister RF (2014) Yes, but are they happy? Effects

of trait self-control on affective well-being and life satisfaction. Journal of personality 82 (4): 265–277.

https://doi.org/10.1111/jopy.12050 PMID: 23750741

11. Steel P (2007) The nature of procrastination. A meta-analytic and theoretical review of quintessential

self-regulatory failure. Psychological bulletin 133 (1): 65–94. https://doi.org/10.1037/0033-2909.133.1.

65 PMID: 17201571

12. Gamst-Klaussen T, Steel P, Svartdal F (2019) Procrastination and personal finances. Exploring the

Roles of Planning and Financial Self-Efficacy. Frontiers in psychology 10: 775. https://doi.org/10.3389/

fpsyg.2019.00775 PMID: 31024404

13. Nguyen B, Steel P, Ferrari JR (2013) Procrastination’s impact in the workplace and the workplace’s

impact on procrastination. International Journal of Selection and Assessment 21 (4): 388–399.

14. Robson DA, Allen MS, Howard SJ (2020) Self-regulation in childhood as a predictor of future outcomes.

A meta-analytic review. Psychological bulletin 146 (4): 324–354. https://doi.org/10.1037/bul0000227

PMID: 31904248

15. Gerlach G, Herpertz S, Loeber S (2015) Personality traits and obesity. A systematic review. Obesity

reviews: An official journal of the International Association for the Study of Obesity 16 (1): 32–63.

https://doi.org/10.1111/obr.12235 PMID: 25470329

16. Santens E, Claes L, Dierckx E, Dom G (2020) Effortful control—A transdiagnostic dimension underlying

internalizing and externalizing psychopathology. Neuropsychobiology: 1–15. https://doi.org/10.1159/

000505784 PMID: 32454501

17. Goodwin BC, Browne M, Rockloff M (2015) Measuring preference for supernormal over natural

rewards. Evolutionary Psychology 13 (4): 147470491561391.

18. Barrett D (2010) Supernormal stimuli. How primal urges overran their evolutionary prupose. New York

(N.Y.): W.W. Norton. 1 vol. (216 p.

19. Littman R, Keha E, Kalanthroff E (2019) Task conflict and task control. A mini-review. Frontiers in psy-

chology 10: 1598. https://doi.org/10.3389/fpsyg.2019.01598 PMID: 31379659

20. Anderson BA (2018) Controlled information processing, automaticity, and the burden of proof. Psycho-

nomic bulletin & review 25 (5): 1814–1823.

21. Inzlicht M, Schmeichel BJ, Macrae CN (2014) Why self-control seems (but may not be) limited. Trends

in cognitive sciences 18 (3): 127–133. https://doi.org/10.1016/j.tics.2013.12.009 PMID: 24439530

22. Kelley NJ, Finley AJ, Schmeichel BJ (2019) After-effects of self-control. The reward responsivity

hypothesis. Cognitive, affective & behavioral neuroscience.

23. Friese M, Loschelder DD, Gieseler K, Frankenbach J, Inzlicht M (2019) Is ego depletion real? An analy-

sis of arguments. Personality and social psychology review: an official journal of the Society for Person-

ality and Social Psychology, Inc 23 (2): 107–131.

24. Dang J (2018) An updated meta-analysis of the ego depletion effect. Psychological research 82 (4):

645–651. https://doi.org/10.1007/s00426-017-0862-x PMID: 28391367

25. Dang J, Barker P, Baumert A, Bentvelzen M, Berkman E et al. (2021) A multilab replication of the ego

depletion effect. Social Psychological and Personality Science 12 (1): 14–24. https://doi.org/10.1177/

1948550619887702 PMID: 34113424

26. Addicott MA, Pearson JM, Sweitzer MM, Barack DL, Platt ML (2017) A primer on foraging and the

explore/exploit trade-off for psychiatry research. Neuropsychopharmacology: Official publication of the

American College of Neuropsychopharmacology 42 (10): 1931–1939. https://doi.org/10.1038/npp.

2017.108 PMID: 28553839

27. Kurzban R, Duckworth A, Kable JW, Myers J (2013) An opportunity cost model of subjective effort and

task performance. The Behavioral and brain sciences 36 (6): 661–679. https://doi.org/10.1017/

S0140525X12003196 PMID: 24304775

28. Schulz E, Gershman SJ (2019) The algorithmic architecture of exploration in the human brain. Current

opinion in neurobiology 55: 7–14. https://doi.org/10.1016/j.conb.2018.11.003 PMID: 30529148

29. Berger-Tal O, Nathan J, Meron E, Saltz D (2014) The exploration-exploitation dilemma. A multidisciplin-

ary framework. PloS one 9 (4): e95693. https://doi.org/10.1371/journal.pone.0095693 PMID:

24756026

PLOS ONE Exploring the hidden benefits of self-control failure

PLOS ONE | https://doi.org/10.1371/journal.pone.0257717 October 1, 2021 23 / 26

https://doi.org/10.1080/08964289.2012.693975
http://www.ncbi.nlm.nih.gov/pubmed/22873733
https://doi.org/10.1111/jopy.12322
http://www.ncbi.nlm.nih.gov/pubmed/28480971
https://doi.org/10.1111/jopy.12050
http://www.ncbi.nlm.nih.gov/pubmed/23750741
https://doi.org/10.1037/0033-2909.133.1.65
https://doi.org/10.1037/0033-2909.133.1.65
http://www.ncbi.nlm.nih.gov/pubmed/17201571
https://doi.org/10.3389/fpsyg.2019.00775
https://doi.org/10.3389/fpsyg.2019.00775
http://www.ncbi.nlm.nih.gov/pubmed/31024404
https://doi.org/10.1037/bul0000227
http://www.ncbi.nlm.nih.gov/pubmed/31904248
https://doi.org/10.1111/obr.12235
http://www.ncbi.nlm.nih.gov/pubmed/25470329
https://doi.org/10.1159/000505784
https://doi.org/10.1159/000505784
http://www.ncbi.nlm.nih.gov/pubmed/32454501
https://doi.org/10.3389/fpsyg.2019.01598
http://www.ncbi.nlm.nih.gov/pubmed/31379659
https://doi.org/10.1016/j.tics.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24439530
https://doi.org/10.1007/s00426-017-0862-x
http://www.ncbi.nlm.nih.gov/pubmed/28391367
https://doi.org/10.1177/1948550619887702
https://doi.org/10.1177/1948550619887702
http://www.ncbi.nlm.nih.gov/pubmed/34113424
https://doi.org/10.1038/npp.2017.108
https://doi.org/10.1038/npp.2017.108
http://www.ncbi.nlm.nih.gov/pubmed/28553839
https://doi.org/10.1017/S0140525X12003196
https://doi.org/10.1017/S0140525X12003196
http://www.ncbi.nlm.nih.gov/pubmed/24304775
https://doi.org/10.1016/j.conb.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30529148
https://doi.org/10.1371/journal.pone.0095693
http://www.ncbi.nlm.nih.gov/pubmed/24756026
https://doi.org/10.1371/journal.pone.0257717


30. Gopnik A (2020) Childhood as a solution to explore-exploit tensions. Philosophical transactions of the

Royal Society of London. Series B, Biological sciences 375 (1803): 20190502. https://doi.org/10.1098/

rstb.2019.0502 PMID: 32475327

31. Cohen JD, McClure SM, Yu AJ (2007) Should I stay or should I go? How the human brain manages the

trade-off between exploitation and exploration. Philosophical transactions of the Royal Society of Lon-

don. Series B, Biological sciences 362 (1481): 933–942. https://doi.org/10.1098/rstb.2007.2098 PMID:

17395573

32. Hills TT, Todd PM, Lazer D, Redish AD, Couzin ID (2015) Exploration versus exploitation in space,

mind, and society. Trends in cognitive sciences 19 (1): 46–54. https://doi.org/10.1016/j.tics.2014.10.

004 PMID: 25487706

33. Kurzban R (2016) The sense of effort. Current Opinion in Psychology 7: 67–70.

34. Schmeichel BJ, Crowell A (2016) Exercising self-control increases approach-motivated impulse

strength. In: Hirt ER, Clarkson JJ, Jia L, editors. Self-regulation and ego control. London, United King-

dom: Academic Press. pp. 111–124.

35. Hickey C, van Zoest W (2013) Reward-associated stimuli capture the eyes in spite of strategic atten-

tional set. Vision research 92: 67–74. https://doi.org/10.1016/j.visres.2013.09.008 PMID: 24084197

36. Infanti E, Hickey C, Turatto M (2015) Reward associations impact both iconic and visual working mem-

ory. Vision research 107: 22–29. https://doi.org/10.1016/j.visres.2014.11.008 PMID: 25481632

37. Faul F, Erdfelder E, Buchner A, Lang A-G (2009) Statistical power analyses using G*Power 3.1. Tests

for correlation and regression analyses. Behavior research methods 41 (4): 1149–1160. https://doi.org/

10.3758/BRM.41.4.1149 PMID: 19897823

38. Wiesner CD, Lindner C (2017) Weakening self-control biases the emotional evaluation of appetitive

cues. PloS one 12 (1): e0170245. https://doi.org/10.1371/journal.pone.0170245 PMID: 28141811
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