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Abstract

Our decisions have a temporally distributed order, and different choice orders (e.g., choos-
ing preferred items first or last) can lead to vastly different experiences. We previously found
two dominant strategies (favorite-first and favorite-last) in a preference-based serial choice
setting (the ‘sushi problem’). However, it remains unclear why these two opposite behavioral
patterns arise: i.e., the mechanisms underlying them. Here we developed a novel serial-
choice task, using pictures based on attractiveness, to test for a possible shared mechanism
with delay discounting, the ‘peak-end’ bias (i.e., preference for experienced sequences that
end well), or working-memory capacity. We also collected psychological and clinical metric
data on personality, depression, anxiety, and emotion regulation. We again found the two
dominant selection strategies. However, the results of the delay, peak-end bias, and mem-
ory capacity tasks were not related to serial choice, while two key psychological metrics
were: emotion regulation and conscientiousness (with agreeableness also marginally
related). Favorite-first strategists actually regulated emotions better, suggesting better toler-
ance of negative outcomes. Whereas participants with more varied strategies across trials
were more conscientious (and perhaps agreeable), suggesting that they were less willing to
settle for a single, simpler strategy. Our findings clarify mechanisms underlying serial choice
and show that it may reflect a unique ability to organize choices into sequences of events.

Introduction

Whatever we do—e.g., eating a meal, listening to music, working our jobs—we ultimately
choose actions one-by-one, which imposes a sequential order on our series of decisions. In the
same vein, we also experience life events in a serial order. Thus, the way we make our choices
and evaluate our past events lies in this sequential nature of experience, yet the factors underly-
ing its influences are poorly understood.

Unlike some cases that have a clear optimal solution for the order of actions to reach goals
(e.g., route planning, manufacturing products, various games and sports), there are other cases
that have no clear optimal order. Nonetheless, even in these cases, people normally behave
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according to specific orders. For example, Jeong et al. (2014) found that when selecting among
pieces of sushi during a meal, people generally fell into one of two categories: picking the best
option first (favorite-first) or saving the best for last (favorite-last). These two opposite behav-
ioral strategies in people lead to further intriguing questions about the underlying origins of
the two preferences, especially since rhesus monkeys appear to strongly favor selecting the best
items first, and yet when selecting among entire sequences previously experienced (i.e., a mix-
ture of retrospective and prospective evaluation), they prefer the sequences with the best items
last [1, 2, 3].

It is clear that a favorite-first strategy may relate to delay discounting, i.e., the propensity to
discount the value of future (delayed) events. Indeed, since substantial evidence supports the
prevalence of delay-discounting behavior not only for humans [4, 5, 6, 7] but for many other
animals, including primates and rodents [8, 9], it would seem plausible that the favorite-first
selection strategy may derive from the same underlying mechanisms.

In contrast, the favorite-last strategy may relate to the “peak-end rule”, which is a well-
established psychological heuristic used to evaluate past experiences. Presumably, due to a lack
of memory capacity, the most salient (peak) and most recent (end) events have greater impact
on our overall evaluation of a sequence of experiences [10, 11, 12, 13]. Therefore, particularly
in cases with lower risk of losing the best item if not consumed instantly, a favorite-last strategy
might optimize overall satisfaction of a sequential experience [14, 15].

Thus, it is indeed possible that the two serial-choice strategies of selecting favorite first or
last result from more general underlying mechanisms, such as discounting the future, simplify-
ing assessments of the past, or general memory capacity. It also remains possible, however,
that sequential choice behavior reflects a unique phenomenon related to organizing and man-
aging sequential events. Moreover, given the relative lack of understanding about the impor-
tant higher-level cognitive ability of humans to comprehend sequential events as components
of a larger event complex [15], determining the actual underlying mechanisms of serial choice
comprehension and behavior is necessary.

Therefore, the aim of the current study was to employ a novel serial-choice task to examine
how people make serial choices among a set of items that have different preference rankings.
Similar to the “sushi problem”, our task was designed to ask participants to choose each option
one-by-one until all options were selected, with no particular selection strategy being necessar-
ily better than the others, since all items should be chosen eventually [1]. Because food items
such as sushi run the risk of satiation in longer studies, we sought a stimulus that was also a
real and immediately consumable reward, which yet could also maintain effectiveness across
multiple trials and sessions. Attractiveness of people in visual images is one of the few that can
potentially achieve the effect, and prior evidence supports this [16-20]. Yet at the same time,
the difference between genders toward visual attractive/sexual stimuli is quite dramatic (both
behaviorally and neurally), and thus must be dealt with separately for male and female subjects
[19-23]. Therefore, based on the need for real and immediately consumable reward sustain-
able across the study, we used sexually attractive images with male participants only (with the
expectation that female participants would be examined in the future).

We confirmed the motivational incentive of the pictures via requiring reliability in their rat-
ings and an effort task described below. Furthermore, to examine possible relationships
between serial-choice behavior and the other tested phenomena, we were able to use the same
picture stimuli in comparable peak-end, delay discounting, effort, and working memory tasks
with the same participants. Finally, we collected several additional pieces of psychological met-
ric data to both validate our novel picture-based tasks using other traditional measures, as well
as to examine further possible effects underlying the serial-choice behavior. For example, delay
discounting has a well-established relationship with the Beck Depression Inventory (BDI;
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depression) and the State-Trait Anxiety Inventory (STAIL anxiety) index [24, 25, 26], which is
also supposed to be related to working-memory capacity [27]. Besides these metrics that mea-
sure problematic symptoms, we also collected the Big Five Inventory (BFI), and Emotion Reg-
ulation Questionnaire (ERQ) data to test whether personality and emotion regulation factors,
respectively, also influence serial choice.

Methods
Participants

Eighty healthy male subjects (self-reported heterosexual, age: 25.49 + 3.01 [mean * standard
deviation] years) participated in the study. Because the experiment was conducted across four
separate days, with the first two for the Picture-Rating Task (see Experimental Procedures
below), some participants did not complete particular tasks due to not returning. Eleven par-
ticipants did not return on the third day, and thus were dropped from the study altogether.
Another three participants did not return on the fourth day, and thus did not provide data for
the Delay-Discounting Task and ERQ questionnaire. Another participant’s data for the Delay-
Discounting Task was excluded by the screening criteria (catch trials) (see task description
below).

To provide the strongest tests of the hypotheses, we used all data available for each task. The
alternative would be to drop all data from participants who did not complete the entire study
(i.e., across all four days, as well as pass the Delay-Discounting Task screening). In fact, we also
conducted the analyses with only the latter (65 participants), and there were no meaningful
differences compared with maintaining the largest data sets for each task. We therefore report
the results with all possible data being used. Again, only male participants were recruited for
the current study based on the need to use a real and immediately consumable reward sustain-
able across repeated experimental conditions, and since they show stronger motivation (both
via behavioral and neural responses) to view pictures of the opposite sex [16-23]. All partici-
pants were right-handed and had normal or corrected to normal vision with no history of neu-
rological or psychiatric abnormalities. The Institutional Review Board (IRB) of KAIST
approved all experimental procedures for this study. Informed written consent was obtained
from all participants.

Experimental stimuli

As explained above, in order to validate our novel test paradigm with a sustainable, consum-
able reward, in the current study we first tested male participants with pictures of the opposite
sex (with the expectation that female participants will be tested in the future). A total of 500
pictures of females were used for the experiment. All pictures were collected from Google
image search (https://images.google.com/) with keywords “Asian”, “woman”, “girl”, “bikini”,
though many had various types of clothing. We selected pictures containing only a single sub-
ject with a clearly visible face and eye gaze. We excluded pictures with texts, animals or any
emotionally salient objects like food, weapons, or luxury items. Pictures that were small or
blurry or had a clear expression of negative emotion or appeared to be younger than 19 years

old were also excluded [18, 19].

Experimental procedures

To test for reliability and generalizability across days, the experiment was conducted across
four separate days with an average of one week between each day (mean (M) = 8.21, standard
deviation (SD) = 3.94). Each day’s complete experimental session took approximately 90 (up
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to 110) minutes. On the 1st and 2nd day, participants performed the Picture-Rating Task,
which measured the participant-specific preferences for the experimental stimuli (i.e., pictures
of the women). Two different days separated by approximately a week provided a means to
test for and obtain reliable ratings. From these rating results, we sorted the pictures into seven
groups, determined by the participant-specific preference levels (see Picture-Rating Task
below). The subsequent experimental tasks used this classified set of pictures for each partici-
pant. On the 3rd day, the participants performed the Serial-Choice, Sequence-Rating, and
Effort Tasks. To mitigate potential boredom, the trials of the Serial-Choice and Sequence-Rat-
ing Tasks were mixed and presented in pseudo-random order in the same session. The Effort
Task was randomly interleaved between each Serial-Choice / Sequence-Rating session. In the
Sequence-Rating Task trials, there were two questions: (1) asking the participant to rate the
sequence, and (2) asking them to remember the order of pictures (to measure working-mem-
ory performance). On the 4th day, the Delay-Discounting Task was conducted. The experi-
mental sessions were implemented using MATLAB (MathWorks, Natick, MA).

Prior to the calculation of the correlation coefficients between measures, we checked the
normality of the data using the Shapiro-Wilk test. Except for the Serial-Choice Task (whose
data were clearly not normally distributed and should not be transformed), for those distribu-
tions found to be skewed from normal (p < .05; S2 Table) we used the log transformation to
approximate normality. We also added a minimum constant (i.e., 0.0001) to all variables
before the log transformations (to enable transformation of all results). The statistical analyses
were performed using the SPSS Version 22.0 statistics software package.

Picture-rating task

The prepared set of 500 pictures was randomly divided into 10 subsets with 50 pictures, where
each subset corresponded to each session of the Picture-Rating Task. Each session thus con-
sisted of 50 trials, which first presented a picture for 1.3 seconds then asked the preference of
that picture. The query “Evaluate the attractiveness of the picture.” (in Korean) was displayed
on the screen with a horizontal 1~9 range scale bar below. When the participant pressed the
number key on the keyboard, that number on the scale bar changed color from white to blue
on the monitor. Then, when participants pressed the enter key, the evaluation was confirmed.
Before pressing the enter key, the subject could freely change the active (blue) number on the
scale bar without a time limit (Fig 1). After the attractiveness evaluation, the participant was
asked the familiarity of the picture. The instruction “If you know the person in the picture or
you have seen the picture, check YES. Otherwise check NO.” (in Korean) was given before the
task; then, during the task, for each trial the question “Did you know the person in the pic-
ture?” was displayed on the screen with yes/no choices. The participant could check yes/no by
using the left/right arrow keys. After a trial finished, there was a 1~3 second inter-trial interval
(ITT). A fixation cross was presented during the ITI.

The task was performed two times with a week interval on average. For the second day, the
task only asked for the attractiveness, since familiarity was already checked on the first day.
Upon completion of the second-day task, each picture had two preference ratings for each par-
ticipant (attractiveness in 1~9 range) and the familiarity answer (whether the subject already
knows the person or has seen the picture). To avoid biasing results based on familiarity, famil-
iar pictures were excluded. The two preference-rating scores were averaged for the representa-
tive attractiveness of each picture. The average rating score could be a number from 1~9 with
0.5 interval (1, 1.5, 2, 2.5 ... 8.5, 9).

The Picture-Rating Task generated a set of pictures with corresponding ratings, whose size
was smaller than the original 500. The pictures were sorted based on their rating scores and
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Evaluate the attractiveness
of the picture

123456789
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(1.3s)

Rating
(Self-paced)

Time

Fig 1. Illustration of the picture-rating task procedure.

https://doi.org/10.1371/journal.pone.0222797.9001

were split into seven partitions by examining each participant’s ratings distribution and find-
ing natural breakpoints in their ratings across the 1~9 range. The seven partitions were labeled
as “I star”, “1.5 star” ... “3.5 star”, “4 star”. Only four groups ‘1, 2, 3, and 4 star’ were used in
the subsequent experiment, with the remaining three groups ‘1.5, 2.5, 3.5 star’ excluded to pro-

vide a large enough difference of attractiveness levels across the four picture groups.

Serial-choice task

For the Serial-Choice Task, the instruction “Choose in your preferred order.” (in Korean) was
first presented on the center of the screen for 2 seconds. Then the four choice options
appeared, positioned up-left, up-right, down-left, down-right (Fig 2). Each choice option rep-
resenting the four picture groups from “1 star” (lowest attractiveness) to “4 star” (highest
attractiveness) was displayed by the number of “J¢” symbols inside a square outline (see Fig 2).
The position of each option varied randomly on each trial. The participants were instructed to
use four keys on the keyboard (i.e., “r”, “y”, “c”, “b”), with the position of the keys matched
with the options on the screen. When the participants pressed one of these keys, a picture from

the corresponding ‘star’ group was randomly selected and presented immediately in the center

Choose in your preferred order

Instruction
(2s)

1t choice
(Self-paced) Outcome
(1.3s)

2nd choice
(Self-paced) Outcome
(1.3s)

Time

Evaluate the afiractiveness
of the picture

123456789

31 choice T -
(Self-paced) Oatcs)rr)le 4 choi unatiractive attractive
3s choice
(Self-paced) Outcome
(1.3s) Rating
(Self-paced)

Fig 2. Illustration of the serial-choice task procedure.

https://doi.org/10.1371/journal.pone.0222797.9002
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of the screen for 1.3 seconds. Afterwards, the screen turned back to the choice phase, with the
selected option removed and only the other options remaining. After the participants selected
the final (4 option, the instruction “Evaluate your overall satisfaction of these 4 pictures.” (in
Korean) appeared on the screen with the same scale bar used in the Picture-Rating Task (Fig
2). There was no time limit during the task. A total of 20 trials was conducted.

From the order of choices of each participant, we calculated an SC score, which was the
slope of the linearly best-fitted line of the four data points, with each data point representing
the order of choice (x-axis) and average number of stars selected, based on 20 trials (y-axis).
For example, if a participant chose the order of “1 star” — “2 star” — “3 star” — “4 star” every
trial, the SC score value was +1. In the opposite case, the value was -1. Therefore, the SC score
was a number between -1 ~ +1. The more positive value implies the greater tendency to choose
the best option last (favorite-last), and vice versa for favorite-first. To test the selection ten-
dency of serial-choice behavior statistically, the empirical data (slope, i.e., SC score) was com-
pared to the average slope from a matched number (69 participants x 20 trials = 1,380) of
random (4-length) choice sequences using the Mann-Whitney U test.

To examine individual differences in choice strategy, we divided the participants into seven
groups along the SC score. The number of groups (7) was chosen based on the number of the
participants whose SC score was negative (thus, based on a natural partitioning of the data). A
non-parametric Kruskal-Wallis H test was conducted with a post hoc Mann-Whitney U test
comparison with Bonferroni correction to compare the effect of serial-choice strategy on reac-
tion times.

Sequence-rating and working-memory tasks

To examine the potential effects of the “peak-end rule”—in which the most salient (peak) and
most recent (end) events have greater impact on our overall evaluation of a sequence of experi-
ences—we designed the Sequence-Rating Task that measured the participants’ retrospective
evaluation of four sequentially displayed pictures. During the task, the instruction of “4 pic-
tures will appear soon.” (in Korean) was displayed. “Look at the pictures carefully.” (in
Korean) was then displayed on the screen for 2 seconds, and then four pictures were sequen-
tially presented for 1.3 seconds each. There was no blank or break between the pictures. After
the last (4th) picture disappeared, the query “Evaluate your overall satisfaction of these 4 pic-
tures.” (in Korean) was displayed with the same scale bar used in the Picture-Rating Task. The
means of selecting and confirming a number was identical to the previous task. After the par-
ticipant’s rating was obtained, a fixation cross was displayed for a variable duration of less than
5 seconds. After the rating phase, a target picture, which was pseudorandomly selected from
the previous four pictures, appeared. This phase was included to measure the participants’
working-memory performance, and thus constituted the Working-Memory Task. After a 1.3
seconds presentation of the target picture, the question “In which order was that picture pre-
sented?” (in Korean) appeared. This second question appeared at least 5 seconds after the pre-
vious four pictures were shown, to prevent the participant from not answering the first
question carefully, and to produce a higher level of difficulty for the second (working-memory
capacity) question. The participants were asked to use the 1~4 number keys in the same way as
the previous question. The ‘target picture’ was selected evenly from each of the four positions
in the sequence, though this fact was not noticeable to the participants. There was no time
limit during the task. The second question was imposed so that participants would focus more
intently on the four pictures, as well as to measure working-memory performance (Fig 3).

As mentioned above, the Serial-Choice (20 trials) and Sequence-Rating (96 trials) trials
were interleaved within the same session. This intermixed Serial-Choice / Sequence-Rating
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4 pictures will appear soon.
Look at pictures carefully ’
Instruction
(2s) 1%t picture

(1.35) 2 picture
Time (1.3s) 3 picture
(1.3s) 4‘" p\clure

s
In which order was

that picture presented?
Fixation ——t
12 3

(1~2s) Rating
(Self-paced)

Fixation
(~5s) Target picture

(1.3s) Question

(Self-paced)

Fig 3. Illustration of the sequence-rating task procedure.

https://doi.org/10.1371/journal.pone.0222797.g003

Tasks had a total of 10 sessions. Each session was composed of 11~12 trials, took approxi-
mately 5 minutes to complete, with 1-minute breaks between each session. The ITI varied
between 2~5 s. A fixation cross was presented during the ITL

In the Sequence-Rating Task, we tested sequences with a wide range of slopes: mean (M) =
0.021, standard deviation (SD) = 0.856, range: -2.85~+2.70. (Note that for greater precision,
the slopes were calculated based on the actual rating scores of the pictures from the Picture-
Rating Task, not by the number of stars of their corresponding category). The total number of
trials for the Sequence-Rating task was 96. In addition, to provide a cleaner measure of the
actual overall sequence rating, the difference between the rating score of the overall sequence
itself and the average rating score of the four pictures of that sequence (based on the Picture-
Rating Task results) was calculated and used as the dependent measure. For example, if a
sequence of four pictures contained pictures with ratings 2.5, 4.5, 6.5, and 8.5 individually
(note that these are hypothetical but possible ratings of the pictures per se, not the subsequent
‘star’ category to which each belonged), its mean rating score would be 5.5. If a participant
rated this sequence as 7, the difference is +1.5 (7-5.5). Note that this difference could be nega-
tive with an overall sequence rating less than 5.5. To examine and analyze the results, first, for
each participant we plotted these difference values (as the dependent measure) against the
slope (from negative to positive) of each tested sequence and calculated the best-fit line, with
the slope of this line revealing the participant’s general preference for ascending (increasing,
with positive slope) or descending (decreasing, with negative slope) sequential experiences.
We called this overall slope of the best-fit line the SR score, the value to capture each partici-
pant’s sequence-rating preference. At the population level, we also compared the empirical
data (i.e., average of all SR scores) with a randomly generated pair (69 participants x 96 tri-
als = 6,624 rating scores) to examine whether the overall sequence preference was significantly
different form random behavior (using an independent samples t-test). Given the comparable
measures and analyses between sequence rating (SR score) and serial choice (SC score), it is
important to distinguish between them, with sequence rating reflecting retrospective (and thus
passive) memory-based preferences, and serial choice reflecting (active) prospective selections
(1,13].

For the Working-Memory Task, the average percent correct (i.e., accuracy) of the second
(working memory) question was calculated for each of the four positions of the target picture
in the previously presented sequence (1st, 2nd, 3rd, and 4th). We applied the non-parametric
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Fig 4. Illustration of the delay-discounting task procedure.
https://doi.org/10.1371/journal.pone.0222797.9004

Friedman test followed by a post hoc Wilcoxon test with Bonferroni correction to compare
both the rating score and the working-memory test results.

Delay-discounting task

To test if serial choice can be explained by the same underlying mechanism as delay discount-
ing, it required both a realistic task that would clearly evoke the delay-discounting phenome-
non, as well as one that could directly test both delay discounting and serial choice. Thus, the
Delay-Discounting Task required immediately consumable rewards and real-time delay to
obtain the reward, leading us to develop the Picture-Rating Task. The picture set and its classi-
fication criteria were the same as the previous tasks. During the task, two square-shaped targets
appeared horizontally on the left and right side of the screen (Fig 4). Each target contained the
information about the amount of delay and level of attractiveness of the picture offered for
viewing on that trial. One of the two targets offered a 1-second presentation of a 2 (or 3) star’
picture immediately (smaller/sooner, SS); the other target offered a presentation of a ‘3 (or 4)
star’ picture with the same duration (1 s) but variable delay (larger/later, LL). There were three
conditions for relative attractiveness between pictures in the experiment: 2 vs 3 star’, 3 vs 4
star’, 2 vs 4 star’. We excluded the ‘1 star’ picture set to simplify the experiment and minimize
overall session duration. The amount of delay for the LL options varied thus: 1, 3, 6, 9, 11, and
20 seconds—with each delay tested five times, in five sequential sessions. That is, there were
three reward conditions and six delay variable values, producing 18 trial types, presented
together pseudorandomly in five sequential sessions, with a 1-minute break between each ses-
sion. In addition, we also included five ‘catch trials’, one per session, which offered a larger
(i.e., more attractive) option with no time delay (i.e., 2 star immediately vs. 4 star immediately),
which thus necessitated the participants to choose the LL option. Thus, a total of 95 trials were
conducted across five sessions.

Participants were required to choose one of the targets with no time limit. The locations of
the targets (left, right) varied randomly on each trial. Selection of either target was followed by
presentation of a picture after the offered delay time. After the presentation of the picture, the
ITT was followed with a random duration between 2~4 seconds. A fixation cross was shown
during the ITL

As typical, to capture the degree of discounting in each condition (e.g., 2 vs 3 star), we used
an indifference-point procedure, which provides a measure that represents the length of the
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larger reward delay at which preference for the SS and LL options was 50/50. First, we obtained
the discounting curve by plotting each participant’s average proportion of SS vs. LL choice (y-
axis) for each of the six delay values within each condition (x-axis). Then, hyperbolic discount
parameters (Mazur’s 1987, k-value) were calculated for each participant in each attractiveness
condition. The discount function was assumed to be the equation: v’ = v/ (1 + kD), where v’
indicates discounted utility of the picture; v indicates picture utility (assumed to depend line-
arly on the number of stars); k is the discount parameter; and D is the delay length (1~20 s).
We also calculated the area under the curve (AUC) [28], which is an atheoretical index for
quantifying the extent of an individual’s propensity for discounting. AUC estimates the range
from 0 to 1, and differently from the k-value, small numbers indicate more impulsive choice
(the SS option) in delay discounting. Since these two alternative analytic methods yielded simi-
lar results, we only report the k-value here—i.e., the discounting parameter for each of the
three conditions averaged across participants—with a larger k-value signifying greater
discounting.

Since the purpose of the catch trials was to ensure that our participants engaged in the task
with proper motivation and attention, we excluded the data from participants who chose a dis-
advantageous option more than once in a catch trial. One participant was excluded from fur-
ther analysis. We also used an additional criterion to screen for inappropriate responses in the
study (e.g., due to lack of motivation). Since it is natural to assume that one’s subjective value
decreases with longer delays, each indifference point is expected to be lower than the preceding
ones. Therefore, if we found an indifference point 20% higher than the preceding point more
than once, the participant was removed from the study. However, no participants violated this
criterion. Finally, we applied a non-parametric Friedman test followed by a post hoc Wilcoxon
test with Bonferroni correction to compare the k-value and reaction time of each condition
statistically.

Effort task

To validate the rewarding effects of the picture stimuli, as well as to verify whether our partici-
pants maintained sufficient motivation during our study, we conducted Effort Task sessions
between the Serial-Choice and Sequence-Rating Task sessions in the 3rd day of the experi-
ment. The basic process of the task was similar to that in a previous study [19]. In our Effort
Task, pictures were selected evenly from four attractiveness conditions (1 star ~ 4 star), which
again was not noticeable to the participants. On each trial, a picture was shown for 0.8 seconds
followed by a 10-second blank period. By pressing the space key and backspace key in
sequence, participants could make the same picture reappear for another 0.5 seconds. To
make the task more difficult, participants were instructed to use only one finger. Participants
could press the buttons as many times as they wanted, within a 10-second duration time limit.
Each session consisted of 12 trials with no break, and participants performed a total of 3 ses-
sions. The average number of times the participants pressed the two-button-sequence (to view
the picture again for 0.5s within the 10-second trial duration) was calculated for each star cate-
gory. We applied the non-parametric Friedman test followed by a Wilcoxon test with Bonfer-
roni correction to compare the average number of (two-button-sequence) responses for each
category statistically.

Questionnaires

On the 1st, 2nd, and 4th days of the experiment, between and after the above mentioned task
sessions, the participants worked on and eventually completed the following four question-
naires: (1) the Big Five Inventory (BFI) [29, 30], (2) the Emotion Regulation Questionnaire
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(ERQ) [31, 32], (3) the Beck Depression Inventory II (BDI II) [33, 34], and (4) the State-Trait
Anxiety Inventory (STAI) [35, 36]. Basic demographic information (age, education years, and
BMI) was also collected on the 1st day of the experiment. Scores on all of these scales are sum-
marized in S2 Table (Measures 8-12).

Results
Picture-rating task

Since all of our experimental tasks relied on the picture stimuli as reward, validation of the Pic-
ture-Rating Task results was essential. The mean rating score (from the 1~9 available range) of
the entire picture set (N = 500) was 5.29 (SD = 2.17), while the mean reaction time was 2.54
seconds (SD = 0.95). There was a significant correlation between rating scores on the 1st and
2nd days (Pearson-r = .746, p = .000), indicating that the participants exhibited consistent, reli-
able preferences for the pictures comprising the picture set.

To eliminate effects of familiarity, we removed any images of the women identified by par-
ticipants. The mean number of familiar pictures across participants was 18.42 (SD = 22.48)
(thus, on average, each participant recognized the woman in ~18 pictures). As described, we
then split the pictures into seven partitions based on their ratings, with S1 Table showing the
mean number of pictures for each “star” group. From this, we used only the 1, 2, 3, and 4 star
group pictures further, to provide a clear distinction of attractiveness levels. Once all familiar
pictures were removed, the average number of pictures for the 1, 2, 3, and 4 star groups was
above 50 (S1 Table), which provided a sufficient number of pictures to run the experimental
procedures.

Effort task

For further validation of the picture stimuli—beyond the reliability of the images over repeti-
tion and time, with two Picture-Rating-Task sessions required, and an average of one week
between days—we developed the Effort Task, which determined whether the picture stimuli
actually evoked a rewarding effect that accorded with the ‘star’ classifications. Fig 5 shows the
average number of (two-button-sequence) responses in the Effort Task for each condition.
Indeed, the number of responses increased with the level of attractiveness of the picture
groups: “I star”: 1.03 + 1.23 (mean =* standard deviation), “2 star™: 1.77 £ 1.40, “3 star™: 2.94 £+
1.69, “4 star”: 4.30 + 1.86. Non-parametric Friedman test of differences among repeated mea-
sures was conducted and rendered a Chi-square value of 183.823, which was significant (p =
.000). Post hoc Bonferroni Wilcoxon signed rank test showed the difference in the number of
responses was significant between each condition pair (i.e., each star category) (p =.000 for all
pairs). In addition, there was a significant positive correlation between number of responses
and stars in each condition (S2 Table).

A closer examination of the results also provides a clearer sense of the degree of effort
exerted. In the task, participants were required to make a two-button-sequence response
(‘space’ then ‘backspace’ keys) to view the picture again for 0.5s as many times as desired,
within the 10s trial duration. The 4.29 response (i.e., 8.58 button presses) average in the 10s
duration for the 4-star category indicates that the participants continued to press the two-but-
ton sequence within 2s throughout the trial (with the time of picture viewing 2.15s on average).
Given that the participants chose to continue the two-button-sequence response to view the
pictures rather than do nothing and rest, again demonstrates the motivational incentive of the
images. Overall, then, the results thus show that the opportunity to view the opposite-sex pic-
tures served as an incentive for effort, which in turn indicates that the picture stimuli indeed
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Average Number of (two-button-sequence) Responses
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Attractiveness of Pictures (Stars)

Fig 5. Average number of (two-button-sequence) responses in the Effort Task (i.e., the average number of times
the participants pressed the two-button-sequence to view the picture again for 0.5s within the 10-second trial
duration) for each category. The effect of attractiveness level was found to be significant, indicating that the
classification process for picture sets worked reliably, providing a clear distinction between each category, and
providing evidence that the pictures were treated as consummatory rewards (to be worked for). The error bar denotes
standard error of the mean. (** p < .000 for all pairs).

https://doi.org/10.1371/journal.pone.0222797.9005

had a rewarding effect, with the difference between the number of stars properly reflecting dif-
ferent levels of reward.

Serial-choice task

Since our Serial-Choice Task collected the participant’s behavioral data repeatedly (20 trials),
we first examined if learning may have changed preferences during the task. However, the
slope of the first trial (i.e., number of stars of choice across the choice sequence: 0.473) and the
average across all trials (0.432) were not significantly different (Wilcoxon: Z = -1.565, p =
.118), and were highly correlated (Pearson-r = .679, N = 69, p = .000). To look in finer detail
across the entire session, we calculated the slope of each trial (again, the number of stars of
choice across that trial’s choice sequence), for all 20 trials of the session, and then found the
best-fit line to these 20 slopes plotted across the session. There was no significant difference
(Mann-Whitney: U = 3115.50, p = 773) between the mean slope value (M =.004, SD =.029)
and its random pair—i.e., 1,380 random (4-length) choice sequences, divided into 20 groups
(with average value of each group representing a trial), then calculating the slope of the best-fit
line—(M = .006, SD = .015). Therefore, we found no evidence for learning effects across the
session, with the results thus well-capturing a stable sequence preference.

To measure the serial-choice behavior, we calculated the SC score. The SC score (vertical
axis in Fig 6) represents the slope of the best-fit line of each participant’s average choice of
stars for each order of choices in the Serial-Choice task. A larger (close to +1) SC score means
tendency toward favorite-last (1-2-3-4) behavior. A smaller (close to -1) score means the
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Fig 6. Individual results of the Serial-Choice (SC) task. The vertical axis represents the SC score, which is the slope of
the best-fit line of the participant’s average choice of stars for each order position within the sequence. The horizontal
axis represents each participant, aligned by the SC score. Higher (close to +1) SC scores represent the tendency toward
favorite-last (i.e., 1-2-3-4) preference, while the opposite (close to -1) represent favorite-first (i.e., 4-3-2-1) behavior.
The error bar is standard error of the mean. Favorite-last was the dominant strategy, while a distinct proportion of
favorite-first behavior also existed.

https://doi.org/10.1371/journal.pone.0222797.9006

opposite: toward favorite-first. Fig 6 shows the results of the Serial-Choice task, with each par-
ticipant represented by a single bar. The tendency toward favorite-last behavior was dominant
among the participants, while favorite-first behavior also existed in a distinct population.

To test whether the serial-choice results reflected a meaningful pattern versus random
behavior, we compared the empirical data with randomly generated sequences. Fig 7A shows
the average number of stars in the Serial-Choice task for each choice order, both derived from
our participants’ behavior (left) and randomly generated sequences (right). The average num-
ber of stars in the 1st choice was significantly lower than its random pair (Mann-Whitney;

U = 1215.50, p = .000), while the 4th choice was significantly higher (U = 868.50, p = .000).
The 2nd choice was also significantly lower than its random pair (U = 1415.00, p = .000). Fig
7B shows the overall mean SC score (i.e., slope derived from Fig 7A results) of our participant
group and its random pair. The slope from the empirical data was significantly higher than the
slope for the random sequences (p = .000). This again indicates that the favorite-last choice
was the dominant strategy of the participants, being significantly different from randomly gen-
erated results.

Besides SC score, we also calculated the standard deviation (SD) of the slope to determine
how strict the participants’ serial-choice strategies were—i.e., the consistency of their prefer-
ences across trials. Hence, the higher SD value (vertical axis) means more varied strategies
were used across the 20 trials of the SC task. More specifically, for example, if one participant
maintained the same strategy (e.g., ‘4-3-2-1" favorite-first or ‘1-2-3-4’ favorite-last) every trial,
the SC score would be low (-1) or high (+1), respectively, while the SC standard deviation (SD)
would be low (0) for both. In contrast, if a participant followed, say, both extreme strategies
evenly (1-2-3-4 for half the trials, and 4-3-2-1 for the other half), the SC score would be close
to zero, while the SC SD would be high (1.026). S1 Fig shows the results of the SC SD, which
were aligned using the same order obtained from Fig 6 —thus, each single bar represents the
same participant in Fig 6. Since the favorite-last strategy was dominant in our population (thus
with high SC), there was a significant negative correlation between the SC slope and the SC SD
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Fig 7. Comparison of SC task results with a random sequence group. The difference between the empirical SC Task
data and its random pair (i.e., the average of 1,380 randomly generated four-length sequences). Panel A shows the
average number of stars for each order position within the sequence. The average number of stars for 1% choice was
significantly lower and for 4™ significantly higher than its random pair (p = .000). Panel B shows the mean SC score of
the participant group and its random pair. The slope from our empirical data was significantly higher than the slope of
random sequences (p = .000). The error bar is the standard deviation. These results indicate that the favorite-last
choice was the dominant strategy for our participants. (** p =.000).

https://doi.org/10.1371/journal.pone.0222797.g007

(Pearson-r = -0.238, N = 69, p = 0.049): thus, those with a high SC exhibiting a low SD, and
thus tending to maintain the same strategy throughout. Nonetheless, as described, the two
extreme strategies (favorite-fist and favorite-last) that were both prominent in the results, by
definition, resulted in lower SDs, producing two general classes of stable behavior: an extreme,
singular strategy versus mixed ones.

To further characterize the serial-choice behaviors of the participants, we measured the
reaction time during the SC task. In Fig 8, the horizontal axis represents the order of choices
and the vertical axis represents reaction time. A non-parametric Friedman test of differences
among repeated measures was conducted and rendered a Chi-square value of 175.07, which
was significant (p = .000). While the reaction time was significantly decreased as the order of
choice progressed, the reaction time of the 1st choice (M = 2.56, SD = 1.11) was particularly
longer than the others (2™ M = 0.57, SD = 0.32, 3" M = 0.49, SD = 0.26, 4™ M = 0.32,

SD = 0.20). This reaction-time result suggests that the participants were planning the order of
the entire choice sequence prior to their first selection; and thus provides some evidence that
the entire sequence was viewed as a singular overarching event (as opposed to individual, sin-
gular choice events).

Although favorite-last was the most dominant strategy found, there was a distinct popula-
tion of favorite-first preferences as well. To characterize this more clearly, we divided our par-
ticipants into seven groups along the SC score, based on the number of participants with
negative SC scores (N =9 out of 69). Fig 9 shows the average responses in the SC task for each
of the seven groups across choice order. The first (red) group clearly exhibited favorite-first
behavior, choosing their most favored option first then choosing in descending order, while
the other groups behaved differently, including the last one (blue) behaving in the opposite
way (favorite-last). Interestingly, the second group exhibited a unique behavioral pattern,
which was U-shaped (e.g., 4-1-2-3), although their SC slope had a positive number since they
also mostly picked their best option last. These results indicate that there were clear prefer-
ences among the participants for both favorite-first and favorite-last strategies, as well as
mixed strategies, although favorite-last prevailed overall (see S2 Fig for more detail).
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Fig 8. Reaction times of serial-choice task. The horizontal axis represents the order of choices and the vertical axis is
mean reaction time. The reaction time of the first choice (M = 2.564) was significantly longer than the others (p =
.000). This suggests that the participants planned the order of choices before their first choice. The error bar denotes
standard error of the mean. (** p =.000).

https://doi.org/10.1371/journal.pone.0222797.g008

We also compared the reaction times for the seven groups, to examine the patterns more
closely (Fig 10). Clearly, the reaction times for the first choice were longer than the others for
all groups, suggesting that in every case, subjects on average determined the overall response
strategy prior to selection—evidence again that the entire sequence was viewed as a singular
overarching event. Nonetheless, compared to the first (red) and last (blue) groups, the middle
(purple) group exhibited a significantly longer reaction time for the first selection (}*(6) =
23.30, p =.001). Post hoc comparisons using a Mann-Whitney U test with Bonferroni correc-
tion showed that the reaction time of the middle (4th) group (M = 3.76, SD = 1.08) was signifi-
cantly longer than the 1st (M = 1.93, SD = 0.47) (U = 3.00, p = .001), and 6th (M = 1.88,

SD =0.27) (U = 0.00, p = .000) groups. This suggests that, over and above the first and last
group, the middle group took significantly more time to consider their overall choice strategy.
The difference between the 4th group and 2nd (M = 2.80, SD = 1.59), 3rd (M = 2.85,

SD =0.81), 5th (M =2.49, SD = 0.93) or 7th (M = 2.17, SD = 0.99) was not significant.

Sequence-rating task

Because of the obvious similarities of sequential choice and retrospective sequence ratings that
lead to the ‘peak-end’ bias effect, to compare the phenomena we also conducted a Sequence-
Rating Task, which presented four picture stimuli in sequential order then asked the
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Fig 9. Average number of stars of each choice for different SC scores. The vertical axis represents the average
number of stars, while the horizontal axis represents the order of choice in the SC task, with participants divided into
seven groups (red to blue) along the SC score (-1 to +1). The first (red, far left for all four order positions) group
exhibited strict favorite-first behavior while the other groups behaved oppositely (except the second group). The
second group exhibited a unique behavioral pattern, which was U-shaped (e.g., 4-1-2-3), although their SC slope had a
positive number since they also mostly picked their best option last. These results indicate that there were clear
preferences among the participants for both favorite-first and favorite-last strategies, as well as mixed strategies,
although favorite-last prevailed overall. The error bar denotes standard error of the mean.

https://doi.org/10.1371/journal.pone.0222797.9009

participants to rate their overall satisfaction with the experience. First, as an internal consis-
tency check of the reliability of the task itself, we examined the correlation among the rating
scores of each sequence and the mean rating score of the pictures in the sequence (the latter
from the Picture-Rating Task). All participants had a significantly positive correlation (p <
.05), except for three. However, since the exclusion of the three participants did not make a dif-
ference in the results, we included all participants for further analysis.

To obtain a measure of each participant’s general preference for retrospective sequential
experiences, we calculated the SR score, which is the slope of the best fitting line of the

5 SC score (slope)

Reaction Time (s)

1st 2nd 3rd 4th
Choice Order

Fig 10. Reaction-time of serial-choice task together with SC score. The vertical axis represents the mean reaction
time and the horizontal axis represents the order of choice in the SC task, with participants divided into seven groups
(red to blue) along the SC score (-1 to +1). In the first position of the choice sequence, the middle (purple) group
exhibited a significantly longer reaction time than the first (far left, red) and the last (far right, blue) groups. This
suggests that the middle group in particular (and the other middle groups more generally) took more time to decide
the serial-choice strategy. The error bar denotes standard error of the mean. (* p < .002).

https://doi.org/10.1371/journal.pone.0222797.9010
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Fig 11. Sequence-Rating task results. Panel A shows the results for each participant, with the vertical axis the SR score
(i.e., from the best-fit line of the sequence-rating dependent measure across the tested sequences). The horizontal axis
represents each participant, aligned by the SR score (i.e., the same participant order as Fig 6). The higher (positive) SR
score reflects a preference for ascending (e.g., 1-2-3-4) sequences, while the opposite (negative) reflects a descending
(e.g., 4-3-2-1) preference. Preference for ascending sequences was dominant, while a distinct proportion preferred
descending. Panel B shows the mean SR slope of all participants versus its random pair. The empirical data slope was
significantly higher than from random sequences (p =.000). The error bar is the standard deviation. Both results show
a prevailing preference for favorite items coming later in the sequence (i.e., rather than first), notwithstanding the
distinct group who preferred a descending order. (** p =.000).

https://doi.org/10.1371/journal.pone.0222797.9011

sequence-rating dependent measure (i.e., the difference between the rating score of the
sequence and the average rating score of the four pictures in the sequence from the Picture-
Rating Task) across the tested sequences for the participant. As seen in Fig 11A, most partici-
pants exhibited a positive SR score, while a distinct proportion of them also exhibited a nega-
tive SR score. The more prevalent preference for ascending sequences generally corroborates
previous findings that people prefer experiences that end well (peak-end) [14, 15]; and at the
same time, there exists a distinct population who prefer sequences that begin well—i.e., with a
peak at the beginning. It is interesting to note the resemblance between the distributions of the
SR (Fig 11A) and SC (Fig 6) scores, with both results sharing the prevalent preference for
ascending sequences, with also a population who prefer descending. Whether this resemblance
reflected actual individual preferences that remained consistent across the two tasks was tested
below (under “Correlation between Serial-Choice behavior and other measures”) (and in fact
was not found—see below).

Finally, to test whether the sequence-rating results reflected a meaningful pattern versus
random behavior, we compared the empirical data with randomly generated sequences. The
average SR score (M = .009, SD = .017) for the entire participant population was significantly
different from its random pair (t(68) = -4.25, p = .000) (Fig 11B), and also yielded a significant
difference from zero (t(68) = 4.25, p = .000). Thus, there was indeed a general preference for
ascending sequential experiences, notwithstanding the smaller group who preferred the
descending sequential experiences.

Working-memory performance

Working-memory performance was highest when the target picture was located in the last
position (M = .90, SD =.10) of the sequence, compared to the 1st (M =.78, SD =.13), 2nd
(M =.74, SD = .13), and 3rd (M = .67, SD = .13) positions (Fig 12). A non-parametric Fried-
man test of differences among repeated measures was conducted and rendered a Chi-square
value of 101.65 that was significant (p =.000). A post hoc Bonferroni Wilcoxon signed rank
test also found the differences to be significant, except between the 1st and 2nd conditions
(Z = -2.36, p = .018). The highest answer accuracy of the last position shows a memory
“recency” effect, while the lowest accuracy of the 3™ position (than 1* and 2™ position) also
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reveals a “primacy” effect. These results indicate that both memory biases (primacy and
recency) occurred in our sequential experimental paradigm.

Delay-discounting task

Because sequential choice may share similar mechanisms to those that underpin delay-dis-
counting behavior, we also conducted a Delay-Discounting Task with the same picture stimuli.
Fig 13A shows the average k-value of our participants for each attractiveness condition (with a
larger k-value signifying greater discounting). The k-value was highest for the “2 vs 3” condi-
tion (M = .27, SD = .20), lowest for the “2 vs 4” condition (M = .14, SD = .18), and moderate
for the “3 vs 4” condition (M = .20, SD = .20). A non-parametric Friedman test of differences
among repeated measures was conducted and rendered a Chi-square value of 75.22 that was
significant (N = 65, p = .000). A post hoc Bonferroni Wilcoxon signed rank test also found the
k-value differences between each condition pair to be significant (p = .000). In addition, there
was a significant positive correlation among the participant k-values of each condition with
the other conditions (S2 Table, the three listed under Measure 5 with each other). Thus, the
discounting parameter decreased when the amount of (delayed) reward was larger in both
absolute (“2 vs 37 > “3 vs 4”) and relative (“2 vs 37 > “2 vs 4”) terms, showing that participants
were more willing to wait for the delayed reward (and thus discounted it less) when it was
more attractive.

Fig 13B shows the average reaction time for each attractiveness condition. The reaction
time was significantly fastest in the “2 vs 4” condition (M = 1.42, SD = 0.36), slowest in the “2
vs 3”7 condition (M = 1.58, SD = 0.42), and moderate in the “3 vs 4” condition (M = 1.49,

SD = 0.38). A non-parametric Friedman test of differences among repeated measures was

*%
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Fig 12. Working-memory performance for order of target picture in the sequence-rating task. Working-memory
performance was significantly higher when the target picture was located in the last position of a sequence (M = 0.90,
SD =0.10) than the 1st (M = 0.78, SD = 0.13), 2nd (M = 0.74, SD = 0.13), or 3rd (M = 0.67, SD = 0.13) positions. These
results indicate both “recency” and “primacy” memory biases occurred with the sequential paradigm. The error bar
denotes standard error of the mean. (** p =.000 for all pairs).

https://doi.org/10.1371/journal.pone.0222797.9012
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Fig 13. Delay-Discounting task results. Panel A shows the mean k-value (delay-discounting parameter) for each
attractiveness condition, with a larger k-value signifying greater discounting. Panel B shows the mean reaction time for
each condition. The discounting parameter and reaction time both decreased when the amount of (delayed) reward
was larger in both absolute (“2 vs 3” > “3 vs 4”) and relative (“2 vs 3” > “2 vs 4”) terms. These results indicate that
participants discounted the delayed, higher-rated pictures properly, and were more willing to wait for the larger
reward when it was more attractive. The results verify that the participants actually considered the picture stimuli
rewarding according to the “star” categories, validating this critical component of the paradigm. The error bar denotes
standard error of the mean. (** p = .000 for all pairs).

https://doi.org/10.1371/journal.pone.0222797.9013

conducted and rendered a Chi-square value of 36.65 that was significant (N = 65, p = .000). A
post hoc Bonferroni Wilcoxon signed rank test found that the difference in reaction time
between each condition pair was significant (p < .002). These results indicate that the decision
of whether to discount was more difficult when the difference between the rewards and the
amount of reward was smaller. Finally, there was a significant negative relationship between
the k-value and reaction time for each condition (“2 vs 3”: Pearson-r = -.404, N = 65, p = .001;
“3vs 4”: Pearson-r = -.419, p = .001; “2 vs 4”: Pearson-r = -.349, p = .004) of the Delay-Dis-
counting Task. This indicates that the participants who discounted the delayed reward more
heavily made their decisions faster. Overall, the delay-discounting results verify that the partic-
ipants actually considered the picture stimuli rewarding according to the “star” categories, vali-
dating this critical component of the paradigm.

Correlation between serial-choice behavior and other measures

To identify which, if any, phenomena were related with serial-choice behavior, we calculated
the Pearson correlation coefficient between serial choice and each of the experimental tasks
and psychological metrics. For serial choice, we examined both the SC score and its standard
deviation (SD). For the SC SD, both extreme preferences—i.e., favorite-first (with low SC
score) or favorite-last (with high SC)—necessarily had low standard deviations; while the
central SC scores reflected more mixed strategies across trials, and thus higher SDs. Thus, cor-
relations with the SC score would signal differences across low to high SC scores, while correla-
tions with the SC SD would signal differences between mixed vs. strict strategy preferences. At
the same time, since the favorite-last strategy was the most dominant for the participants, a
negative relationship between the SC score and the SC SD (Pearson-r = -.238, N = 69, p = .049)
was inevitable (given that the favorite-last strategy had a high SC and inherently required a low
standard deviation). Thus, it was important to isolate the SC score and SD effects. Therefore, if
a significant relationship was found between either the SC score or the SC SD with a given task
or metric, we conducted a subsequent partial correlation to isolate and verify the potential
relationship.
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Delay discounting was not correlated with the SC score or SC SD (S2 Table, Measure 5).
This indicates that the serial choice behavior appears to be independent of discounting future
(delayed) reward, at least under our experimental conditions. Thus, for example, a favorite-
first (or last) strategy did not derive from an impulsiveness stemming from steeper delay dis-
counting. In addition, although there was a general resemblance between serial choice and
sequence rating, such that most participants preferred ascending sequences, while a distinct
group preferred descending, scores on the two tasks were nonetheless not correlated (Pearson-
r=.133, N =69, p = .276), nor was the SC SD (S2 Table, Measure 6). Thus, preferences for
ascending or descending sequences did not remain consistent for individuals across the two
tasks. Indeed, an examination of Fig 14 shows that those participants who preferred descend-
ing retrospective sequential experiences were fairly evenly distributed across SC scores, reflect-
ing the independence of the two phenomena, at least under our experimental conditions.
Moreover, no other demographic (i.e., age, education, BMI) or psychometric measures (BDI,
STAI, BFI except conscientiousness and agreeableness) were significantly correlated with the
SC score or the SC SD, except for three: ERQ (i.e., emotion regulation), BFI-conscientiousness,
and BFI-agreeableness, described next.

Fig 15 shows the negative relationship uncovered between the ERQ (emotion regulation)
and SC scores (Pearson-r = -.254, N = 66, p = .040). Although we did not find a significant rela-
tionship between the ERQ score and SC standard deviation (Pearson-r = -.040, N = 66, p =
.750), we nonetheless also conducted a partial correlation to remove any potential SD effects;
as a result, the relationship between the ERQ and SC scores in fact became a bit stronger (Pear-
son-r = -.269, N = 66, p = .030). This negative relationship between the SC and ERQ scores
suggests, perhaps counterintuitively, that those participants with a propensity to prefer a favor-
ite-first strategy actually exhibited a stronger ability to regulate their emotions, as measured by
the ERQ questionnaire.

We also initially found the BFI-Conscientiousness score to have a significant negative rela-
tionship with the SC score (Pearson-r = -.239, N = 69, p = .048). However, at the same time,
the BFI-Conscientiousness score was also significantly positively correlated with the standard
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Fig 14. Individual results of the Sequence-Rating (SR) Task aligned with Serial-Choice (SC) score. The vertical axis
represents the SR slope, i.e., the retrospective sequential experience preference; while the horizontal axis represents
each participant aligned by the SC score from the Serial-Choice Task (i.e., the same participant order in Fig 6). The
higher (positive) SR score reflects a preference for ascending (e.g., 1-2-3-4) sequences, while the opposite (negative)
reflects that for descending (e.g., 4-3-2-1) sequences. The SC (x-axis) and SR (y-axis) scores were not correlated
(Pearson-r =.133, N = 69, p = .276), and thus preferences for ascending or descending sequences did not remain
consistent for individuals across the two tasks.

https://doi.org/10.1371/journal.pone.0222797.9014
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Fig 15. Relationship between Serial-Choice and ERQ scores. There was a negative correlation between the SC and
ERQ scores, indicating that the favorite-first strategy also showed better emotion-regulation ability. (Pearson-r = -.254,
N = 66, p = .040).

https://doi.org/10.1371/journal.pone.0222797.9015

deviation of the SC slope (Pearson-r = .390, N = 69, p = .001). Therefore, the actual relation-
ship between the BFI-Conscientiousness score and serial choice required further clarification:
i.e., whether being due to the SC score per se or the SD of the score. To determine this, we con-
ducted partial correlation analysis controlling the effect of the SC standard deviation. As a
result, we found that the relationship between the SC and BFI-Conscientiousness score (Pear-
son-r = -.164, p = .182) was no longer significant when the effect of the SC standard deviation
was eliminated, suggesting that the BFI-Conscientiousness score was related to the SC stan-
dard deviation, not the SC score. Indeed, the relationship between the BFI-Conscientiousness
score and SC SD remained significant when controlling for the SC score (Pearson-r = -.353,

N =69, p =.003). In fact, since participant age also had a marginally significant positive rela-
tionship with both BFI-Conscientiousness (Pearson-r = .216, N = 69, p = .074) and SC SD
(Pearson-r = .215, N = 69, p = .076), the effect of age also needed to be controlled. Nonetheless,
as a result of controlling for both SC score and age simultaneously, the relationship between
BFI-Conscientiousness and SC SD again remained significant (Pearson-r = .331, N =69, p =
.006). This positive correlation between the BFI-Conscientiousness score and the SC SD
shown in Fig 16A suggests that a high SC SD, which occurred by using various strategies for
serial choice as opposed to the same strategy continuously, was linked to the personality traits
of more self-discipline, dutifulness, and planning (versus, e.g., being more impulsive and
spontaneous).

Finally, the SC SD also appeared to have a significantly positive relationship with BFI-A-
greeableness (Pearson-r = .269, N = 69, p = .025). Although we did not find a significant rela-
tionship between BFI-Agreeableness and SC score (Pearson-r = -.173, N = 69, p = .154), we
nonetheless applied partial correlation analysis to eliminate any possible SC score effects, and
thus isolate the SC SD. As a result, the positive relationship between BFI-Agreeableness and
SC SD weakened, becoming marginally significant (Pearson-r = .238, N = 69, p = .051). This
marginally significant positive relationship shown in Fig 16B suggests that using multiple
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Fig 16. Relationship between standard deviation of Serial-Choice slope (SC SD) and BFI Conscientiousness and
Agreeableness scores. We found a significant positive correlation between the standard deviation of the SC slope and
the BFI Conscientiousness (15A) (Pearson-r = .390, N = 69, p = .001) and Agreeableness (15B) (Pearson-r = .269,

N =69, p = .025) scores. These results indicate that the use of more varying strategies in serial choice—compared to
strict favorite-first or favorite-last strategies—was linked to more self-disciplined and considerate personality traits.

https://doi.org/10.1371/journal.pone.0222797.9016

strategies rather than a fixed one was also potentially linked to personality traits of being con-
siderate and compliant.

Correlation between the other measures besides the SC score and SC
standard deviation

Finally, to provide further insight into the nature of the other tasks and metrics in the study,
and at the same time, benchmark our versions of the tasks with previous research based on
finding similar relationships among them, we examined the correlation coefficients of the
other tasks and metrics in the experiment (i.e., besides the SC Task). First, we found a signifi-
cant positive relationship between the delay-discounting parameter (k-value) and the BDI
(depression) scores (Fig 17A). This relationship was significant in the “3 vs 4” (Pearson-r =
440, N = 65, p = .000) and “2 vs 4” (Pearson-r = .302, N = 65, p = .014) conditions, and thus
not in the “2 vs 3” condition (Pearson-r =.033, N = 65, p = .793). These results provide
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Fig 17. Correlation of BDI score with both delay discounting and working-memory performance. The
relationships between BDI score and two behavioral task results: delay discounting parameter (A: Pearson-r = .440,

N = 65, p =.000) and working-memory performance (B: Pearson-r = -.266, N = 69, p = .027). Consistent with previous
studies, higher discounting of future reward and lower working-memory performance were linked to higher BDI
scores, suggesting more symptoms of depression.

https://doi.org/10.1371/journal.pone.0222797.9017
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evidence that our delay-discounting parameter was related with problematic psychometric
symptoms, with later rewards discounted more steeply, as has been typically found with
Delay-Discounting Tasks [24, 25, 26]. In addition, the k-value of the “3 vs 4” condition had a
negative correlation with BFI-Openness (personality) (Pearson-r = -.299, N = 65, p =.015),
which also supports the relationship between our discounting parameter and both positive
and negative psychometric symptoms: discounting delayed rewards less steeply with interest
in novelty and exploration, versus more steeply with withdrawing or depressive tendencies.

Second, we also found a significant negative relationship between working-memory perfor-
mance and the BDI (depression) scores (Pearson-r = -.266, N = 69, p = .027) (Fig 17B). Work-
ing-memory performance also had a negative correlation with the SAI (state anxiety) scores
(Pearson-r = -.275, N = 69, p = .022), and a positive relationship with BFI-Openness (Pearson-
r=.294, N =69, p = .014). These results indicate that high working-memory performance in
our experimental paradigm was associated with positive psychological symptoms, and low per-
formance with negative symptoms, consistent with previous studies [37, 38].

Third, also consistent with previous findings, we found several relationships that were sig-
nificant among BFI and other psychometric data. The BFI-Neuroticism scores showed a signif-
icant positive correlation with BDI (Pearson-r = .429, N = 69, p = .000), and TAI (trait anxiety)
(Pearson-r = .353, N = 69, p = .003) scores. There were also significant negative correlations
between the BFI-Conscientiousness and BDI (Pearson-r = -.275, N = 69, p = .022) scores, the
BFI-Extraversion and TAI (trait anxiety) scores (Pearson-r = -.445, N = 69, p = .000), and
BFI-Conscientiousness with TAI (Pearson-r = -.255, N = 69, p = .034). Given that BFI-Neuro-
ticism showed a significant negative correlation with the other BFI metrics, these results sug-
gest that the BDI, STAI (state-trait anxiety), and BFI questionnaires indeed measured the
expected symptoms of the participants [39, 40].

Fourth, besides its relationship with SC score, we also found that the ERQ (emotion regula-
tion) scores showed a significant positive relationship with BFI-Agreeableness (Pearson-r =
406, N = 66, p =.001). This suggest a general link between greater emotion regulation and
positive psychological traits.

Fifth, there was a significant positive relationship between the picture-rating scores of the
Serial-Choice and Sequence-Rating tasks (Pearson-r = .380, N = 69, p = .001). This indicates
there was a consistent individual tendency in ratings, such as rating all pictures relatively
higher than other participants did. Comparably, there was also a significant positive relation-
ship between the reaction times of the Serial-Choice and Delay-Discounting Tasks (Pearson-

r =.457,N = 65, p =.000), indicating an individual tendency toward a particular reaction
speed across the tasks relative to other participants.

Sixth, the age and education years of the participants significantly related with several mea-
sures. We found a positive relationship between education and the BFI-Conscientiousness
score (Pearson-r = .237, N = 69, p = .050), as reported previously [41]. Age also had a significant
negative relationship with number of (two-button-sequence) responses in the “3 star” category
in the Effort Task (Pearson-r = -.243, N = 69, p = .044) (though not with the other ‘1, 2, or 4
star’ categories). Since there was a strongly significant positive relationship between age and
education years (Pearson-r = .689, N = 69, p = .000), these relationships required further exami-
nation. After conducting partial correlation analysis, which eliminated the effect of age for the
effect of education years and vice versa, none of the results remained significant. Given that age
and education years were highly correlated and thus hard to discriminate, taken together, the
results suggest that the older (or more educated) participants were generally more conscien-
tious, and yet also exerted less effort to observe the rewarding pictures to some degree.

In sum, there were a number of findings among our tasks and metrics (besides serial
choice) that in general validated our novel picture-rating task, as well as our methodology to
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carry out all tasks and questionnaires: (1) a relationship between delay discounting and both
positive and negative symptoms (e.g., discounting delayed rewards less steeply when interested
more in exploration, versus more steeply when withdrawn or depressed); (2) high working-
memory performance associated with positive psychological symptoms and low performance
with negative symptoms; (3) several relationships among BFI and other psychometric data
(such as neuroticism with depression and anxiety); (4) a general link between greater emotion
regulation and positive psychological traits; (5) an individual tendency toward a particular
level of rating and reaction-time speed across the tasks relative to other participants; and
finally, (6) older (or more educated) participants were perhaps generally more conscientious,
and perhaps exerted a bit less effort than the younger (or less educated) participants in the
Effort Task.

Discussion

In the current study, we examined self-generated serial-choice behavior based on subjective
preferences. We also directly investigated delay discounting, sequential experience evaluation,
and working-memory performance, which have been postulated as potential underlying
causes, or at least sharing the same causal influences on serial choice [1, 2, 3, 14]. To test this
hypothesis, we developed a novel picture-based paradigm that enabled a direct comparison of
the performance on these tasks under the same conditions. To obtain robust measures of the
various behaviors and related psychological symptoms, we asked our participants to attend the
study four times with an average 1-week interval. Since all of our tasks used picture stimuli
with variable attractiveness levels, clarifying the participant’s specific preferences for each pic-
ture was critical. Thus, we collected rating data on a 500-picture set two separate times for
each participant. The picture set was sorted by mean rating score for each participant, then
divided into four (1 star ~ 4 star) groups with distinct preference levels. The consistency of the
ratings in the Picture-Rating Task, as well as the results in both the Effort and Delay-Discount-
ing Tasks, all verified the rewarding effect of the picture stimuli, and clear distinction across all
attractiveness categories.

In the Serial-Choice Task, which measured self-generated serial-choice behavior, we found
two dominant strategies, consistent with our previous study [1]. However, the most popular
strategy in the current experiment was choosing in the opposite order of preference (from 1
star to 4 star), i.e., favorite-last, which was the second most popular strategy in the “sushi prob-
lem” [1], with the second most being favorite-first, i.e., choosing from 4 star to 1 star. Thus,
the two strategies flipped in prevalence compared to the “sushi problem”. Possible reasons for
this difference between studies include gender, stimuli, or procedural differences. Since we
only recruited male participants for the current study, whereas the previous study included
both, this difference in strategy prevalence may have resulted from gender differences. Indeed,
for the “sushi problem”, the favorite-first strategy was found to be far more dominant in the
female subject group, while the difference between the two dominant strategies was much less
clear for the males. Regarding the experimental stimuli, we used picture stimuli versus food
(sushi) to mitigate the satiation effect of the reward, and to enable a more straightforward and
controlled comparison across tasks. And there is indeed substantial evidence that the different
stimuli could produce different behavioral patterns [42, 43], which also could relate to the gen-
der difference [44, 45]. Finally, other procedural differences are of course possible factors.
Thus, the reasons behind the differences in the prevalence of the top two strategies (favorite-
first or -last) requires further examination.

In any case, these two opposite behavioral patterns were clearly the most prevalent, with
favorite-last most dominant (Fig 6). Indeed, even for the middle groups, who followed various
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strategies across trials, the strict favorite-last (1-2-3-4) strategy was always the most preferred.
Examining reaction-times, we found that the average time of the first choices for all strategies
was much slower than the choices in the rest of the sequence. This indicates that the choice
strategy for the entire sequence was likely pre-determined before first choice. Thus, the entire
sequence of choices was viewed as a singular overarching event, as opposed to individual
choice events producing a pattern that the participants were unaware of. The serial-choice par-
adigm, therefore, successfully captured a fundamental higher-cognitive construct of people to
organize individual events into higher-order event complexes [1, 46]. At the same time, the
average time of the first choices of both the favorite-first (red) and favorite-last (blue) groups
was faster than the others, suggesting that even though all strategies were pre-determined, the
two dominant strategies were more strongly preferred, and thus more quickly determined
(Fig 10).

Since serial choice necessarily takes place across time and actions, multiple factors could
underlie the behavior, including valuation processes per se, working memory, time processing
and discounting. A comparison to performance on the other tasks, then, was also examined to
help delineate these effects.

Like previous research, we obtained clear discounting of delayed reward in our Delay-Dis-
counting Task with pictures of attractiveness; and the discounting effect was mitigated with a
larger delayed reward whether in absolute (“2 vs. 3” > “3 vs. 4”) or relative (“3 vs. 4” > “2 vs.
47) terms [26, 47]. In addition, the discounting parameter had a positive relationship with the
BDI (depression) score (Fig 17A), which is also consistent with previous studies [25]. Impor-
tantly, however, we did not find a significant correlation between the discounting parameter
and the SC score. This indicates that, unlike what may seem intuitive on the surface, under our
test conditions, time effects did not appear to significantly underlie the serial-choice prefer-
ences. Thus, for example, the favorite-first strategy did not appear to reflect an individual’s
degree of impulsiveness or impatience with reward delay.

For the Sequence-Rating Task, we also corroborated other findings that have shown a gen-
eral preference for ascending sequences (i.e., positive SR score), and thus, sequences that end
well [14, 15, 48, 49]. Yet at the same time, a certain proportion of participants (N = 17) exhib-
ited the opposite preference (i.e., for descending sequential experiences). Indeed, at least gen-
erally, the distributions of preferences in the SC and SR task appear similar (Figs 6 and 11A),
with both reflecting a prevalent preference for ascending sequences and yet a distinct group
preferring descending sequences. This general similarity suggests commonalities in the mecha-
nisms underlying sequential processing, i.e., whether via choice or experiential ratings, with
sufficient complexity that yields a broad cross section of preferences across individuals. Criti-
cally, however, as seen in Fig 14, these common general distributions did not reflect consistent
preferences of individuals across the two tasks; and thus we did not find a correlation between
the Serial-Choice and Sequence-Rating Tasks. Thus, for instance, a person with a strong favor-
ite-first strategy for serial choice could yet also have a strong ascending preference for sequen-
tial experiences (with their favorite last). This lack of correlation due to the inconsistency of
individual preferences across the two tasks suggests that the specific mechanisms underlying
preferences differ in the two tasks (i.e., whether different set of factors and/or relative weight-
ing of shared ones).

For example, given that sequence ratings occur after experiencing the sequence, working-
memory effects (in particular, primacy for descending preference, and recency for ascending)
may be stronger than for serial choice. Yet although memory performance in our study was
significantly higher when the target picture was located in the last position of the sequence
(Fig 12), there was not a significant correlation between working-memory performance and
the sequence ratings (SR score). Although our working-memory task was not the traditional
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serial recall, with all potential stimuli in the sequence asked to be recalled per trial, we believe it
is an efficient means of testing the same basic question: the extent to which images from each
position in the list can be remembered. Given enough trials, the results should be essentially
the same; and we did in fact obtain the expected primacy and recency effects. Indeed, if any-
thing, our test should have been easier, enabling a better opportunity for capturing working-
memory performance, with presumably a greater likelihood of obtaining a relationship
between task performances if there was an underlying relationship between the factors. Never-
theless, the potential effect of memory on sequential preference requires further examination,
including via a direct manipulation of the time scale [14, 15, 48, 49].

Another potentially important factor in sequence ratings is the affective potency of experi-
ences. Even if one’s working-memory abilities and self-control with time assessments are suffi-
ciently strong, the actual affective experiences could yet be most salient in the first or last
positions of the sequence—for the former, due to, e.g., a comparison to ‘baseline’, and the latter
due to, e.g., its nearness in time. Why some individuals were more affected earlier in the
sequence versus later (preferring descending as opposed to the more prevalent ascending),
could be due to other factors, including, for example, attention or sustained interest/motiva-
tion across the sequence (with attention or interest waning across the sequence for the
descending preferers). Additionally, exactly how the sequence items get chunked into a singu-
lar event could differ across individuals, with the first item and its affective tag being weighted
most highly for some.

The preference of most participants for sequence experiences ending well could also be sig-
nificantly driven by a valuation process based on the sequence items continually improving
(i.e., getting better and better). This kind of end’ bias is supported by the fact that adding a
minor (but positive) reward at the end makes a sequence less preferable [3, 11], and also that
the general preference for ascending sequences weakens or disappears when the timing of the
rating is delayed (like one week or more) [48, 49]. However, the same evaluation process
would be expected to underlie serial choice, and yet there was no correlation between the two
tasks. Nonetheless, this valuation process could be occurring in both cases (serial choice and
sequence rating) for those who prefer the ascending sequences in each task, with a lack of cor-
relation across tasks being due to additional factors such as attention that cause some individu-
als to change preferences across the tasks.

In sum, for sequence rating, the current study did corroborate the predominant preference
for sequences ending well, yet exactly why this prevailed and why some individuals preferred
descending sequences remains unclear, potentially influenced (at least to some degree) by the
underlying valuation process(es), memory, attention, and affective potency. Future studies
that also aim to examine multiple relevant factors under the same experimental conditions are
indeed necessary. Importantly, computational modeling with direct comparison of multiple
models is also needed to help disentangle and delineate actual contributions. Functional imag-
ing studies should also help to characterize the underlying mechanisms.

In any event, we did not obtain a relationship between the Sequence-Rating and Serial-
Choice Task results. Although such a null result warrants further investigation, given that our
results for each task were well benchmarked with previous studies, the lack of relationship sug-
gests that retrospective evaluation of past experiences is not directly linked to the prospective
serial-choice behaviors, at least in comparable conditions as ours. The working-memory per-
formance in the Sequence-Rating Task also did not show a relationship with the Serial-Choice
Task results, which also implies that a shortage or weakness of working-memory capacity was
not the reason for the strategy preferences, and in particular favorite-first. Similar with delay
discounting, working-memory performance is known to be related to problematic psychologi-
cal symptoms like depression and anxiety, which we also found with depression and state
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anxiety [37, 38]. Nonetheless, even though we obtained multiple relationships among the
behavioral task results and the psychological metric data, none of the tasks or metrics were
found to be related to serial choice, except for emotion regulation (the ERQ questionnaire),
conscientiousness, and agreeableness (the latter two from the BFI personality questionnaire).
Before considering these three findings further, we first highlight the fact that our results point
to sequential choice as a unique phenomenon and thus a higher-order cognitive ability in its
own right, and in particular, distinct from the discounting of future events, retrospective evalu-
ation of event sequences, and working-memory performance. Moreover, the findings further
suggest that the particular strategies found for each individual may reflect a reasonably stable
personal trait, not directly related to others such as impulsivity, biases in rating experienced
events, or a lack of working-memory capacity.

A relationship between serial choice and emotion regulation, on the surface, is not surpris-
ing, however, the direction is: that those with a lower SC score, and thus especially those pre-
ferring favorite-first, were more successful with emotion regulation—meaning as well that
those with a higher SC score, and especially preferring their favorite last, were weaker with
emotion regulation. This finding thus implies that people with a favorite-first preference tend
to deal better with their emotional experiences, and if anything, are even more self-disciplined
than those who prefer their favorite last. A possible explanation may entail focusing on the
less-preferred rather than the most-preferred stimuli. That is, the 1-star pictures were a rela-
tively negative event in our paradigm, and thus may have generated mild aversion. Perhaps
those with a favorite-last strategy held this strategy preference to some degree as a means to
tolerate these images by knowing that better was yet to come. In contrast, those with the pro-
pensity to control their emotions better could perhaps more readily tolerate the lower catego-
ries, and thus be less affected by them even with nothing better remaining in the sequence.
Thus, the aversive or negative emotional responses to the lower categories may have been
dampened for the favorite-first strategists [50]. From a cognitive-emotional appraisal perspec-
tive, by reappraising the situation they were in, the negative effect of emotionally evocative sti-
muli might be actively weakened by the favorite-first preferrers relative to favorite-last. Indeed,
the ability to reappraise has been shown to be linked to greater life satisfaction, self-esteem,
and well-being [31]. In our study, the positive associations (via the correlations) between emo-
tion regulation and agreeableness, and conscientiousness and extraversion, and the inverse
relationship between conscientiousness and depression, also support the notion that favorite-
first behavior is a reflection of positive psychological traits, which are conducive to cognitive-
emotional reappraisal. In any case, this intriguing finding of the relationship of emotion regu-
lation to serial choice warrants further examination in future studies.

The other relationships we found with serial choice were two personality traits from the BFI
questionnaire: conscientiousness and agreeableness, with the latter being marginally signifi-
cant (p =.051). In both cases, these traits were related to the standard deviation of the SC
score, indicating that using various strategies for serial choice rather than remaining with the
same one positively correlated with the traits. Conscientiousness reflects characteristics of
greater self-discipline, hard-working, dutiful, responsible, and more planning [29, 30]. There-
fore, it is possible that these participants may have been more involved in the experimental
context, and more considerate about what to choose. In fact, the SC-score middle groups did
exhibit a longer reaction time to make their first selection than those with more extreme SC
scores (Fig 10). Deeper thought about the task and sequence of choices may have also led to
heightened exploration to understand the options better and find the most preferred solution
and/or the avoidance of repetitive, more tedious behavior. The agreeableness personality trait
might be interpreted in a similar way, with characteristics of being considerate, compliant,
helpful, and concerning of others [29, 30]. These participants may be more eager to follow the
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instructions and perform in the experiment with more concentration and interest, which may
have again led to exploring more sequence experiences, while minimizing more tedious, repet-
itive behavior. Moreover, variety, such as experiencing sequences that contain some less-pre-
ferred components versus sequences of only most-preferred, may also be favored by some
when evaluated by retrospection [51, 52]. It will be interesting to determine if greater concen-
tration, thoughtfulness, and the like also lead to greater pleasure in varied experiences. Indeed,
exploration is also a useful strategy for finding the best and possibly optimal choice strategies,
even at the risk of drifting from the best choice strategy, with the benefit of avoiding capture in
local maxima. Although seeking such variety requires some cost (e.g., more cognitive energy),
these personality traits may underlie why the cost is paid. In any case, our intriguing findings
of conscientiousness, agreeableness (to some extent), and emotion regulation underling serial-
choice behavior warrant further examination of these relationships and the possible underly-
ing reasons for them.

The results of the current study should be treated with some caution, based on the experi-
mental conditions and constraints. For example, again, only male participants were recruited
to maximize our chances of maintaining sufficient motivation and thus reliable and stable
responses throughout the experiment. Since there is evidence for gender differences with
visual sexual stimuli, the results might differ with female participants [19-23, 45]. Future stud-
ies will likely have to pilot candidate related stimuli to obtain sufficient and sustained motiva-
tion with female participants. In addition, our participants were currently university
undergraduates or held undergraduate degrees, in their 20s or early 30s, with no history of
neurological or psychiatric abnormalities, limiting the current range of the results to this spe-
cific demographical group and psychologically “healthy” individuals. For example, people who
have problematic symptoms such as impulsivity may prefer favorite-first behavior due to the
lack of patience, which may then lead them to feelings of regret afterwards [6, 53]. Moreover,
the length of sequence is likely to be influential in subsequent effects obtained. We chose fairly
short sequence lengths in our study to simulate these types of real-world settings, as done in
the “sushi problem” study [1], as well as enable a feasible overall session length to examine all
the tasks together. Nonetheless, the relationship between one’s serial-choice behavior and
sequence rating or working-memory performance could be different in longer sequence para-
digms, for example. In the real world, to be sure, many of our serial choice sequences and
remembered experiences often take longer than the timeframe we examined, let alone the
uncertainty that typically exists, as well as the variety of rewards we pursue [6, 15, 52]. Future
work is therefore necessary to verify and extend these findings to other realistic conditions and
contexts, including with more variety in the reward types and population composition.

Nevertheless, our results match other research findings obtained under quite different para-
digms in multiple instances. While at the same time, our results suggest that sequential choice
may be a unique higher-order cognitive ability—separable from delay discounting, sequence
rating, and basic working memory constraints—enabling us to make strategic patterns of
choices in our complex, dynamic, yet sufficiently stable world; one that provides benefits to
those who can plan entire action policies across longer sequences of time. Here we found evi-
dence that certain particular cognitive-emotional and personality characteristics influence
serial-choice strategy selection. Exactly how and why this occurs, as well as the driving forces
underlying other serial-choice strategies, remain open questions.

Supporting information

S1 Table. Mean number of pictures for each picture set rating (‘N star’).
(TTF)
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$2 Table. Descriptive statistics (mean and SD) and Pearson inter-correlations between
measures. Measures 1-12 are depicted in both rows and columns. SC: Serial-Choice Task,
DD: Delay-Discounting Task (k-value), SR: Sequence-Rating Task, WM: Working-Memory
performance, EF: Effort Task, BDI: Beck Depression Inventory, SAI/TAI: State-Trait Anxiety
Inventory, ERQ: Emotion Regulation Questionnaire, BFI: Big Five Inventory. For DD, N = 65,
ERQ N = 66, otherwise N = 69. For Measure 5 (DD), 8 (EF), 9 (BDI), and 10 (SAI/TAI), the
data were log transformed. “*” is p < .05, ““*”is p < .01, ““**” is p < .001 and ““ denotes p
value between .05 ~ .10. (2-tailed)

(PNG)

@k »

S1 Fig. Individual results of the Serial-Choice (SC) task: Standard deviation of the SC
score. The vertical axis represents the standard deviation (SD) of the SC score (slope). The hor-
izontal axis represents each participant, aligned by the SC score (same with Fig 6). The higher
SD indicates that more varied strategies were used in the SC task across trials. Both left and
right extremes of the distribution (i.e., participants who maintained strict favorite-first or
favorite-last strategies) had lower SDs than the middle, indicating that the middle participants
used more varied serial-choice strategies.

(TIF)

S2 Fig. Rate of choices in serial-choice task. More details of the SC Task results. Panel A dis-
plays each possible strategy (N = 24) in the SC Task. Choice Strategy 1 is strict favorite-last
strategy (1-2-3-4), while the 24™ is the opposite, favorite-first (4-3-2-1). Panel B shows the rate
of choice strategies for all participants. Choice Strategy 1 (favorite-last) was most dominant,
followed by Choice strategy 24 (favorite-first). Panel C shows the rate of choice strategies
divided into seven subgroups. The criteria of group classification were the same as with Figs 8
and 9. The 1% group had a strong preference for Choice Strategy 24 (favorite-first), while the
4™ - 7™ groups preferred Strategy 1 (favorite-last). The 2" and 3™ groups used various strate-
gies, although Strategy 1 was still most preferred.

(TIF)

Author Contributions

Conceptualization: Sangsup Yoon, Sewoong Lim, Jaehyung Kwon, Jerald D. Kralik, Jaeseung
Jeong.

Data curation: Sangsup Yoon, Sewoong Lim, Jaehyung Kwon.
Formal analysis: Sangsup Yoon.
Funding acquisition: Jaeseung Jeong.

Investigation: Sangsup Yoon, Sewoong Lim, Jachyung Kwon, Jerald D. Kralik, Jaeseung
Jeong.

Methodology: Sangsup Yoon, Sewoong Lim, Jachyung Kwon, Jerald D. Kralik, Jaeseung
Jeong.

Project administration: Jerald D. Kralik, Jaeseung Jeong.
Resources: Jaeseung Jeong.

Software: Sangsup Yoon, Sewoong Lim, Jaehyung Kwon.
Supervision: Jerald D. Kralik, Jaeseung Jeong.

Validation: Sangsup Yoon, Jerald D. Kralik, Jaeseung Jeong.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222797  October 4, 2019 28/31


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222797.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222797.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222797.s004
https://doi.org/10.1371/journal.pone.0222797

@ PLOS|ONE

Serial decisions influenced by emotion regulation and conscientiousness

Visualization: Sangsup Yoon.

Writing - original draft: Sangsup Yoon, Jerald D. Kralik.

Writing - review & editing: Sangsup Yoon, Sewoong Lim, Jaehyung Kwon, Jerald D. Kralik,

Jaeseung Jeong.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Jeong J, Oh 'Y, Chun M, Kralik JD. Preference-Based Serial Decision Dynamics: Your First Sushi
Reveals Your Eating Order at the Sushi Table. Matsunami H, editor. PLoS One. 2014; 9: e96653.
https://doi.org/10.1371/journal.pone.0096653 PMID: 24846274

Jung K, Kralik JD. Get it while it's hot: A peak-first bias in self-generated choice order in rhesus
macagques. PLoS One. 2013;8. https://doi.org/10.1371/journal.pone.0083814 PMID: 24376758

Blanchard TC, Wolfe LS, Vlaev |, Winston JS, Hayden BY. Biases in preferences for sequences of out-
comes in monkeys. Cognition. Elsevier B.V.; 2014; 130: 289-299. https://doi.org/10.1016/j.cognition.
2013.11.012 PMID: 24374208

Mazur JE. An adjusting procedure for studying delayed reinforcement. Quantitative analyses of behav-
ior. Hillsdale, NJ, US: Lawrence Erlbaum Associates, Inc; 1987.

Bickel WK, Odum AL, Madden GJ. Impulsivity and cigarette smoking: delay discounting in current,
never, and ex-smokers. Psychopharmacology (Berl). 1999; 146: 447—454. https://doi.org/10.1007/
pl00005490 PMID: 10550495

Story GW, Vlaev |, Seymour B, Darzi A, Dolan RJ. Does temporal discounting explain unhealthy behav-
ior? A systematic review and reinforcement learning perspective. Front Behav Neurosci. 2014; 8: 1-20.
https://doi.org/10.3389/fnbeh.2014.00001

Hakimi S, Hare TA. Enhanced Neural Responses to Imagined Primary Rewards Predict Reduced Mon-
etary Temporal Discounting. J Neurosci. 2015; 35: 13103—13109. https://doi.org/10.1523/JNEUROSCI.
1863-15.2015 PMID: 26400940

Green L, Myerson J, Holt DD, Slevin JR, Estle SJ. Discounting of delayed food rewards in pigeons and
rats: is there a magnitude effect? J Exp Anal Behav. 2004; 81: 39-50. https://doi.org/10.1901/jeab.
2004.81-39 PMID: 15113132

Hwang J. Temporal discounting and inter-temporal choice in rhesus monkeys. Front Behav Neurosci.
2009; 3: 1-13. https://doi.org/10.3389/neuro.08.001.2009

Whitten WB, Bjork R a. Recency-sensitive retrieval processes in long-term free recall. Cogn Psychol.
1974; 6: 173—189.

Kahneman D, Fredrickson BL, Schreiber CA, Redelmeier DA. When More Pain Is Preferred to Less:
Adding a Better End. Psychol Sci. 1993; 4: 401—-405. https://doi.org/10.1111/j.1467-9280.1993.
tb00589.x

DO AM, RUPERT A V., WOLFORD G. Evaluations of pleasurable experiences: The peak-end rule.
Psychon Bull Rev. 2008; 15: 96—-98. https://doi.org/10.3758/PBR.15.1.96 PMID: 18605486

Kahneman D. Thinking, fast and slow. Thinking, fast and slow. New York, NY, US: Farrar, Straus and
Giroux; 2011.

Loewenstein GF, Prelec D. Preferences for sequences of outcomes. Psychol Rev. 1993; 100: 91-108.
https://doi.org/10.1037/0033-295X.100.1.91

Chapman Gretchen B. Preferences for improving and declining sequences of health outcomes. J
Behav Decis Mak. 2000; 13: 203-218. Available: http://dx.doi.org/10.1002/(SICI)1099-0771(200004/
06)13:2%3C203::AID-BDM317%3E3.0.CO;2-S

Aharon |, Etcoff N, Ariely D, Chabris CF, O’Connor E, Breiter HC. Beautiful Faces Have Variable
Reward Value. Neuron. 2001; 32: 537-551. https://doi.org/10.1016/s0896-6273(01)00491-3 PMID:
11709163

Sescousse G, Caldu X, Segura B, Dreher JC. Processing of primary and secondary rewards: A quanti-
tative meta-analysis and review of human functional neuroimaging studies. Neurosci Biobehav Rev.
Elsevier Ltd; 2013; 37: 681-696. https://doi.org/10.1016/j.neubiorev.2013.02.002 PMID: 23415703

ZengJ, Wang Y, Zhang Q. An ERP Study on Decisions between Attractive Females and Money. PLoS
One. 2012;7. https://doi.org/10.1371/journal.pone.0045945 PMID: 23077499

Hayden BY, Parikh PC, Deaner RO, Platt ML. Economic principles motivating social attention in
humans. Proc R Soc B Biol Sci. 2007; 274: 1751-1756. https://doi.org/10.1098/rspb.2007.0368 PMID:
17490943

PLOS ONE | https://doi.org/10.1371/journal.pone.0222797  October 4, 2019 29/31


https://doi.org/10.1371/journal.pone.0096653
http://www.ncbi.nlm.nih.gov/pubmed/24846274
https://doi.org/10.1371/journal.pone.0083814
http://www.ncbi.nlm.nih.gov/pubmed/24376758
https://doi.org/10.1016/j.cognition.2013.11.012
https://doi.org/10.1016/j.cognition.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24374208
https://doi.org/10.1007/pl00005490
https://doi.org/10.1007/pl00005490
http://www.ncbi.nlm.nih.gov/pubmed/10550495
https://doi.org/10.3389/fnbeh.2014.00001
https://doi.org/10.1523/JNEUROSCI.1863-15.2015
https://doi.org/10.1523/JNEUROSCI.1863-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26400940
https://doi.org/10.1901/jeab.2004.81-39
https://doi.org/10.1901/jeab.2004.81-39
http://www.ncbi.nlm.nih.gov/pubmed/15113132
https://doi.org/10.3389/neuro.08.001.2009
https://doi.org/10.1111/j.1467-9280.1993.tb00589.x
https://doi.org/10.1111/j.1467-9280.1993.tb00589.x
https://doi.org/10.3758/PBR.15.1.96
http://www.ncbi.nlm.nih.gov/pubmed/18605486
https://doi.org/10.1037/0033-295X.100.1.91
http://dx.doi.org/10.1002/(SICI)1099-0771(200004/06)13:2%3C203::AID-BDM317%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1099-0771(200004/06)13:2%3C203::AID-BDM317%3E3.0.CO;2-S
https://doi.org/10.1016/s0896-6273(01)00491-3
http://www.ncbi.nlm.nih.gov/pubmed/11709163
https://doi.org/10.1016/j.neubiorev.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23415703
https://doi.org/10.1371/journal.pone.0045945
http://www.ncbi.nlm.nih.gov/pubmed/23077499
https://doi.org/10.1098/rspb.2007.0368
http://www.ncbi.nlm.nih.gov/pubmed/17490943
https://doi.org/10.1371/journal.pone.0222797

@ PLOS|ONE

Serial decisions influenced by emotion regulation and conscientiousness

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cloutier J, Heatherton TF, Whalen PJ, Kelley WM. Are Attractive People Rewarding? Sex Differences
in the Neural Substrates of Facial Attractiveness. J Cogn Neurosci. 2008; 20: 941-951. https://doi.org/
10.1162/jocn.2008.20062 PMID: 18211242

Rupp HA, Wallen K. Sex differences in viewing sexual stimuli: An eye-tracking study in men and
women. Horm Behav. 2007; 51: 524-533. https://doi.org/10.1016/j.yhbeh.2007.01.008 PMID:
17362952

Hamann S, Herman RA, Nolan CL, Wallen K. Men and women differ in amygdala response to visual
sexual stimuli. Nat Neurosci. 2004; 7: 411-416. https://doi.org/10.1038/nn1208 PMID: 15004563

Stevens JS, Hamann S. Sex differences in brain activation to emotional stimuli: A meta-analysis of neu-
roimaging studies. Neuropsychologia. Elsevier Ltd; 2012; 50: 1578—1593. https://doi.org/10.1016/j.
neuropsychologia.2012.03.011 PMID: 22450197

Housden CR, O’Sullivan SS, Joyce EM, Lees AJ, Roiser JP. Intact reward learning but elevated delay
discounting in Parkinson’s disease patients with impulsive-compulsive spectrum behaviors. Neuropsy-
chopharmacology. 2010; 35: 2155-2164. https://doi.org/10.1038/npp.2010.84 PMID: 20631686

Imhoff S, Harris M, Weiser J, Reynolds B. Delay discounting by depressed and non-depressed adoles-
cent smokers and non-smokers. Drug Alcohol Depend. Elsevier Ireland Ltd; 2014; 135: 152—155.
https://doi.org/10.1016/j.drugalcdep.2013.11.014 PMID: 24360649

Jarmolowicz DP, Cherry JBC, Reed DD, Bruce JM, Crespi JM, Lusk JL, et al. Robust relation between
temporal discounting rates and body mass. Appetite. Elsevier Ltd; 2014; 78: 63—67. https://doi.org/10.
1016/j.appet.2014.02.013 PMID: 24650831

Wesley MJ, Bickel WK. Remember the Future II: Meta-analyses and Functional Overlap of Working
Memory and Delay Discounting. Biol Psychiatry. Elsevier; 2014; 75: 435—-448. https://doi.org/10.1016/j.
biopsych.2013.08.008 PMID: 24041504

Myerson J, Green L, Warusawitharana M. Area under the curve as a measure of discounting. J Exp
Anal Behav. 2001; 76: 235-243. https://doi.org/10.1901/jeab.2001.76-235 PMID: 11599641

John OP, Donahue EM, Kentle RL. The big five inventory—versions 4a and 54. Berkeley, CA: Univer-
sity of California,Berkeley, Institute of Personality and Social Research; 1991.

Kim S, Kim J, Yoo J, Bae K, Kim S, Yang S, et al. Standardization and Validation of Big Five Inventory-
Korean Version(BFI-K) in Elders. Korean J Biol psychiatry. 2010; 17: 15-25.

Gross JJ, John OP. Individual differences in two emotion regulation processes: Implications for affect,
relationships, and well-being. J Pers Soc Psychol. American Psychological Association; 2003; 85: 348—
362. https://doi.org/10.1037/0022-3514.85.2.348 PMID: 12916575

Lee E, Suh E, Chu T, Kim HS, Sherman DK. |Is Emotion Suppression That Bad? Comparing the Emo-
tion Suppression and Subjective Well-being Link in Two Cultures. Korean J Soc Personal Psychol.
2009; 23: 131-146. hitps://doi.org/10.21193/kjspp.2009.23.1.008

Beck AT, Steer RA, Ball R, Ranieri W. Comparison of Beck Depression Inventories -IA and -1 in psychi-
atric outpatients. J Pers Assess. San Antonio, TX: Psychological Corporation; 1996; 67: 588-97.
https://doi.org/10.1207/s15327752jpa6703_13 PMID: 8991972

Lim SY, Lee EJ, Jeong SW, Kim HC, Jeong CH, Jeon TY, et al. The Validation Study of Beck Depres-
sion Scale 2 in Korean Version. Anxiety Mood. 2011; 7: 48-53.

Spielberger CD, Gorsuch R, Lushene RE, Vagg PR, Jacobs GA. Manual for the State-Trait Anxiety
Inventory. Consulting Psychologists Press. Palo Alto, CA; 1983.

DW H, CH L, KK C. Korean adaptation of Spielberger's STAI (K-STAI). Korean J Heal Psychol. 1996; 1:
1-14.

Christopher G, MacDonald J. The impact of clinical depression on working memory. Cogn Neuropsychi-
atry. 2005; 10: 379-399. https://doi.org/10.1080/13546800444000128 PMID: 16571468

Hadwin JA, Brogan J, Stevenson J. State anxiety and working memory in children: A test of processing
efficiency theory. Educ Psychol. 2005; 25: 379-393. https://doi.org/10.1080/01443410500041607

Rounds JS, Beck JG, Grant DM. Is the delay discounting paradigm useful in understanding social anxi-
ety? Behav Res Ther. 2007; 45: 729-735. https://doi.org/10.1016/j.brat.2006.06.007 PMID: 16890909

Bjgrnebekk A, Fjell AM, Walhovd KB, Grydeland H, Torgersen S, Westlye LT. Neuronal correlates of
the five factor model (FFM) of human personality: Multimodal imaging in a large healthy sample. Neuro-
image. Elsevier Inc.; 2013; 65: 194-208. https://doi.org/10.1016/j.neuroimage.2012.10.009 PMID:
23063449

Roberts BW, Walton KE, Viechtbauer W. Patterns of mean-level change in personality traits across the
life course: A meta-analysis of longitudinal studies. Psychol Bull. 2006; 132: 1-25. https://doi.org/10.
1037/0033-2909.132.1.1 PMID: 16435954

PLOS ONE | https://doi.org/10.1371/journal.pone.0222797  October 4, 2019 30/31


https://doi.org/10.1162/jocn.2008.20062
https://doi.org/10.1162/jocn.2008.20062
http://www.ncbi.nlm.nih.gov/pubmed/18211242
https://doi.org/10.1016/j.yhbeh.2007.01.008
http://www.ncbi.nlm.nih.gov/pubmed/17362952
https://doi.org/10.1038/nn1208
http://www.ncbi.nlm.nih.gov/pubmed/15004563
https://doi.org/10.1016/j.neuropsychologia.2012.03.011
https://doi.org/10.1016/j.neuropsychologia.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22450197
https://doi.org/10.1038/npp.2010.84
http://www.ncbi.nlm.nih.gov/pubmed/20631686
https://doi.org/10.1016/j.drugalcdep.2013.11.014
http://www.ncbi.nlm.nih.gov/pubmed/24360649
https://doi.org/10.1016/j.appet.2014.02.013
https://doi.org/10.1016/j.appet.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24650831
https://doi.org/10.1016/j.biopsych.2013.08.008
https://doi.org/10.1016/j.biopsych.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24041504
https://doi.org/10.1901/jeab.2001.76-235
http://www.ncbi.nlm.nih.gov/pubmed/11599641
https://doi.org/10.1037/0022-3514.85.2.348
http://www.ncbi.nlm.nih.gov/pubmed/12916575
https://doi.org/10.21193/kjspp.2009.23.1.008
https://doi.org/10.1207/s15327752jpa6703_13
http://www.ncbi.nlm.nih.gov/pubmed/8991972
https://doi.org/10.1080/13546800444000128
http://www.ncbi.nlm.nih.gov/pubmed/16571468
https://doi.org/10.1080/01443410500041607
https://doi.org/10.1016/j.brat.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16890909
https://doi.org/10.1016/j.neuroimage.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23063449
https://doi.org/10.1037/0033-2909.132.1.1
https://doi.org/10.1037/0033-2909.132.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16435954
https://doi.org/10.1371/journal.pone.0222797

@ PLOS|ONE

Serial decisions influenced by emotion regulation and conscientiousness

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Charlton SR, Fantino E. Commaodity specific rates of temporal discounting: Does metabolic function
underlie differences in rates of discounting? Behav Processes. 2008; 77: 334—342. https://doi.org/10.
1016/j.beproc.2007.08.002 PMID: 17919848

Weatherly JN, Terrell HK, Derenne A. Delay discounting of different commodities. J Gen Psychol. 2010;
137: 273-286. https://doi.org/10.1080/00221309.2010.484449 PMID: 20718227

Spreckelmeyer KN, Rademacher L, Paulus FM, Grinder G. Neural activation during anticipation of
opposite-sex and same-sex faces in heterosexual men and women. Neuroimage. Elsevier Inc.; 2013;
66: 223-231. https://doi.org/10.1016/j.neuroimage.2012.10.068 PMID: 23128082

Manippa V, Padulo C, van der Laan LN, Brancucci A. Gender Differences in Food Choice: Effects of
Superior Temporal Sulcus Stimulation. Front Hum Neurosci. 2017; 11: 1-9. https://doi.org/10.3389/
fnhum.2017.00001

Wood JN, Grafman J. Human prefrontal cortex: Processing and representational perspectives. Nat Rev
Neurosci. 2003; 4: 139—-147. https://doi.org/10.1038/nrn1033 PMID: 12563285

Chapman GB, Elstein AS. Valuing the Future. Med Decis Mak. 1995; 15: 373-386. https://doi.org/10.
1177/0272989X9501500408 PMID: 8544681

Montgomery NV, Unnava HR. Temporal Sequence Effects: A Memory Framework. J Consum Res.
2009; 36: 83—-92. https://doi.org/10.1086/595278

Geng X, Chen Z, Lam W, Zheng Q. Hedonic Evaluation over Short and Long Retention Intervals: The
Mechanism of the Peak-End Rule. J Behav Decis Mak. 2013; 26: 225-236. https://doi.org/10.1002/
bdm.1755

Baek K, Kwon J, Chae J-H, Chung YA, Kralik JD, Min J-A, et al. Heightened aversion to risk and loss in
depressed patients with a suicide attempt history. Sci Rep. Springer US; 2017; 7: 11228. https://doi.org/
10.1038/s41598-017-10541-5 PMID: 28894106

Ratner RK, Kahn BE, Kahneman D. Choosing Less-Preferred Experiences For the Sake of Variety. J
Consum Res. 1999; 26: 1-15. https://doi.org/10.1086/209547

Jung K, Jang H, Kralik JD, Jeong J. Bursts and Heavy Tails in Temporal and Sequential Dynamics of
Foraging Decisions. PLoS Comput Biol. 2014; 10: 27-31. https://doi.org/10.1371/journal.pcbi. 1003759
PMID: 25122498

Hendrickson KL, Rasmussen EB, Lawyer SR. Measurement and validation of measures for impulsive
food choice across obese and healthy-weight individuals. Appetite. Elsevier Ltd; 2015; 90: 254—-263.
https://doi.org/10.1016/j.appet.2015.03.015 PMID: 25796210

PLOS ONE | https://doi.org/10.1371/journal.pone.0222797  October 4, 2019 31/31


https://doi.org/10.1016/j.beproc.2007.08.002
https://doi.org/10.1016/j.beproc.2007.08.002
http://www.ncbi.nlm.nih.gov/pubmed/17919848
https://doi.org/10.1080/00221309.2010.484449
http://www.ncbi.nlm.nih.gov/pubmed/20718227
https://doi.org/10.1016/j.neuroimage.2012.10.068
http://www.ncbi.nlm.nih.gov/pubmed/23128082
https://doi.org/10.3389/fnhum.2017.00001
https://doi.org/10.3389/fnhum.2017.00001
https://doi.org/10.1038/nrn1033
http://www.ncbi.nlm.nih.gov/pubmed/12563285
https://doi.org/10.1177/0272989X9501500408
https://doi.org/10.1177/0272989X9501500408
http://www.ncbi.nlm.nih.gov/pubmed/8544681
https://doi.org/10.1086/595278
https://doi.org/10.1002/bdm.1755
https://doi.org/10.1002/bdm.1755
https://doi.org/10.1038/s41598-017-10541-5
https://doi.org/10.1038/s41598-017-10541-5
http://www.ncbi.nlm.nih.gov/pubmed/28894106
https://doi.org/10.1086/209547
https://doi.org/10.1371/journal.pcbi.1003759
http://www.ncbi.nlm.nih.gov/pubmed/25122498
https://doi.org/10.1016/j.appet.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25796210
https://doi.org/10.1371/journal.pone.0222797

