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ABSTRACT

Asking students to generate a prediction before presenting the correct answer is a
popular instructional strategy. This study tested whether a person’s degree of
confidence in a prediction is related to their curiosity and surprise regarding the
answer. For a series of questions about numerical facts, participants (N=29)
generated predictions and rated their confidence in the prediction before seeing
the correct answer. The increase in pupil size before viewing the correct answer
was used as a physiological marker of curiosity, and the increase in pupil size after
viewing the correct answer was used as a physiological marker of surprise. The
results revealed that the pupillometric marker of curiosity was most pronounced if
students were slightly more confident in their prediction than usual, and it was
lower for predictions made with either very high or very low confidence.
Furthermore, the results showed that high-confidence prediction errors and low-
confidence correct responses yielded a pupillary surprise response, suggesting that
highly unexpected results evoke surprise, independent of the correctness of the
prediction. Together, results suggest that confidence in a prediction plays an
important role in the occurrence of epistemic emotions such as curiosity and surprise.
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What is the colour of an orange in tropical regions?
When picturing a ripe, juicy orange, most people
would say with high confidence that oranges are
orange. People who live in tropical regions would
likely predict a different colour with high confidence.
Still others may suspect that this is a trick question
and guess another colour with low confidence.
Varying degrees of prior knowledge about oranges
and their typical colours thus go hand in hand with
varying degrees of confidence in the prediction.
After making a prediction, people become curious
about whether their answer is correct. Those who
were very confident that oranges are orange will be
surprised to learn that ripe oranges are green in tropi-
cal regions. The answer is not that surprising for those
who have already tasted a ripe, green orange. For
those who guessed incorrectly, learning that
oranges are green is similarly unsurprising. The

answer may well be surprising, however, for those
who randomly guessed green correctly.

These examples illustrate how generating a predic-
tion before seeing the correct answer can evoke episte-
mic emotions. Epistemic emotions, such as curiosity
and surprise, relate to knowledge and the generation
of knowledge, and can be prompted by discrepancies
or contradictions between existing knowledge and
new information or by knowledge gaps (Vogl et al.,
2019). Curiosity is evoked by an information gap, i.e.
by a discrepancy between what a person knows and
what they want to know (Loewenstein, 1994). Surprise
is evoked by feedback that violates their prior expec-
tation, i.e. through prediction errors (e.g. Alexander &
Brown, 2019; Reisenzein et al,, 2019). Several recent
studies have indicated that both curiosity and surprise
are enhanced when participants engage in generating
predictions before being presented with the correct
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answer (Brod et al, 2018; Brod & Breitwieser, 2019;
Theobald & Brod, 2021). These results suggest that gen-
erating a prediction increases awareness of an existing
knowledge gap, which promotes curiosity and, if the
prediction turns out to be wrong, may evoke surprise.

Predictions can be made with varying degrees of
confidence. Feelings of confidence constitute a meta-
cognitive experience, which is generated after knowl-
edge has been retrieved (Nelson & Narens, 1990). In
the context of predicting, feelings of confidence
depict a person’s subjective certainty about a predic-
tion. Feelings of confidence likely result from pre-exist-
ing semantic associations between the question and
the correct answer, which allow us to generate a pre-
diction and not merely a guess (c.f. Brod, 2021). One
main goal of the current study was to replicate and
extend previous findings that found that a person’s
degree of confidence in a prediction is related to
their curiosity and surprise regarding the answer.

Confidence and curiosity are assumed to be closely
related. In particular, it has been suggested that their
relation follows an inverted-U-shape (Kang et al.,
2009): The authors showed that curiosity ratings are
highest for predictions made with an intermediate
level of confidence and lowest for low-confidence
and high-confidence predictions. In a recent review it
has further been suggested that curiosity generally
increases with confidence but then sharply decreases
when the correct answer is already known (Metcalfe
et al, 2020). For instance, Metcalfe et al. (2017)
showed that participants were particularly curious
when they thought that they almost knew the
correct answer. In these cases, participants likely antici-
pated to be correct. Anticipating a rewarding outcome
has been shown to activate brain regions that have
also been linked to higher self-reported curiosity
(Kang et al., 2009; Schneider et al., 2018). In summary,
these results suggest that curiosity is largest for predic-
tions made with intermediate to high levels of confi-
dence while it is lowest for low-confidence ratings
and for answers that are already known.

Confidence reflects the strength of expectation
and therefore also plays an important role for surprise.
Surprise intensity increases with the degree of unex-
pectedness of an outcome, which depends on lear-
ners’ confidence in their incorrect belief (Reisenzein
et al.,, 2019). Hence, incorrect guesses that are made
with low confidence should not elicit a strong surprise
response. In contrast, incorrect predictions made with
high confidence should elicit a strong surprise
response. For instance, Reisenzein (2000) found that

participants reported higher surprise after making
an incorrect prediction with high confidence. These
surprising events might then receive special attention
(see Reisenzein et al, 2019 for an overview). For
instance, in Butterfield and Metcalfe (2006), partici-
pants’ performance in a tone detection task was
impaired after they committed a high-confidence
error, suggesting that the expectancy-violation feed-
back took up more attentional resources. Perform-
ance in the tone detection task was also impaired
after correct predictions that were made with low
confidence. In this case, being unexpectedly correct
may have induced surprise as well, because the
subject did not expect that the low-confidence
guess would turn out to be correct. Surprise,
however, was not assessed in this study. Hence, it
remains unclear whether prediction errors and confi-
dence interactively predict the level of surprise.
Another recent study examined correlations
between high-confidence errors and ratings of sur-
prise and curiosity (Vogl et al., 2019). Students
answered trivia questions and gave confidence
ratings. After receiving feedback, students rated their
surprise about the outcome and their curiosity about
receiving an explanation for the outcome. Correctness
was assessed as a binary outcome. It thus remained
unclear whether the size of the error matters for the
relation between high and low confidence errors
and surprise. Furthermore, surprise and curiosity
were assessed simultaneously via retrospective self-
reports after seeing the correct outcome. Hence, the
temporal dynamics of surprise and curiosity when
anticipating the outcome were not examined.
Changes in pupil size capture temporal dynamics
and have been shown to be markers of the physiologi-
cal component of curiosity and surprise. The continu-
ous increase in pupil size before an outcome is
presented has been shown to be related to self-
reported degrees of curiosity (Brod & Breitwieser,
2019; Kang et al, 2009). Likewise, the increase in
pupil size within the first two seconds after an expect-
ancy-violation outcome is presented constitutes a
reliable marker of a violation of expectation (Breitwie-
ser & Brod, 2021; Kriiger et al., 2019; Reisenzein et al.,
2006; Theobald & Brod, 2021), which has been called
the pupillary surprise response (Brod et al., 2018).
Taken together, these results suggest that curiosity
is associated with an increase in pupil size when
anticipating feedback, while surprise is associated
with an increase in pupil size after receiving corrective
feedback. In summary, while pupil size does not



reflect to which degree learners felt surprised or
curious, it does provide quantitative data on the phys-
iological components of curiosity and surprise and
their temporal dynamics.

Task-evoked changes in pupil size offer a fine-
grained assessment of changes in arousal during a
cognitive task (Beatty, 1982). These changes are
driven by the release of norepinephrine in the brain-
stem'’s locus coeruleus (Joshi et al., 2016), which in
turn receives input from the anterior cingulate
cortex (ACC; Aston-Jones & Cohen, 2005). Increased
activity in the ACC has been linked to the anticipation
of reward and curiosity (Gruber et al., 2014). The ACC
is further activated by surprising events that violate
prior expectations (Alexander & Brown, 2019). ACC
activity has been shown to correspond to an increase
in pupil size when anticipating a reward (i.e. indicative
of curiosity; Schneider et al., 2018) and when proces-
sing conflicting information (i.e. indicative of surprise;
Ebitz & Platt, 2015). Hence, the evidence from neuro-
physiological studies suggests that changes in pupil
size correspond to changes in physiological arousal
that occur in parallel with curiosity and surprise.

The current study

In the present study, we tested how confidence in a
prediction relates to the physiological component of
curiosity and surprise, as assessed by pupillometry.
We used an experimental paradigm in which univer-
sity students were asked to predict the correct
number in a series of incomplete facts in an “X out
of 10" format and to indicate their confidence in
their predictions. We assessed changes in pupil size
as markers of the physiological component of curios-
ity and surprise. We define the increase in pupil size
when anticipating corrective feedback as a marker
of the physiological component of curiosity, and we
define the increase in pupil size after seeing an unex-
pected result as a marker of the physiological com-
ponent of surprise. These changes in pupil size are
assumed to originate from changes in noradrenaline
release (Joshi et al.,, 2016). Noradrenaline release has
been linked to the recognition of a violation of expec-
tation (Lawson et al., 2021). Further, an increase in
pupil size when anticipating an outcome has been
linked to increased activity in brain regions involved
in reward anticipation and to higher self-reported
curiosity (Kang et al.,, 2009; Schneider et al., 2018).
Hence, the pupillary data provide fine-grained, sensi-
tive markers of trial-to-trial changes in the
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physiological component of surprise and curiosity in
high temporal resolution.

We aimed to replicate and extend previous
findings on the relation between confidence in a pre-
diction, curiosity, and surprise using a well-tested quiz
paradigm (see Reisenzein, 2000). We hypothesised
linear and quadratic relations between confidence
and the pupillometric marker of curiosity, thereby
replicating prior findings (e.g. Brod & Breitwieser,
2019; Kang et al., 2009; Metcalfe et al., 2020). Further-
more, we aimed to replicate and extend previous
research that showed an interaction between confi-
dence and prediction errors in determining surprise
(see e.g. Reisenzein et al., 2019 for a review; Vogl
et al., 2019). We hypothesised that large high-confi-
dence prediction errors would evoke a stronger pupil-
lary surprise response compared to small high-
confidence prediction errors. We thereby extend pre-
vious findings in two ways. First, we tested whether
the proposed interaction between confidence and
prediction error depends on the size of the prediction
error (i.e. small, medium, or large). Second, we
measured the pupillary surprise response compared
to self-reported surprise. In addition, we explored
whether low-confidence correct predictions likewise
evoke a stronger pupillary surprise response com-
pared to high-confidence correct predictions, as
suggested by Butterfield and Metcalfe (2006).

Materials and methods
Participants

We tested 29 university students (Mage = 23.07, SDpge
=3.07, [19; 30], 69% female) to obtain the target
sample size of n=28. Data from one participant
were discarded because the participant always indi-
cated the same confidence level across all trials, indi-
cating an inadequate use of the confidence scale.
Sample size was determined a priori using G*Power
with the following settings: 2 X 2 repeated measures
ANOVA, effect size f=.25, alpha =.05, beta =.90, cor-
relation among repeated measures=.7. The effect
size was derived from a prior study in which we
used a similar paradigm to test how unexpected out-
comes affect memory and surprise (Brod et al., 2018).
Please note that we decided after the data had been
collected (but before performing any analyses) that
it is more appropriate to perform the analyses using
linear mixed models. A major advantage of linear
mixed models is that they can account for
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dependencies among observations originating from
the same person by specifying random effects for
each person. Furthermore, linear mixed models are
suitable for unbalanced designs where the number
of observations (e.g. the number of high-confidence
errors) varies across participants, as was the case for
our study. We therefore conducted an additional
power simulation for linear mixed models using a
simulated data set based on the current sample and
paradigm: 28 participants, 90 trials, fixed effect for
interaction term=.05, value for random intercept
=.01, value for variance in random intercept =.0002,
critical value=2, 1000 simulation. The input values
were derived post-hoc based on the results from a
mixed effects regression that tested the interaction
between confidence and prediction error as a predic-
tor of the pupillary surprise response. Results revealed
a power of 81.10% CI[71.93, 88.16] for a 2-way inter-
action effect. The power simulation was conducted
using the “simr” package in R.

Participants were recruited through advertise-
ments at a large university campus. They gave
written informed consent prior to testing and
received 10 Euro or course credit for participating.
Ethics approval was obtained from the ethics commit-
tee of DIPF | Leibniz Institute for Research and Infor-
mation in Education.

Stimuli

Stimuli comprised 90 numerical facts divided into two
subsets of 45 facts each. Each fact was worded in the
format “X out of 10", which is equivalent to a percen-
tage estimate. Correct answers ranged between “1”
and “9” because “0” and “10” were never correct.

Procedure

Participants completed a computerised, numerical fact
prediction task with two blocks of 45 facts each (see
Figure 1). The task was very similar to the one used
in Brod and Breitwieser (2019) with one exception:
we replaced the curiosity rating with a confidence
rating. Participants were instructed to try to remember
the facts for a subsequent memory test: the data from
this test are not part of the current manuscript.

In the study phase, participants were shown a
series of incomplete facts in an “X out of 10" format.
Participants were asked to predict the correct
number by clicking on a 10-point scale. Participants
were shown their prediction for 1 s (response

presentation) and then rated their confidence in
their prediction on a scale from “1” (not confident)
to “5” (very confident). After the confidence rating,
participants were shown the initial question again
for 2 s (anticipation phase) before the correct
number was revealed (results phase).

Stimulus presentation and eye-tracking
procedures

Stimuli were presented using PsychoPy v1.83.02. Par-
ticipants were seated about 68 cm from a computer
screen in a dimly lit room. The eye-tracking camera
(EyeLink 1000, SR Research, Osgoode, Ontario,
Canada) was placed below the computer screen and
recorded at a frequency of 500 Hz throughout the
experiment. Eye tracking was used to record
changes in participants’ pupil size (right eye) during
the anticipation phase and during the results phase
when the correct answer was revealed.

Data analyses

Data were analysed using R and the a level was set to
0.05 throughout all analyses. As a measure of effect
size, we report standardised regression weights (B).
We used “itrackR” (https://github.com/jashubbard/
itrackR) to analyse the pupillary data along with self-
developed analysis scripts. We used “Ime4” to esti-
mate the linear mixed models, and we used
“ggplot2” to generate the plots.

Analysis of the pupillary data

We used itrackR to analyse the pupillary data along
with self-developed analysis scripts. We merged the
pupillary and behavioural data from the study
phase. Then, we removed any blinks and interpolated
the missing values using cubic spline interpolation.
Next, we derived separate markers for curiosity and
surprise in the pupillary data.

To derive a marker of curiosity from the pupillary
data, we calculated, for each trial, the average percen-
tage change in pupil diameter from 1.5-3 s after the
onset of the anticipation phase, relative to the pupil
baseline phase (100 ms before onset of anticipation
phase until — 200 ms after onset of anticipation
phase). This time window covers 500 ms before the
onset of the results phase until 1s after the onset of
the results phase. To derive a marker of surprise from
the pupillary data, we calculated, for each trial, the
average percentage change in pupil diameter 0.5-2 s
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prediction phase confidence rating anticipatory phase results phase inter-stimulus-interval
X out of 10 X out of 10 How confident X out of 10 7 out of 10 X
animals are animals are are you? animals are animals are
insects insects insects insects
EEEEEEFERME) | [=eEEeEEE [1]2]3[]5]
self-paced response presentation self-paced 2 sec 4 sec 1 sec
1 sec

Figure 1. Schematic overview of the study phase. In the study phase, participants predicted the correct value of “X". Then, participants rated
their confidence on a 5-point scale ranging from “1” (not confident) to “5” (very confident). Next, participants were presented the initial ques-
tion again before the correct number was finally presented. The study phase included 90 questions.

after the onset of the results phase relative to the pupil
baseline phase (100 ms before onset of results phase
until - 200 ms after onset of results phase).

We used the same time windows as in Brod and
Breitwieser (2019) to calculate the pupillary marker
of surprise. The time window to calculate the pupillary
marker of curiosity was similar to but 1 s shorter than
the time window used Brod and Breitwieser (2019)
because we had a 1 s shorter anticipatory phase in
this study. As in Brod and Breitwieser (2019), the
time windows to estimate the pupillary markers of
curiosity and surprise overlapped for 500 ms during
the onset of the results phase. To ensure that the
pupillary markers of curiosity and surprise were not
confounded, we chose a different pupil baseline
phase to calculate the pupillary surprise response
and the baseline phase for surprise was inside the
time window for curiosity. A within-person correlation
analysis revealed a significant but small negative cor-
relation between the pupillary marker of curiosity and
surprise (r=-.15, p<.001), which provides empirical
support that the two measures are distinguishable.

Before data analyses, we conducted outlier ana-
lyses for the pupillometric markers of curiosity and
surprise. The analysis served to identify trials where
the pupil dilation response deviated notably from
the rest of the distribution, i.e. more than 3 SD
from the average pupil dilation response. We ident-
ified 15 outlier trials for the pupillometric marker of
curiosity and 55 outlier trials for the pupillometric
marker of surprise, which were excluded from
further analysis (exclusion of 3% of the data).

Results

Confidence as a predictor of the pupillometric
marker of curiosity

We first tested whether confidence predicted an
increase in pupil size before the results presentation,

thus indicating a higher level of curiosity. Confidence
was centred at the person mean to test intra-individ-
ual relations. That is, we tested whether being more
(or less) confident compared to one’s average confi-
dence level predicted curiosity. By centring confi-
dence at the person mean, we also accounted for
inter-individual differences in average confidence
levels, which may arise from individual response ten-
dencies to generally give high (or low) confidence
ratings. We estimated a model with random inter-
cepts only because a model with random slopes for
confidence did not provide a better model fit (x*(5)
=7.84, p=.165). That is, the relation between confi-
dence and the pupillometric marker of curiosity was
comparable across participants.

We found evidence for both a linear and a quadratic
relation between confidence and pupil size increase
(see Figure 2A): while higher confidence ratings
(compared to the personal mean) were followed by
larger pupil sizes during the anticipation of the result
(B=.24,CI[.21;.27], p < .001), the additional quadratic
effect indicates that pupil size peaked for confidence
ratings that were slightly above the participant’s
average confidence rating (B=-.10, Cl [-.13; -.07],
p <.001). Thus, the pupillary data suggest that curios-
ity peaked when participants were a little more
confident in their prediction than usual.

Prediction error and confidence as predictors
of the pupillary surprise response

Next, we tested prediction error and confidence
(person-mean centred), as well as the interaction
between prediction error and confidence as predic-
tors of the pupillary surprise response. To quantify
the prediction error, we calculated the absolute differ-
ence between the predicted and the correct number.
A value of “0” indicated correct predictions and higher
values indicated a larger prediction error. The
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Figure 2. Relation between confidence and pupillometric markers of curiosity and surprise. Figure 2A shows the relation between the person-
mean centred confidence and pupillometric markers of curiosity. Each dot represents one trial. Higher confidence predicts an increase in pupil
size before results presentation (linear effect: blue line). Pupil size is smaller for predictions made with very high and very low confidence
relative to the personal average confidence rating (quadratic effect: red line). Figure 2 B and C show the pupillary surprise response aggregated
across prediction error bins and participants for above median confidence (left side) and for below median confidence (right part). The pupillary
surprise response depicts the change in pupil size relative to the pupil baseline (light grey area). The pupillary surprise response was calculated
for the time interval from 500 ms to 2000 ms after the onset of the results phase (dark grey area). For above median confidence, the pupillary
surprise response was larger for large prediction errors compared to small to medium prediction errors and correct predictions. For below
median confidence, the pupillary surprise response was larger for correct predictions compared to erroneous predictions.

interaction term was used to test the relation between
high-confidence prediction errors and the pupillary
surprise response. We estimated a model with
random intercepts only because a model with

random slopes for prediction error and confidence
did not provide a better model fit (x2(5)=5.27, p
=.384). Thus, the relation between prediction error,
confidence, and the pupillary surprise response was



comparable across participants. In line with our
hypothesis, prediction error and confidence interac-
tively predicted the pupillary surprise response (=
.05, CI [.01; .08], p=.013, see supplementary Table 1).

To interpret and illustrate the interaction between
prediction error size and confidence, we divided pre-
diction error into four bins: Correct responses (predic-
tion error equals “0"), small prediction errors (“1-2"),
medium prediction errors (“3-5"), and large prediction
errors (“6-8"). Small prediction errors (on average 52%
of trials) and medium prediction errors (on average
28% of trials) occurred more frequently than correct
responses (on average 16% of trials) and large predic-
tion errors (on average 4% of trials).

Figure 2 shows the pupillary surprise response for
the four prediction error bins, separated out for confi-
dence ratings that were above and below the per-
sonal median confidence rating. For high-confidence
ratings, the pupillary surprise response was more pro-
nounced after large prediction errors when compared
to correct responses and small to medium prediction
errors (see Figure 2B). For low-confidence ratings, the
pupillary surprise response was more pronounced
after correct responses and small prediction errors
compared to medium to large prediction errors (see
Figure 2C).

We then conducted a post-hoc contrast analysis to
test the statistical significance of these descriptive
differences. For high-confidence predictions, large
prediction errors were associated with a more pro-
nounced pupillary surprise response compared to
correct responses (the reference category) (B =.09,
CI[.01; .17], p=.023, see supplementary Table 2). The
pupillary surprise response for high-confidence small
and high-confidence medium prediction errors was
comparable to that of correct predictions. These
results suggest that large, high-confidence prediction
errors induce a pupillary surprise response which is
more pronounced than that produced by high-confi-
dence correct responses.

For low-confidence predictions (i.e. guesses),
correct predictions (=.51, CI[.07; .96], p=.022) and
small prediction errors (3 =.21, CI[.01; .42], p=.043,
see supplementary Table 3) were associated with a
more pronounced pupillary surprise response than
large prediction errors (the reference category).
These results suggest that low-confidence correct
and almost correct predictions evoke a pupillary sur-
prise response. The pupillary surprise response for
low-confidence medium prediction errors was com-
parable to that of large prediction errors.
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In line with our hypotheses, we found that the
degree of prediction error and confidence interac-
tively predicted surprise. Larger pupillary surprise
responses occurred after large, high-confidence pre-
diction errors and after low-confidence correct and
almost correct guesses. These results support the
hypothesis that events which strongly violate prior
expectations evoke a pupillary surprise response.

Discussion

This study used pupillometry to test how people’s
confidence in a prediction is related to both their curi-
osity as well as their surprise in cases of prediction
errors. Confidence in a prediction was positively
related to pupil size before results presentation, indi-
cating that a higher level of confidence tends to cor-
respond with a higher level of curiosity. An additional
guadratic trend indicated that curiosity was largest for
confidence ratings that were slightly above the
person’s average confidence rating. Furthermore,
high-confidence prediction errors and low-confidence
correct predictions were followed by a pupillary sur-
prise response. This pattern indicates that highly
unexpected outcomes induce surprise, independent
of the correctness of the prediction. Together, these
findings suggest that confidence in a prediction
plays an important role in both curiosity and surprise.

The first important finding in this study is that
there is a close and intricate relation between confi-
dence and curiosity. We found both a linear and a
quadratic relation between confidence and the pupil-
lometric marker of curiosity. The linear increase in the
pupillometric marker of curiosity depending on confi-
dence provides evidence for the hypothesis that curi-
osity increases with confidence (Metcalfe et al., 2020).
However, the additional quadratic relation between
confidence and the pupillometric marker of curiosity
speaks for an inverted u-shaped relation between
curiosity and confidence. Our results thus corroborate
and extend previous findings by Kang et al. (2009)
who found a quadratic relation between confidence
and self-reported curiosity. The pupil dilation
suggests an increase in physiological arousal when
anticipating a rewarding outcome (Schneider et al.,
2018), which has been linked to self-reported curiosity
(Brod & Breitwieser, 2019; Kang et al., 2009). Together,
our results suggest that, in general, curiosity increases
with confidence while peaking at confidence ratings
slightly above the participant’s average confidence
rating.
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This study’s second important finding is that the
relation between confidence and surprise differs sig-
nificantly between correct and incorrect predictions.
For prediction errors, high confidence was associated
with a larger pupil dilation upon seeing the correct
result. For correct or almost correct predictions, low
confidence was associated with a larger pupil dilation
response upon seeing the correct result. These results
are in line with the definition of surprise as the
emotional reaction to a violation of expectations (Itti
& Baldi, 2009; Reisenzein et al., 2019). In the case of
high-confidence errors, subjects did not expect to
be wrong, while in the case of low-confidence
correct responses, they did not expect to be correct.
Highly unexpected outcomes evoke a pupil dilation
response, which indicates enhanced physiological
arousal (e.g. Ebitz & Platt, 2015).

The current findings further underline the impor-
tance of metacognitive judgements for the creation
of curiosity and surprise in the learning process. By
making a confidence judgement, learners evaluate
their certainty in a prediction (Nelson & Narens,
1990). In doing so, learners often become more
aware of their knowledge gap, which boosts curiosity
(Loewenstein, 1994). By making confidence judge-
ments, learners also evaluate the strength of their
expectations. In line with Bayesian accounts of surprise
(Itti & Baldi, 2009), the strength of the prior expectation
plays an important role in surprise: Surprise about an
unexpected outcome increases with the prior level
of confidence in the prediction (Reisenzein, 2000).
Hence, confidence may boost curiosity and surprise
because it makes knowledge gaps more salient.

The current study has several limitations which
offer avenues for future research. First, we assessed
changes in pupil size as a marker of the physiological
component of curiosity and surprise. Previous studies
found evidence for a link between changes in pupil
size and various measures of curiosity and surprise
(Brod & Breitwieser, 2019; Kang et al., 2009; Reisenzein
et al.,, 2006), although the magnitude and reliability of
this correlation is currently unknown. It is unclear,
however, whether or not brief increases in physiologi-
cal arousal are sufficient to infer the feeling of curios-
ity or surprise. Self-reports may offer insights into the
subjectively perceived level of surprise and curiosity.
However, self-report data are inherently limited in
pinpointing small-scale temporal dynamics. Future
research should combine physiological and self-
report measures to assess both surprise and curiosity,
which have, as of yet, only been conducted separately

(Brod & Breitwieser, 2019; Kang et al., 2009; Reisenzein
et al., 2006).

Second, we did not experimentally manipulate the
size of prediction error nor confidence. Our results are
thus correlative in nature. Further experimental
studies are required for investigating the causal link
between, e.g. high-confidence errors and surprise. In
an experimental setting, whether or not the surprising
effect of high-confidence errors diminishes over time
could also be tested.

Third, future studies could investigate the role of
surprise in more complex tasks that involve stronger
prior beliefs. For instance, one fruitful area for
further research would be investigating the role of
surprise about high-confidence errors in conceptual
change in the learning process. Surprise about high-
confidence incorrect predictions could guide learners’
attention to the unexpected information (Theobald &
Brod, 2021). Learners may then begin to search for an
explanation for the unexpected information (Vogl
et al, 2019). Surprise about high-confidence errors
may facilitate conceptual change by encouraging
learners to pay attention to and search for alternative
explanations for the unexpected information.

Conclusion

Our results highlight the importance of feelings of
confidence in the occurrence of the emotions of curi-
osity and surprise. Returning to the example at the
beginning, those who knew the answer were prob-
ably neither curious about the right answer nor sur-
prised when they heard that oranges are green in
tropical regions. The correct answer was, however,
awaited with more curiosity and was more surprising
for those who were quite sure that oranges are
orange, and for those whose random low-confidence
guess that oranges are green in tropical regions
turned out to be correct. In other words, by making
a confidence judgement, people quantify their cer-
tainty in their prediction and evaluate the strength
of their expectation. Thereby, confidence judgements
may increase the salience of a knowledge gap, which
boosts curiosity, and may enhance surprise when
expectations are violated.
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