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Abstract

Predictive coding models suggest that the brain constantly makes predictions about what will happen next based on past 

experiences. Learning is triggered by surprising events, i.e., a prediction error. Does it benefit learning when these predictions 

are made deliberately, so that an individual explicitly commits to an outcome before experiencing it? Across two experiments, 

we tested whether generating an explicit prediction before seeing numerical facts boosts learning of expectancy-violating 

information relative to doing so post hoc. Across both experiments, predicting boosted memory for highly unexpected out-

comes, leading to a U-shaped relation between expectedness and memory. In the post hoc condition, memory performance 

decreased with increased unexpectedness. Pupillary data of Experiment 2 further indicated that the pupillary surprise 

response to highly expectancy-violating outcomes predicted successful learning of these outcomes. Together, these findings 

suggest that generating an explicit prediction increases learners’ stakes in the outcome, which particularly benefits learning 

of those outcomes that are different than expected.

Keywords Violation of expectation · Prediction error · Active learning · Surprise · Pupillometry

Introduction

Our brain constantly generates predictions based on past 

experiences, according to predictive coding theories. Learn-

ing is triggered by surprising events, i.e., a prediction error 

(Bar, 2007; Friston, 2010; Henson & Gagnepain, 2010). This 

conjecture resonates well with formal mathematical con-

ceptualizations of learning, such as in Bayesian statistics or 

information theory (Friston, 2018). In these theories, which 

primarily focus on nondeclarative learning, predictions 

are assumed to be generated implicitly (or unconsciously). 

Yet, humans can also deliberately engage in predicting, 

particularly in the context of declarative learning. This raises 

a series of questions: If our brains are constantly making pre-

dictions, does it have an added benefit when predictions are 

made deliberately? Does actively making a prediction affect 

the way in which unexpected information is processed? Does 

it affect how well unexpected information is later recalled?

In a quest to answer these questions, the current series 

of studies tested the hypothesis that generating an explicit 

prediction boosts later memory for expectancy-violating 

(i.e., incorrectly predicted) outcomes. We further assessed 

the role of surprise in this effect. More specifically, we tested 

whether memory for expectancy-violating outcomes is a 

function of how surprised a person was when encounter-

ing that information. Before elaborating on previous find-

ings that give rise to these hypotheses, we briefly touch on 

the methodological issue of how best to conceptualize and 

measure surprise.

Psychology commonly defines surprise as an individual’s 

emotional reaction to a violation of expectations 

(Reisenzein, Horstmann, & Schützwohl, 2019), but the best 

way to conceptualize and measure surprise is still debated 

(Reisenzein et al., 2019). Here we conceptualize surprise 

as a highly dynamic process, i.e., the level of surprise 

experienced by the same (hypothetical) person about the 
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same piece of expectancy-violating information varies from 

moment to moment, depending on the momentary strength 

of expectation for this specific piece of information relative 

to other information.

As a marker of surprise, we used the transient increase 

in pupil size that peaks approximately 1.5 s after an expec-

tancy-violating outcome. We call it the pupillary surprise 

response (Brod et al., 2018) because it constitutes a reliable 

marker of the physiological component of surprise (Krüger, 

Bartels, & Krist, 2020; Preuschoff, ’t Hart, & Einhäuser, 

2011; Reisenzein, Bördgen, Holtbernd, & Matz, 2006; 

Theobald & Brod, 2021). The increase in pupil size follow-

ing expectancy-violations is driven by the release of nor-

epinephrine in the brainstem’s locus coeruleus (Joshi, Li, 

Kalwani, & Gold, 2016; Lawson, Bisby, Nord, Burgess, & 

Rees, 2021). Although changes in pupil size do not directly 

track the feeling of surprise, they do reflect an objective 

moment-to-moment measure of the physiological underpin-

nings of surprise.

Recent findings in various age groups suggest pupillary 

surprise responses are enhanced when participants make 

explicit predictions before an outcome is presented 

(Breitwieser & Brod, 2021; Brod et  al., 2020, 2018; 

Theobald & Brod, 2021; for a review, see Brod, 2021). Such 

explicit predictions have been found to lead to enhanced 

curiosity (Brod & Breitwieser, 2019), which is thought to 

reflect an increase in the subjective value of the outcome 

and in the momentary strength of expectation. When 

the outcome differs from the prediction, the perceived 

violation of expectation and surprise are increased (Brod & 

Breitwieser, 2019). Less clear, however, is whether and how 

this leads to better memory. The increased surprise response 

after explicit predictions suggests that explicit predictions 

increase attention to the correct result/feedback (Brod 

et al., 2018). Expectancy-violating outcomes are assumed 

to particularly benefit from this enhanced attention because 

they cannot be easily integrated into existing knowledge 

structures (Chinn & Brewer, 1993). Because this integration 

process is heavily dependent on top-down attentional control 

mechanisms mediated by the prefrontal cortex (Brod, 

Lindenberger, & Shing, 2017; Hartley, Nussenbaum, & 

Cohen, 2021), it is further unclear whether the memory 

benefit is subject to developmental changes.

Here we investigate these hypotheses across two experi-

ments using behavioral and pupillary measures. The first 

experiment, performed in high-school students, confirmed 

our hypothesis that making explicit predictions before an 

outcome is presented improves memory for unexpected 

information compared to making explicit predictions after 

an outcome is presented. Experiment 2, performed in uni-

versity students, replicated this behavioral benefit of explicit 

predictions and furthered our understanding of the underly-

ing mechanism by showing pupillary responses to highly 

expectancy-violating events were predictive of subsequent 

memory.

Experiment 1

Participants were asked to predict numerical trivia facts to 

test the hypothesis that generating an explicit prediction 

boosts later memory for expectancy-violating outcomes. 

We compared the explicit prediction condition to a post hoc 

evaluation condition (henceforth called postdiction con-

dition). The postdiction condition allowed us to estimate 

the degree of expectancy-violation in the same way as in 

the explicit prediction condition and thus enabled us to com-

pare the relation between memory performance and expec-

tancy-violation in the same way as in the explicit prediction 

condition. We further hypothesized that, in the prediction 

condition, memory of an expectancy-violation is a function 

of the pupillary surprise response.

Methods

Participants

We tested n = 24 high-school students (MAge = 11.92 years, 

SDAge = 1.25 [10, 14], 41.7 % female). We aimed to test 

29 participants, following a previous study with the same 

number of trials per condition (Brod & Breitwieser, 2019). 

However, data acquisition was halted after 24 participants 

because of a Covid lockdown. The study is, thus, at risk of 

being underpowered (see Discussion section). Data from one 

participant had to be removed because of technical prob-

lems leading to the loss of eye-tracking data. The final sam-

ple consisted of n = 23 participants, which were recruited 

through partner schools. Participants gave written, informed 

consent prior to testing and received 10 Euro for participa-

tion. Ethics approval was obtained from the ethics commit-

tee of DIPF | Leibniz Institute for Research and Information 

in Education.

Design and stimuli

Stimuli comprised 90 numerical facts in the format of “X 

out of 10” (see Fig. 1), which is equivalent to a percent-

age estimate. Most of the facts were taken from the age-

comparative study by Breitwieser and Brod (2021), which 

ensured that all facts were intelligible for both children and 

adults. We asked all participants right after the experiment 

whether they had known any of the facts beforehand, which 

was rarely the case in both age groups (i.e., median = 0, 

range 0–2). A key advantage of numerical facts is that they 

allow for a parametric analysis of the distance between the 

predicted outcome and the actual outcome (i.e., degree of 
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expectancy-violation). In this fully within-subject experi-

mental manipulation, participants had to state their prior 

expectancy either before seeing the correct number (predic-

tion condition) or after seeing the correct number (postdic-

tion condition). Prediction and postdiction conditions were 

performed in two different blocks with 45 facts each. The 

order of the blocks as well as the assignment of facts to 

blocks was counterbalanced across participants. Correct 

answers ranged between “1” and “9” (i.e., “0” and “10” were 

never correct).

Procedure

After a brief introduction into the computerized task and 

question format, participants began with either the predic-

tion or postdiction block (counterbalanced). Each block 

consisted of a study phase followed by a test phase. The 

self-paced test phase was identical across blocks/condition 

and consisted of 45 facts presented during the respective 

study phase, in reshuffled order. The study phase differed 

between conditions in the order of slides (timings were iden-

tical) and the exact task during the “response phase” (also 

see Fig. 1). In the “response phase” of the prediction condi-

tion, participants had to predict the outcome (e.g., “? out of 

10 animal species are insects”) by clicking on a 10-point 

visual analogue scale and were shown the correct number 

afterwards. The visual analogue scale was used to further aid 

intelligibility of the task for participants with low numeracy 

skills. In the postdiction condition, participants saw the cor-

rect number first and had to state afterwards – using the 

identical 10-point scale as in the prediction condition – what 

they would have predicted. In both conditions, participants 

were shown their response for 1 s (response presentation). 

The “anticipatory phase” was included to allow for a fair 

comparison of pupil dilation in the “result phase” between 

the prediction and postdiction condition (see next section). 

In sum, the procedure for the prediction and postdiction con-

dition was highly similar, and total presentation time of the 

facts was identical.

After completion of the experiment, participants per-

formed a brief task that assesses inter-individual differences 

in executive functions (Hearts & Flowers Task). Because 

of our focus on intra-individual effects, these data were not 

analyzed for the current article.

Stimulus presentation and eye‑tracking procedures

The study phase was tailored to the measurement of changes 

in pupil size in response to the presentation of the cor-

rect number (i.e., during the “result phase”). Pupil size 

is strongly affected by changes in luminance. We there-

fore included a 2-s “anticipatory phase” prior to the result 

phases of each condition, which was visually identical to 

the “result phase” except the sentence showing the answer 

displayed an “X” instead of the correct number. This way 

the visual change from the anticipatory to the result phase 

Fig. 1  Schematic overview of the study and test phase of Experiment 

1. The prediction and postdiction condition were performed in differ-

ent blocks. In the study phase, participants predicted the numerical 

fact before seeing the correct number (prediction condition, 45 trials; 

left panel) or after seeing the correct number (postdiction condition, 

45 trials; right panel). Each study phase was followed by a test phase, 

in which participants were asked to recall the correct number for each 

of the presented facts (order of facts was pseudorandomly reshuffled). 

White print against a gray background was used to reduce luminance 

contrasts
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was kept to an absolute minimum, preventing the need for 

the pupil to adapt to a new image in the result phase. It 

further ensured high comparability between the two condi-

tions. In pilot experiments, we optimized the time interval of 

the “anticipatory phase” to ensure participants had enough 

time to read the full sentence especially in the postdiction 

condition, even though at times this might have led them to 

generate a prediction in the postdiction condition as well. 

Note, however, that if that was the case this should have 

reduced our condition difference (and, thus, work against 

our hypotheses).

Stimuli were presented using PsychoPy v1.83.02, which 

offers high timing precision. Participants were seated about 

70 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.

Data analyses

Data were analyzed using the statistical software package 

R (http:// www.r- proje ct. org). We performed logistic lin-

ear mixed-effects regression analyses using the lme4 and 

lmerTest packages in order to test our purely intra-individ-

ual hypotheses. For logistic models as used in this study, 

the lmerTest package provides z-values (i.e., standardized 

coefficients), which can be directly converted to p-values 

and confidence intervals. A conventional alpha level of .05 

was applied to all tests. The degree of expectancy-violation 

(i.e., absolute difference between expected and observed out-

come) and the pupillary marker of surprise were centered on 

their respective person means. Hence, the respective effects 

are pure estimates of within-person effects. A further advan-

tage of person-mean-centering is that both individual dif-

ferences and condition differences in the average degree of 

expectancy-violations should not interfere with the detection 

of quadratic effects. This is critical because the postdiction 

condition is known to produce hindsight bias (Brod, Has-

selhorn, & Bunge, 2018), which was the case in the cur-

rent study as well (i.e., smaller average difference between 

expected and observed outcome in the postdiction condition 

[mean = 1.63, SD = 1.43] than in the prediction condition 

[mean = 2.36, SD = 1.75]).

Analysis of the behavioral data

Participants’ memory performance (i.e., retrieval success 

0/1) was entered as a dependent variable. It was predicted 

by the degree of expectancy-violation (i.e., 0–9 difference 

between the expected and actual outcome), condition (pre-

diction, postdiction), and their interaction (Model 1). In a 

follow-up analysis, we ran separate models for the prediction 

(Model 2a) and postdiction (Model 2b) condition and tested 

both linear and quadratic effects of expectancy-violation 

on retrieval success by including the absolute difference 

between expected and observed outcome (prediction error) 

and the quadratic prediction error (computed as the square of 

prediction error linear) as predictors into the models. Models 

included a random intercept for participant and a random 

slope parameter for the effect of expectancy-violation. Ran-

dom effects were allowed to co-vary freely (i.e., unstructured 

G-matrix).

Analysis of the pupillary data

We used itrackR (https:// github. com/ jashu bbard/ itrac 

kR)  and  self-developed analysis scripts  to analyze the 

pupillary data. We merged the pupillary and behavioral 

data. Then, blinks were removed and the missing values 

were interpolated using cubic spline interpolation. Next, 

we derived markers of surprise in the pupillary data using 

the same time windows as Brod and Breitwieser (2019). To 

derive a marker of surprise in the pupillary data, we calcu-

lated for each trial the average percentage change in pupil 

diameter 0.5 through 2 s after the onset of the result phase 

relative to a pupil baseline phase (100 ms before onset of 

the result phase until – 200 ms after the onset of the result 

phase). Because the baseline phase is rather short and late, 

we confirmed that results are the same when the analyses are 

conducted with an earlier, longer baseline (500 ms before 

onset of the result phase).

Before analyzing condition differences, we conducted 

outlier analyses for the pupillometric markers of surprise. 

The analysis served to identify trials where the pupil dila-

tion response deviated strongly from the rest of the distribu-

tion, i.e., more than 3 SDs from the average pupil dilation 

response. We identified 35 outlier trials (out of 2,070 trials 

in total) for the pupillometric marker of surprise, which were 

excluded from further analysis (exclusion of 1.7% of the 

data).

Results

Is memory enhanced for expectancy‑violating outcomes?

We observed no significant effect of condition (b = 

-0.090, SE = 0.092, p = .330) but a significant linear 

within-person effect of expectancy-violation on memory 

(b = -0.198, SE = 0.051, p < .001), which was qualified 

by a significant interaction with condition (b = 0.195, 

SE = 0.062, p = .002). As can be seen in Fig. 2, in the 

prediction condition, memory performance followed 

a U-shaped function of expectancy – being highest for 

both highly expectancy-consistent and highly expec-

tancy-violating outcomes. In contrast, in the postdiction 
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condition, memory performance continuously decreased 

with increasing unexpectedness of the outcome. We fol-

lowed up on this pattern of results by also testing for 

an interaction between condition and a quadratic effect 

of expectancy-violation. Results indicated a significant 

effect of condition (b = -0.239, SE = 0.107, p = .026), 

no quadratic effect of expectancy-violation (b = -0.027, 

SE = 0.017, p = .121), but again a significant interaction 

(b = 0.061, SE = 0.024, p = .011).

We then tested both linear and quadratic effects sepa-

rately for the two conditions. In the prediction condition, 

we observed a significant quadratic effect (b = 0.044, SE 

= 0.018, p = .012) but no linear effect (b = -0.054, SE = 

0.043, p = .212) of degree of expectancy-violation. Model 

comparison showed that a model with both a linear and a 

quadratic parameter fitted the data better than a model that 

only included a linear effect  (AICm1= 1396.5 <  AICm2 = 

1401.0, Chisq = 6.4562, df = 1, p = .011). In the postdic-

tion condition, we observed a significant linear effect (b 

= -0.254, SE = 0.065, p < .001) but no quadratic effect 

(b = 0.027, SE = 0.022, p = .223). Model comparison 

showed that a model with both a linear and a quadratic 

parameter fitted the data better than a model that only 

included a quadratic effect  (AICm1 = 1355.8 <  AICm2 = 

1368.8, Chisq = 14.993, df = 1, p < .001). In sum, these 

results show that memory is enhanced for both highly 

expectancy-violating and highly expectancy-consistent 

outcomes in the prediction condition (i.e., U-shape). In 

contrast, memory enhancements in the postdiction condi-

tion are limited to expectancy-consistent outcomes.

Does the pupillary surprise response predict learning?

To test our hypothesis that pupillary surprise in response to 

expectancy-violating outcomes is predictive of later mem-

ory, we added the baseline-corrected change in pupil size 

during the “result phase” to Model 1 as described for the 

behavioral data. In contrast to our hypothesis, we did not 

observe any significant effects involving the factor pupil size 

(see Table 1a). Thus, changes in pupil size during the “result 

phase” were not predictive of later memory.

Discussion

Experiment 1 shows that generating an explicit predic-

tion before encountering an outcome enhances learning of 

highly expectancy-violating information relative to doing 

so post hoc. This selective memory enhancement resulted 

in a U-shaped relation between expectancy and memory in 

the explicit prediction condition. In contrast, in the postdic-

tion condition, memory performance continuously decreased 

with increasing unexpectedness of the outcome. The 

observed U-shape is in line with recent findings that suggest 

that – under ideal circumstances – both highly expectancy-

consistent and highly expectancy-violating events are better 

remembered than expectancy-neutral events (Greve, Cooper, 

Tibon, & Henson, 2019; Quent, Henson, & Greve, 2021). 

One interesting question is whether our observed patterns of 

results generalize to other populations than the high-school 

students tested here. In a small behavioral age-comparative 

study with both sixth-grade students and adults, we found 

Fig. 2  Relation between expectancy-violation (i.e., difference 

between expected and observed outcome; centered at the person 

mean) and memory accuracy, separately for the prediction (left panel) 

and postdiction (right panel) condition. The light grey lines show the 

best-fitting regression lines for each participant, the bold black line 

shows the best-fitting regression line at the group level. Memory per-

formance followed a U-shaped function in the prediction condition: 

accuracy was highest for both highly expected and highly unexpected 

outcomes. By contrast, in the postdiction condition, memory perfor-

mance linearly decreased the more unexpected the outcomes were
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a highly similar pattern of results, and no indication of an 

interaction with age (see Online Supplementary Material). 

These findings provide some corroborating evidence for the 

robustness of the reported effect that generating an explicit 

prediction enhances memory for highly expectancy-violating 

information.

However, Experiment 1 failed to provide evidence that 

the pupillary surprise response was linked to later memory 

for expectancy-violating information in the prediction con-

dition. This absence of evidence either suggests a different 

mechanism is at play or that our design, which was tailored 

to detect condition differences in prediction and postdic-

tion, was insufficiently powered to detect pupillary surprise 

responses. This is addressed in Experiment 2.

Experiment 2

Experiment 2 used the same numerical trivia facts ques-

tions as Experiment 1 but instead of presenting both learning 

conditions (i.e., prediction and postdiction), we focused on 

testing the prediction condition in both blocks, doubling the 

number of trials compared to Experiment 1.

Methods

Participants

We tested 29 university students (MAge = 23.07 years, SDAge 

= 3.07, [19; 30], 69% female) to obtain a target sample 

size of n = 28. Sample size was determined a priori using 

G*Power with the following settings (based on Experiment 

2 in Brod et al., 2018): 2 × 2 repeated-measures ANOVA, 

effect size f = .25, alpha = .05, beta = .90, correlation 

among repeated measures = .7. However, 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 because the number of highly 

expectancy-violating trials varies across participants. A 

power simulation for linear mixed-effect models1 indicated 

a power of 81.10% (confidence interval: 71.93, 88.16) for a 

two-way interaction effect. Data from one participant were 

discarded due to inadequate use of the confidence scale, i.e., 

the participant always indicated the same level of confidence 

across all trials. Participants were recruited through bulletins 

at a large university campus. They gave written, informed 

consent prior to testing and received 10 Euro for participa-

tion. Ethics approval was obtained from the ethics commit-

tee of DIPF | Leibniz Institute for Research and Information 

in Education.

Design and stimuli

Stimuli were identical to Experiment 1. The explicit predic-

tion task was performed in two blocks with 45 facts each. 

Table 1  Logistic linear mixed regression models – predicting memory by expectancy-violation, pupil size, and condition

Fixed effects a) Experiment 1 b) Experiment 2

Estimate SE p-value Estimate SE p-value

(Intercept) 0.163 0.121 0.18 0.405 0.080 < 0.001

Condition -0.097 0.092 0.294 / / /

Expectancy-Violation -0.196 0.051 < 0.001 -0.032 0.026 0.229

Pupil Size 0.839 2.144 0.695 1.812 1.678 0.28

Condition*Expectancy-Violation 0.192 0.063 0.002 / / /

Condition*Pupil Size -0.266 2.843 0.925 / / /

Expectancy-Violation*Pupil Size 1.567 1.647 0.341 2.186 0.986 0.027

Condition * Expectancy-Violation*Pupil 

Size

-2.031 2.031 0.311 / / /

Random effects (Variances)

Intercept 0.24 0.132

Prediction Error 0.002 0.00004

Pupil Size 9.278 0.196

N 23 28

Observations 2035 2480

1 The power simulation was conducted using the “simr” package in R 

and used a simulated data set based on the current sample and para-

digm: 28 participants, 90 trials, fixed effect for interaction term = .05, 

value for random intercept = .01, value for variance in random inter-

cept = .0002, critical value = 2, 1000 simulation. These input val-

ues were derived post hoc based on the results from a mixed-effects 

regression that tested the interaction between confidence and predic-

tion error as a predictor of the pupillary surprise response.
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The order of the blocks as well as the assignment of facts 

to blocks was counterbalanced across participants. Correct 

answers ranged between “1” and “9” meaning that “0” and 

“10” were never correct.

Procedure

The procedure was the same as for the prediction condition 

of Experiment 1, in addition, participants provided confi-

dence ratings after having generated a prediction. They were 

asked to rate their confidence in the prediction on a scale 

from 1 (“not confident”) to 5 (“very confident”). After the 

self-paced rating, participants saw the initial question again 

(anticipation phase; 2 s) followed by the presentation of the 

correct number (results phase, 4 s). These confidence ratings 

were included with a view to explore whether confidence 

interacts with expectancy in predicting successful memory 

formation.

Data analyses

Preprocessing procedures and time windows for the pupil-

lary data were identical to Experiment 1.

Results

Is memory enhanced for expectancy‑violating outcomes?

To test the hypothesized U-shaped relation between expec-

tancy and memory, as in Experiment 1, we performed a 

logistic linear mixed-effects regression in which retrieval 

success (0/1) was predicted by both linear and quadratic 

effects of person-mean-centered degree of expectancy-vio-

lation. This time, both the linear (b = -0.070, SE = 0.032, p 

= .028) and the quadratic effect (b = 0.028, SE = 0.013, p 

= .029) reached significance, likely due to higher statistical 

power. Model comparison showed that a model with both a 

linear and a quadratic parameter fitted the data better than 

a model that only included a linear effect (AICm1 = 3312.9 

< AICm2 = 3315.7, Chisq = 4.806, df = 1, p = .028). As 

can be seen in Fig. 3a, the relation between the degree of 

expectancy-violation and later memory is best captured as 

a U-shape, corroborating the results of Experiment 1. We 

also tested whether subjective confidence in the explicit pre-

diction interacted with expectancy in predicting memory. 

Results of a logistic linear mixed-effects regression revealed 

a significant within-person effect of confidence (b = 0.190, 

SE = 0.050, p < .001), showing that higher confidence was 

associated with more successful recall within individuals. 

Further, a significant interaction between confidence and 

expectancy-violation (b = -0.140, SE = 0.030, p < .001) 

suggested that the U-shaped relation between expectancy 

and memory was stronger for predictions made with higher-

than-average confidence (see Fig. 3b).

Does the pupillary surprise response predict 
learning?

We tested whether retrieval success (0/1) was linked to 

expectancy-violation and changes in pupil size during the 

“result phase.” In line with our hypothesis, we found a sig-

nificant expectancy × pupil size interaction (b = 2.186, SE = 

0.986, p = .027; see Table 1b). As can be seen in Fig. 3c, this 

interaction was driven by the highly expectancy-violating 

outcomes (i.e., 6–8 difference between the predicted and 

observed number), for which a greater pupil size was asso-

ciated with a higher likelihood of successful learning. This 

was not the case for expected or moderately expectancy-

violating outcomes. Put differently, trials with the same level 

of discrepancy between expected and observed outcomes 

(i.e., bin 6–8) but greater pupillary surprise response were 

more likely to be remembered.

Discussion

Experiment 2 replicates the U-shaped relation between 

expectancy and memory observed in the explicit prediction 

condition of Experiment 1, i.e., memory is best for both 

highly expectancy-consistent and highly expectancy-vio-

lating outcomes. Interestingly, this U-shape is particularly 

evident for predictions made with higher confidence. The 

pupillary surprise response for expectancy-violating out-

comes was predictive of subsequent memory, confirming 

preferential encoding of those outcomes that were particu-

larly surprising. Together, these findings suggest that gen-

erating an explicit prediction increases learners’ stakes in 

the outcome, which particularly benefits learning of those 

outcomes that are different than expected.

We have argued that the null effect from Experiment 

1 could be the result of the low number of trials. To sub-

stantiate this speculation, we reran the pupillary analysis of 

Experiment 2 using a random subsample of n = 45 trials per 

participant (i.e., with the same number of trials as in Experi-

ment 1). We repeated this analysis 1,000 times. The number 

of significant (p < .05) interaction effects between pupil size 

and expectancy violation was counted. Then, the p-value 

was calculated by dividing this number by 1000, and sub-

sequently evaluated at a p < .05. Results revealed that 260 

out of 1,000 analyses showed significant interaction effects, 

which corresponds to a p-value of p = .26. Thus, when using 

this lower number of trials, no significant pupil-behavior 

interaction was found in Experiment 2. These findings sug-

gest that differences in power indeed underlay the differ-

ences in pupillary results between Experiments 1 and 2.
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General discussion

Here we provide compelling evidence that generating an 

explicit prediction boosts memory for expectancy-violating 

outcomes. The extent to which generating predictions benefits 

learning of expectancy-violating information is a function of 

how surprised people are by the outcome. We use pupillary 

responses as an objective measure of physiological surprise to 

gain a deeper understanding of what supports the mnemonic 

advantage of expectancy-violations. We show that pupillary 

responses are predictive of subsequent memory performance 

for highly expectancy-violating outcomes only, suggesting 

that they are preferentially encoded after explicit predictions.

The assumed neurophysiological mechanism driving the 

pupillary response is the release of norepinephrine in the 

locus coeruleus (Joshi, Li, Kalwani, & Gold, 2016; Lawson, 

Bisby, Nord, Burgess, & Rees, 2021). Theoretical models 

posit that norepinephrine leads to an upregulation of the 

sensitivity in cortical processing, which facilitates learning 

of information that is currently considered important (for 

detailed accounts, see Aston-Jones & Cohen, 2005; Mather, 

Clewett, Sakaki, & Harley, 2016; Sakaki, Ueno, Ponzio, Har-

ley, & Mather, 2019). In line with these theoretical models, 

empirical evidence from a combined pupillometry and func-

tional magnetic resonance imaging (fMRI) study suggests 

that locus coeruleus activity promotes memory encoding 
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Fig. 3  (a) Relation between expectancy-violation (i.e., difference 

between expected and observed outcome; centered at the person 

mean) and memory accuracy in the prediction condition. The light 

grey lines show the best-fitting regression lines for each participant, 

the bold black line shows the best-fitting regression line at the group 

level. (b) Interaction between expectancy-violation and memory, sep-

arately for lower (left panel) and higher (right panel) than individual 

mean confidence rating. (c) Time course of mean pupil dilation across 

a study trial as a function of memory (=recall success 0/1) and the 

degree of expectancy-violation/absolute difference between expected 

and observed outcomes (collapsed into four bins): 0 = no expectancy 

violation, 1–2 = small expectancy-violation, 3–5 = medium expec-

tancy-violation, 6–8 = high expectancy-violation). Red vertical lines 

correspond to the analysis window used for measuring the pupillary 

surprise response (i.e., “result phase”)
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processes in the hippocampus (Clewett, Huang, Velasco, 

Lee, & Mather, 2018). Hippocampal involvement is consid-

ered to be particularly important for successful memory of 

expectancy-violating outcomes (Bein, Duncan, & Davachi, 

2020; Lisman, Grace, & Duzel, 2011). These findings reso-

nate well with a neuroscientific model (Van Kesteren, Ruiter, 

Fernández, & Henson, 2012), which proposes that memory 

is a U-shaped function of schema-congruency and that dif-

ferent brain systems support memory for the two ends of 

the U-shape: memory for expectancy-violating events 

are thought to be supported by the medial temporal lobes 

(MTL), whereas memory for expectancy congruent events 

is hypothesized to be supported by the neocortex, for which 

the medial prefrontal cortex (mPFC) plays a key role.

Our study is not the first to use pupillary surprise 

responses to determine their predictive role in learning 

(e.g., Kafkas, 2021; Madore et al., 2020). One recent study 

(Kafkas, 2021) found that objects that violated a previously 

learned rule are better remembered when associated with an 

increase in pupil size, while objects that are consistent with 

a rule were better remembered when linked to a decrease in 

pupil size. In that study, participants first trained symbol-

stimulus associations before “correct” or “incorrect” sym-

bol-stimulus sequences were presented at encoding. There-

fore, even though participants did not generate an explicit 

prediction, they likely had strong prior expectations that 

were either confirmed or violated during encoding. Com-

bining these results with ours, we speculate that increases 

in pupil size will be predictive of subsequent memory for 

expectancy-violating outcomes for which participants had 

strong prior expectations. When prior expectations aren’t 

strong already, they can be boosted by asking participants 

to generate an explicit prediction. Some support for the role 

of expectancy strength in learning of expectancy-violating 

outcomes can be drawn from a recent study that found 

memory enhancements for expectancy-violating outcomes 

only when participants later remembered their prediction 

(i.e., “strong predictions”; Bein, Plotkin, & Davachi, 2021). 

Future studies are clearly needed though to further qualify 

the relationship between active predictions, pupil responses, 

and subsequent memory performance.

Although we replicated the behavioral findings of the 

U-shaped function both within and across different age 

groups, our pupil dilation responses clearly differed across 

the two experiments. We have shown that the null effect 

from Experiment 1 was likely the result of the low number 

of trials, which was doubled in Experiment 2. It is possible, 

however, that an even higher number of trials in Experi-

ment 2 might have shown predictive pupillary responses also 

in the postdiction condition. Akin to previous studies with 

this paradigm, the average difference between expected and 

observed outcome was smaller in the postdiction condition 

than in the prediction condition, whereas the variance of 

the differences was similar between conditions. This pat-

tern suggests that highly expectancy-violating trials in the 

postdiction condition were extremely expectancy-violating 

for participants. Nevertheless, we did not find an association 

between pupil size and subsequent memory in the postdic-

tion condition even for those trials (see Fig. 3c). Future stud-

ies with considerably more trials in the postdiction condition 

too could clarify the relation between expectancy-violation, 

pupil dilation, and memory for this condition as well.

In conclusion, although our brains may be constantly 

making (implicit) predictions, our data suggest that explicit 

predictions enhance learning of unexpected outcomes. Gen-

erating an explicit prediction before seeing a numerical fact 

boosted learning of expectancy-violating information in both 

adolescents and younger adults. While this effect should be 

replicated in younger age groups, our findings suggest that 

this effect could be universal and, thereby, age-invariant. 

Explicit predictions might increase the subjective value of 

the outcome, resulting in a stronger surprise response in case 

of expectancy violations, which in turn triggers increased 

attention to the outcome. Requiring learners to deliberately 

engage their model of the world thus helps to show them 

that, from time to time, they are still wrong.
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