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Abstract

Healthy adults flexibly adapt their learning strategies to ongoing changes in uncertainty, a
key feature of adaptive behaviour. However, the developmental trajectory of this ability is
yet unknown, as developmental studies have not incorporated trial-to-trial variation in uncer-
tainty in their analyses or models. To address this issue, we compared adolescents’ and
adults’ trial-to-trial dynamics of uncertainty, learning rate, and exploration in two tasks that
assess learning in noisy but otherwise stable environments. In an estimation task—which
provides direct indices of trial-specific learning rate—both age groups reduced their learning
rate over time, as self-reported uncertainty decreased. Accordingly, the estimation data in
both groups was better explained by a Bayesian model with dynamic learning rate (Kalman
filter) than by conventional reinforcement-learning models. Furthermore, adolescents’ learn-
ing rates asymptoted at a higher level, reflecting an over-weighting of the most recent out-
come, and the estimated Kalman-filter parameters suggested that this was due to an
overestimation of environmental volatility. In a choice task, both age groups became more
likely to choose the higher-valued option over time, but this increase in choice accuracy was
smaller in the adolescents. In contrast to the estimation task, we found no evidence for a
Bayesian expectation-updating process in the choice task, suggesting that estimation and
choice tasks engage different learning processes. However, our modeling results of the
choice task suggested that both age groups reduced their degree of exploration over time,
and that the adolescents explored overall more than the adults. Finally, age-related differ-
ences in exploration parameters from fits to the choice data were mediated by participants’
volatility parameter from fits to the estimation data. Together, these results suggest that ado-
lescents overestimate the rate of environmental change, resulting in elevated learning rates
and increased exploration, which may help understand developmental changes in learning
and decision-making.

Author summary

To successfully learn the value of stimuli and actions, people should take into account
their current (un)certainty about these values: Learning rates and exploration should be
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high when one’s value estimates are highly uncertain (in the beginning of learning), and
decrease over time as evidence accumulates and uncertainty decreases. Recent studies
have shown that healthy adults flexibly adapt their learning strategies based on ongoing
changes in uncertainty, consistent with normative learning. However, the development of
this ability prior to adulthood is yet unknown, as developmental learning studies have not
considered trial-to-trial changes in uncertainty. Here, we show that adolescents, as com-
pared to adults, showed a smaller decrease in both learning rate and exploration over
time. Computational modeling revealed that both of these effects were due to adolescents
overestimating the amount of environmental volatility, which made them more sensitive
to recent relative to older evidence. The overestimation of volatility during adolescence
may represent the rapidly changing environmental demands during this developmental
period, and can help understand the surge in real-life risk taking and exploratory behav-
iours characteristic of adolescents.

Introduction

Learning to predict future events based on past experiences, and choosing one’s actions
accordingly, is essential for adaptive behaviour. Across the lifespan, experience-driven learning
is used to accomplish a broad range of behaviours, such as riding a bike, functioning adaptively
in different social contexts, and discovering your favorite restaurants. While the types of
behaviours and events that we learn about obviously change with age, recent studies suggest
that the learning process itself also undergoes substantial developmental changes [1-5]. More
insight in the nature of these developmental changes can help optimize educational strategies
and policy interventions aimed at specific age groups.

To uncover the neurocognitive processes that give rise to developmental changes in experi-
ence-based learning, computational models of reinforcement learning are becoming an increas-
ingly popular tool [1]. These models describe learning as the iterative updating of expectations
in response to discrepancies between expected and observed events, i.e., prediction errors [6, 7].
Importantly, how much expectations are updated following each prediction error depends on
the learning rate, such that higher learning rates result in a stronger influence of recent com-
pared to more historical events. In addition, when applied to choice data, these models include
a decision function that translates expected values into choice probabilities. The probability that
the model selects the option with the highest expected valued is often controlled by the inverse-
temperature parameter, such that a higher inverse temperature increases the likelihood that the
model will choose the option with the highest expected value. Thus, a lower inverse temperature
can account for a more random, or exploratory, choice strategy. However, the inverse tempera-
ture also accounts for other sources of variance in choice behaviour that cannot be explained by
the model (e.g., due to model misspecifications), which is important to consider when interpret-
ing differences in inverse-temperature estimates between groups or conditions.

Recent developmental studies that used computational models have provided evidence that
age-related differences in reinforcement-learning performance—usually defined as choice
accuracy in multi-armed bandit tasks—are related to developmental changes in learning rate
[3, 8-10], sensitivity to prediction errors [10, 11], and exploratory choice behaviour (inverse
temperature) [9, 12]. However, a crucial aspect of reinforcement learning that remains to be
addressed in the developmental field is the regulation of learning strategies as a function of
ongoing changes in uncertainty. Specifically, the optimal rates of learning and exploration
depend on various sources of uncertainty, including imperfect knowledge about the current
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state of the environment (estimation uncertainty, or ambiguity), the amount of random out-
come variability (noise, or risk), and the degree of environmental change (volatility) [13-15].
For example, largely unknown or rapidly changing environments warrant high learning rates
to facilitate learning, whereas noisy but otherwise stable and well-known environments war-
rant low learning rates to prevent excessive expectation updating [16]. Similarly, exploration is
beneficial when uncertainty is high, whereas exploitation of the option with the highest
expected value is the best strategy when uncertainty is low [17].

Studies in adults that used (Bayesian) models with a dynamic learning rate or dynamic explo-
ration parameter have provided evidence that healthy adults reduce their learning rate [18-20]
and degree of exploration [21, 22] over the course of stable task periods—as estimation uncer-
tainty decreases—consistent with normative behaviour. However, developmental reinforcement-
learning studies have not incorportated uncertainty in their analyses and models but so far
assumed constant rates of learning and exploration, likely providing an incomplete description
of the underlying learning and decision processes. Thus, it is currently unclear whether age-
related changes in reinforcement learning performance reflect changes in (i) learning and/or
exploration per se and/or (ii) their adaptive, uncertainty-driven, regulation over time.

The aim of the present study was to shed more light on potential developmental changes in
uncertainty-driven regulation of learning and exploration. We focused on the period of adoles-
cence, as previous studies suggest that tolerance for uncertainty peaks during this period [23-
25]. Specifically, we compared trial-to-trial dynamics of adolescents’ and adults’ uncertainty,
learning rate, and choice accuracy, during two noisy but otherwise stable reinforcement-learn-
ing tasks. Furthermore, we specified the latent processes underlying age-related differences in
the observed dynamics using computational models. In the first task we examined age-related
differences in the uncertainty-driven regulation of learning rate, unconfounded by potential
differences in exploration. In this task, participants repeatedly estimated the mean outcome
generated by a noisy process, and reported how certain they were about each estimate. Because
the mean outcome can be estimated increasingly precise as the number of observed outcomes
increases, optimal performance warrants a decrease in learning rate over time. In the second
task, participants made repeated choices between two options. Each option generated out-
comes according to a noisy process with a different mean. Optimal performance in this task
warrants not only a decrease in learning rate, but also a decrease in exploration over time, and
we examined age-related differences in the adaptation of both variables.

To foreshadow the results, both the adults and adolescents decreased their learning rate (in
the first task) and their degree of exploration (in the second task) over time, consistent with
normative behaviour. However, the adolescents showed higher asymptotic learning rates and
more persistent exploration. Computational modeling analyses suggest that these effects are
due to adolescents overestimating the volatility of the task environment.

Results

Preregistration

We preregistered both tasks (https://aspredicted.org/blind.php?x=£i89q7 and http://
aspredicted.org/blind.php?x=av4td4 for the estimation and choice task, respectively). We also
preregistered the reported analyses of the estimation data, but not of the choice data. Devia-
tions from the preregistered analyses are described and explained in SI Text.

Experimental design

Participants (35 adults and 25 adolescents, matched with regard to educational level) per-
formed two reinforcement-learning tasks in which successful performance requires the
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integration of sequentially observed outcomes: An estimation task and a choice task, respec-
tively (see Methods for details). In the estimation task, participants observed a sequence of out-
comes (numbers) drawn from a Gaussian distribution. The mean of this distribution was fixed
within each block but varied across blocks, and the standard deviation (SD) of the distribution
was 4 or 8, in five blocks each (Fig 1A). Before each new outcome was revealed, participants
estimated the average outcome in that block, and indicated how certain they were about this
estimate (Fig 1B). This task measures the expectation-updating process that is the basis of rein-
forcement-learning models, and provides direct, trial-specific indices of prediction error (the
observed minus the estimated outcome) and learning rate (the change in a participant’s esti-
mate from one trial to the next, divided by the most recent prediction error[19, 20]). In the
choice task (a two-armed bandit task; Fig 1C), the same participants made repeated choices
between two options that generated outcomes (points) from two different Gaussian distribu-
tions (the means differed 10 or 20 points, in four blocks each; the SD was always 8), with the
aim to obtain as many points as possible. Each block consisted of 20 trials, and participants
learned about new choice options from scratch during each block. Besides estimating the
mean outcome associated with each option, this task involves the tradeoff between choosing
the option that is currently expected to be the best (exploitation) and gathering more informa-
tion about the other option (exploration). Except for the specific means and SDs used, partici-
pants were fully informed about the task structure and procedure before starting each task.
Also, the start of each new block was clearly indicated, by means of a ‘new-block’ screen.
Below, we first report a series of multilevel regression and mediation analyses that examine
potential differences between adolescents and adults in (i) trial-to-trial variation in certainty
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Fig 1. Experimental tasks. A. Example of an adult participant’s estimated and observed outcomes during the
estimation task. This participant completed the low-noise (SD = 4) followed by the high-noise (SD = 8) blocks. The
dotted vertical lines indicate the first trial of each block. The circles indicate the outcomes on each trial; these were
drawn from a normal distribution which mean (horizontal black line) was constant during each 15-trial block. The
blue crosses indicate the participant’s estimates. B. One trial of the estimation task (participants completed 10 blocks of
15 trials each). C. One trial of the choice task (participants completed 8 blocks of 20 trials each).

https://doi.org/10.1371/journal.pcbi.1008276.g001
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ratings and learning rate during the estimation task; and (ii) trial-to-trial variation in choice
accuracy during the choice task. Then, to further specify the nature of the observed age effects,
we apply normative learning models that quantify the latent processes thought to underlie the
adaptation of learning rate and exploration over time. Finally, we report relationships between
model parameters governing the adaptation of learning rate and exploration across partici-
pants, to examine evidence for a shared mechanism underlying developmental changes in
these two processes.

Self-reported certainty increases over time, similarly in adolescents and
adults

As expected, participants’ certainty ratings in the estimation task increased with the number of
observed outcomes. It did so in a sublinear way (linear and quadratic effect of trial, #(58) = 5.8,
p < .001 and #(58) = 3.9, p < .001, respectively; Fig 2A). In addition, certainty was higher in
the low-noise than the high-noise blocks (#(58) = 3.1, p = .003), and the effect of noise
increased linearly over trials (noise x trial-linear interaction, #(58) = 4.2, p < .001).

Opverall certainty did not differ between the adults and adolescents (#(58) = .07, p = .94).
The two age groups showed similar increases in certainty over time (age group x trial-linear
and age group x trial-quadratic interaction, #(58) = .60, p = .55 and #(58) = 1.6, p = .12, respec-
tively), and did not differ with regard to the effect of noise level on certainty either (age group
X noise interaction, #(58) = .29, p =.77). The only age-related effect on certainty was an age
group x noise x trial-linear interaction (¢#(58) = 3.1, p = .003), reflecting that the increase in the
effect of noise level over trials was stronger in the adolescents.

Adults 10 Adolescents C10 Adolescents split by age
— SD 8
—SD4
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12-13 (N=9)
—— 14 (N=8)
— 15 (N=8)
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Fig 2. Changes in certainty and learning rate over time. A. Certainty rating as a function of trial, noise level and age group. B. Learning rate (directly
computed from the estimation data) as a function of trial, noise level and age group. Note that we could not compute learning rate for the last trial of each block
(trial 15) as participants did not update their estimate after the fifteenth observation. The dotted gray lines show the optimal learning rate on each trial of this
task. C. Certainty rating and learning rate in the adolescents, as a function of trial and age. Error bars indicate standard errors. The lines are power-function fits
to the mean time-courses of each age group.

https://doi.org/10.1371/journal.pchi.1008276.9002
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Adolescents show a smaller decrease in learning rate over time than adults

Consistent with normative learning, participants’ learning rate in the estimation task (directly
computed from the estimation data, see Methods) decreased as more outcomes were observed,
in a sublinear way (linear and quadratic effect of trial, #(58) = 2.5, p = .02 and #(58) = 2.6, p =
.01, respectively; Fig 2B). Learning rate was not affected by noise level (#(58) = .85, p = .40),
and there were no noise x trial interactions (noise x trial-linear and noise x trial-quadratic
interaction, #(58) = .14, p = .89 and #(58) = 2.0, p = .055, respectively).

The dotted gray lines in Fig 2B show the optimal learning rate on each trial of the estima-
tion task (see S2 Text for an explanation). Although both groups used higher-than-optimal
learning rates after the first few trials—indicating that their estimates were driven too much by
the most recent outcomes—this deviation from optimality was stronger in the adolescents.
The adolescents used overall higher learning rates than the adults (#(58) = 3.2, p = .002). In
addition, the adolescents showed a smaller decrease in learning rate over time (age group x
trial-linear interaction, #(58) = 2.3, p = .02; age group x trial-quadratic interaction, and #(58) =
1.4, p = .16). The effect of noise level on learning rate did not differ between the two groups
(age group x noise interaction, #(58) = .52, p = .61). Finally, there was an age group x noise x
trial-quadratic interaction (#(58) = 2.1, p = .04), reflecting a relatively stronger quadratic trial
effect in the high- than the low-noise blocks in the adolescents compared to the adults.

Learning rate decreases over the course of early adolescence

We also explored age-related differences within the group of adolescents (Fig 2C), by repeating
the previous analyses on certainty and learning rate for the group of adolescents only, using
age—which varied between 12 and 15—as a continuous second-level regressor.

The analysis on certainty revealed no main effect of adolescent age (#(23) = .61, p = .55), but
a trend for a stronger linear increase in certainty over trials with increasing age (age x trial-lin-
ear interaction, #(23) = 1.9, p = .07). There were no age x noise (#(23) = .72, p = .48) or age x
trial x noise interactions on certainty (#(23) = 1.0, p = .33 and #(23) = .96, p = .35 for the age x
trial-linear and age x trial-quadratic interaction, respectively).

The analysis on learning rate revealed that overall learning rate decreased with increasing
adolescent age (main effect of age, #(23) = 3.5, p = .002), but there were no age x trial interac-
tions (age x trial-linear and age x trial-quadratic interaction, #(23) = 1.0, p = .33 and #(23) = 1.3,
p = .21, respectively). Fig 2C suggests that learning rates did not differ between the adults and
the 15-year-olds, but were elevated in the 12-14-year-olds. To test this idea, we divided the
adolescents in three age groups—12/13-year-olds (combined because of the low number of
adolescents of each age), 14-year-olds, and 15-year-olds—and compared each of these groups
to the adults. These analyses revealed that the 12/13-year-olds used a higher overall learning
rate than the adults (main effect of age, #(42) = 3.1, p = .003), and also reduced their learning
rate less over time (age x trial-linear and age x trial-quadratic interaction, #(42) = 2.1, p = .04
and #(42) = 3.9, p < .001, respectively). The 14-year-olds used a higher overall learning rate
than the adults (main effect of age, t(41) = 2.4, p = .02), but did not differ from the adults in the
adjustment of learning rate over time (age x trial-linear and age x trial-quadratic interaction, ¢
(41)=1.7, p=.10 and #(41) = 1.4, p = .17, respectively). Finally, the 15-year-olds did not differ
from the adults in either overall learning rate (main effect of age, #(41) = .02, p = .98) or its
adjustment over time (age x trial-linear and age x trial-quadratic interaction, #(41) = 1.0, p =
.32 and #(41) = 1.2, p = .24, respectively). Although these results should be taken with caution
given the small number of adolescents of each age, they provide preliminary evidence that the
ability to regulate learning rate emerges over the course of early adolescence, and is matured
around the age of fifteen.
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Self-reported certainty predicts learning rate, similarly in adolescents and
adults

We next examined whether self-reported certainty is predictive of learning rate when control-
ling for the number of trials that have been observed already, and whether self-reported cer-
tainty mediates the decrease in learning rate over trials, using multilevel mediation (Fig 3A).
To examine potential differences between adults and adolescents, we included age group as a
second-level moderator in the mediation model.

Certainty increased over trials, as reported above (path g, p < .001). Importantly, higher
certainty predicted lower learning rates when controlling for trial (path b, p < .001; see Fig 3B
for the relationship between certainty and learning rate, not controlled for trial). In addition,
certainty formally mediated the effect of trial number on learning rate (a*b, p < .001). When
controlled for certainty, the relationship between trial number and learning rate remained sig-
nificant (path ¢’, p < .001), implying a partial mediation. Age group moderated the total effect
of trial on learning rate (path ¢; p = .04), consistent with the previous analysis on learning rate.
However, age group did not moderate any of the other paths of the mediation model (all p’s >
.14), suggesting that the adolescents and adults similarly adjusted their learning rate based on
their current certainty.

Adolescents show a smaller increase in choice accuracy over time than
adults

In the choice task, participants’ choice accuracy (proportion of choices for the option associ-
ated with the highest outcome-generating distribution) showed a sublinear increase over time
(linear and quadratic effects of trial number, z=7.6, p < .001 and z = 2.2, p = .03, respectively;
Fig 4). Overall choice accuracy was higher in the adults than the adolescents (z = 4.1, p < .001).
Furthermore, the adults showed a faster increase in choice accuracy over trials (age group x
trial-linear and age group x trial-quadratic interactions, z= 5.1, p < .001 and z= 2.4, p = .02,
respectively).

To examine initial evidence for changes in exploration over time (see the next section for
model-based analyses), we classified each choice as exploitative or exploratory in the following
way. For each trial, we computed the average outcome that had been observed for each option

1 .
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Fig 3. Relationships between trial number, certainty rating and learning rate during the estimation task. A. Mediation model and results. LR = learning

ok ok

rate.

p < .001. B. Learning rate as a function of certainty rating and age group. We divided each participant’s learning rates into four bins according to their

trial-specific certainty ratings, and plotted the group-average data for each bin, separately for each age group. Note that we binned the data for plotting
purposes, but used single-trial measures in our statistical analyses. Error bars indicate standard errors.

https://doi.org/10.1371/journal.pcbi.1008276.9003
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https://doi.org/10.1371/journal.pcbi.1008276.9004

so far (a model-free estimate of expected value), and we classified choices for the option with
the higher and lower expected value as, respectively, exploitative and exploratory (only includ-
ing the trials at which both options had been chosen at least once before). We then tested for
main and interaction effects of trial (linear and quadratic) and age group on exploratory
choices, as defined above. Importantly, to control for changes in relative expected value over
time, we also modeled the absolute difference between the two options’ expected value. As
expected, exploration decreased as the difference in expected value increased (z = 5.0, p <
.001). This effect of relative expected value on exploration was larger in the adults than the ado-
lescents (z = 4.9, p < .001). This analysis also revealed a linear decrease in exploration over tri-
als (z=5.8, p < .001). Finally, the adolescents, as compared to the adults, showed more
exploration overall (z=4.7, p < .001) as well as a smaller linear decrease in exploration over
trials (z = 4.3, p < .001). These findings provide initial evidence that participants—and adults
more so than adolescents—reduced their degree of exploration over time, consistent with nor-
mative behaviour on this task.

Computational models

The behavioural results from the two tasks suggest that (i) self-reported uncertainty, and its
effect on learning rate, do not differ between adolescents and adults (estimation task); but (ii)
adolescents show a smaller decrease in learning rate over time, resulting in higher asymptotic
learning rates (estimation task); and (iii) adolescents show more, and more sustained, explora-
tion than adults, resulting in lower asymptotic choice accuracy (choice task). To formalize and
quantify the latent processes that may underlie these effects, we applied a series of computa-
tional models to the estimation and choice data.

We modeled the expectation-updating process in both tasks using (i) a standard reinforce-
ment-learning model (Model 1) with one constant learning rate; (ii) an asymmetric reinforce-
ment-learning model (Model 2) with two separate constant learning rates for positive and
negative prediction errors; (iii) a Kalman filter (Model 3), which describes learning in terms of
optimal statistical (Bayesian) inference, in which learning rate varies as a function of
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estimation uncertainty; and (iv) a hybrid Pearce-Hall model (Model 4), in which the learning
rate varies over time in a non-Bayesian way. For fits to the choice data, we combined each of
these learning models with a softmax function, which translates the options’ expected values
into choice probabilities. We used two versions of this function: (i) one in which the inverse
temperature is constant over trials (Model 1A-4A); and (ii) one in which the inverse tempera-
ture varies over trials (Model 1B-4B) [22]. Full descriptions of the models, and their equations,
can be found in the Methods; here we provide a brief overview of their main principles and
parameters.

Model 1: standard reinforcement-learning model. This model updates an option’s
expected (mean) outcome following each new observation in proportion to the prediction
error (observed minus expected outcome), according to a standard reinforcement-learning
algorithm (delta rule [7]). Learning rate parameter a, which is constant over trials, controls the
degree of expectation updating, such that higher values of o result in stronger updating
towards the most recent outcome. This model has one free parameter ().

Model 2: asymmetric reinforcement-learning model. This model is identical to Model 1,
except that it uses two separate learning rates to control expectation updating following posi-
tive and negative prediction errors: r, and a_, respectively. Thus, this model has two free
parameters. This model may explain age-related differences in choice behaviour in terms of
differential sensitivity to better- and worse-than-expected outcomes [3, 9, 10]. Note that a
learning asymmetry is less likely in the estimation task, as positive and negative prediction
errors in this task do not reflect better- and worse-than-expected outcomes, respectively. How-
ever, for completeness, we applied all models to both tasks.

Model 3: Kalman filter. This model considers learning as Bayesian inference, tracking
estimates of an option’s mean (expected) outcome, as well as the precision of those estimates
[26, 27]. In contrast to the reinforcement-learning model, the effective learning rate on each
trial depends on the precision of the expectation at the onset of that trial, such that less precise
expectations lead to greater updating towards the most recent outcome. In addition, the Kal-
man filter assumes that the mean outcome varies over time according to a Gaussian random
walk process, adding some uncertainty to the expectation after each trial. This model has three
parameters characterizing the participant’s belief about the outcome-generating process: the
variance of the random walk process (drift variance; Gf]), the variance in outcomes around the
mean on any given trial (noise variance; 62), and the uncertainty of the initial expectation (ini-
tial prior variance; s7). These can be considered indices of assumed volatility, assumed noise
level, and initial estimation uncertainty, respectively. Only the ratios among these three param-
eters matter; hence we fixed o} to 1. Thus, this model has two free parameters, s and o, (both
estimated relative to 02), which determine the initial and asymptotic learning rate,
respectively.

Model 4: reinforcement learning/Pearce-Hall hybrid model. This model also has a
dynamic learning rate, but the learning rate on each trial is defined in a non-Bayesian way, by
scaling it by a dynamic ‘associability’ term which reflects the unexpectedness of previous out-
comes [28]. Specifically, the associability on a given trial, o, is a weighted average of the
associability and the absolute prediction error on the previous trial. Decay parameter 7 deter-
mines the relative weights of these two terms. This model can be seen as a hybrid between the
standard reinforcement learning model and the Pearce-Hall associability model [29-31]. It has
three free parameters: the initial associability ¢, decay parameter 7, and the constant compo-
nent of the learning-rate x (the learning rate on trial ¢ is the product of x and «,).

Constant and dynamic softmax function. To convert expectations into choice probabili-
ties (for fits to the choice data), we combined each learning model with a constant (Model 1A,
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2A, 3A and 4A) and a dynamic (Model 1B, 2B, 3B and 4B) softmax function. The softmax
function computes the probability that each option is chosen based on the difference in
expected outcome between the two options, and inverse-temperature parameter § indicates
how strongly choice probabilities are linked to the difference in expected outcomes: A higher
inverse temperature could reflect a stronger exploitation of the option with the highest
expected value, or a better ability of the model to capture participants’ choices. In Models 1A-
4A (constant softmax), the inverse temperature is constant over trials. In Models 1B-4B
(dynamic softmax), we allowed the inverse temperature to change over trials according to a
power function, with the direction and rate of change controlled by parameter c: Positive and
negative values of ¢ produce an increasing and decreasing inverse temperature over trials,
respectively, and larger absolute values of c result in faster change. The free parameter 6 deter-
mines the inverse temperature on trial 10 (halfway a task block). Thus, the constant softmax
function has one free parameter (), and the dynamic softmax function has two free parame-
ters (c and 0).

Model comparison

We applied Model 1-4 to participants’ trial-to-trial estimates during the estimation task (sepa-
rately for the low- and high-noise blocks), and Models 1A-4A and 1B-4B to participants’ trial-
to-trial choices during the choice task. All models were fitted separately to the adolescent and
adult data, using a hierarchical Bayesian approach (see Methods). We compared the models’
performance using the deviance information criterion (DIC), a hierarchical modeling general-
ization of the AIC which is easily computed in hierarchical Bayesian model-selection problems
using Markov chain Monte Carlo (MCMC) sampling [32] (Table 1). In addition, we trans-
formed the DIC values to a probability scale (model weights), enabling a more intuitive com-
parison of the probabilities of each model being the best model, given the data and the set of
candidate models [33].

Table 1. DIC values and (in parentheses) corresponding model weights for fits of each model to each data set.

Estimation task

Low noise High noise
adults adolescents adults adolescents
Modell: RL 13,769 (< .01) 11,125 (< .01) 15,554 (< .01) 12,447 (< .01)
Model 2: RL2 13,679 (< .01) 11,114 (< .01) 15,506 (< .01) 12,408 (< .01)
Model 3: KF 10,864 (> .99) 9,949 (> .99) 12,608 (> .99) 11,511 (> .99)
Model 4: PH 10,951 (< .01) 10,042 (< .01) 12,831 (< .01) 11,584 (< .01)
Choice task
adults adolescents
Model 1A: RL/constant 8 3,992 (< .01) 4,066 (< .01)
Model 1B: RL/dynamic 8 3,596 (< .01) 3,904 (< .01)
Model 2A: RL2/constant 3,932 (< .01) 3,996 (< .01)
Model 2B: RL2/dynamic 3,587 (< .01) 3,866 (> .99)
Model 3A: KF/constant 8 3,865 (< .01) 4,004 (< .01)
Model 3B: KF/dynamic 3,548 (< .01) 3,904 (< .01)
Model 4A: PH/constant g 3,962 (< .01) 4,066 (< .01)
Model 4B: PH/dynamic 8 3,513 (> .99) 3,904 (< .01)

Notes: The values of the best-fitting models (lowest DIC) are shown in bold. RL, RL2, KF, and PH are the reinforcement-learning, asymmetric reinforcement-learning,

Kalman-filter, and reinforcement learning/Pearce-Hall hybrid model, respectively, and § = inverse temperature.

https://doi.org/10.1371/journal.pchi.1008276.t001
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For fits to the estimation data, the models with dynamic learning rates (models 3 and 4)
clearly outperformed the models with constant learning rates (models 1 and 2) for both age
groups and noise levels, corroborating the behavioural learning-rate data. Furthermore, Model
3 (Kalman filter) outperformed Model 4 (reinforcement learning/Pearce-Hall hybrid model)
for both age groups and noise levels. This suggests that both the adolescents and adults used
Bayesian inference to update their estimates.

For fits to the choice data, model 4B (the reinforcement learning/Pearce-Hall hybrid model
+ dynamic softmax) performed best for the adults, while model 2B (asymmetric reinforce-
ment-learning model + dynamic softmax) performed best for the adolescents. This suggests
that when making repeated choices between two options—as compared to estimating the aver-
age value of one stimulus—adults use a simpler, non-Bayesian, mechanism to adjust their
learning rate over time, while adolescents do not adjust their learning rate over time. Impor-
tantly, all learning models performed better when combined with a dynamic than a constant
softmax function, for both age groups, suggesting that both the adults and adolescents did
adjust their degree of exploration over time, or that the models’ ability to capture participants’
choices changed as learning progressed.

For fits to the choice data, we also computed the probability of each choice under each of
the models—given the posterior medians of the individual-level parameters and the outcomes
observed up to that choice—as an intuitive index of how well the models explain the choice
data. The average probability of the observed choices (averaged across trials and participants)
under the best fitting model was .78 for the adults, and .65 for the adolescents, consistent with
the lower inverse temperature for the adolescents. The probabilities of the observed choices
under the other models ranged from .56 to .78 for the adults, and from .54 to .65 for the adoles-
cents (S1 Table).

Parameter estimates

We next examined the parameter estimates of the best fitting models. We separately estimated
group-level parameter distributions for the adolescent and adult participants, and denote the
hyperparameters governing the central tendencies of the group-level distributions with over-
bars (e.g., 0 refers to the group-level mean of ). Fig 5A (left panels), C, and D (left panels)
show the posterior distribution of the central tendency of each parameter’s group-level distri-
bution, for fits to the estimation and choice data, respectively. The corresponding medians and
95% highest-density intervals (HDIs) are reported in S2 Table. In the Kalman filter, o7 is the
assumed variance of the random walk process (random variance in the mean outcome across
trials) and s? is the initial prior variance (both estimated relative to the assumed noise variance,
o7, which was fixed at 1 to eliminate redundancy in model parameters). In the reinforcement
learning/Pearce-Hall hybrid model, o is the initial associability, 7 is a decay parameter that
controls the dynamics of associability over time, and « is a fixed proportion that scales the
associability on each trial (i.e., the learning rate on trial ¢ is the product of k and ¢,). In the
asymmetric reinforcement learning model, @, and a_ are the learning rates following positive
and negative prediction errors, respectively. In the dynamic softmax function, 0 is the inverse
temperature on trial 10 and ¢ controls the change in inverse temperature over trials (positive
values cause an increase over trials).

Estimation task. For fits to the estimation data, the posterior distributions of o—fl (drift vari-
ance) for the adult participants essentially peaked at 0, its lower bound, suggesting that the
adults correctly assumed a stationary outcome-generating process. The posterior distributions
of 62 for the adolescent participants lay close to 0 as well, but were considerably higher than
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Fig 5. Parameter estimates. A. Posterior distributions for the group-level central tendencies of the Kalman-filter
parameters per age group (left panels) and the corresponding difference distributions (right panels; red lines are 95%
HDIs) for fits to the estimation data. For visualization purposes, we omitted y-axis values between 40 and 6,550 and
between 500 and 23,300, respectively, in the two upper left plots. B. Model’s predicted learning rate per trial for fits to
the estimation data. We used the medians of the individual-level posterior distributions to compute trial-specific
learning rates per participant, and plotted the average data for each age group. C. Posterior distributions for the group-
level means of the reinforcement learning/Pearce-Hall hybrid (adults) and asymmetric reinforcement learning
(adolescents) parameters for fits to the choice data. The SD of the outcome-generating distribution in the choice task
was always 8. D. Posterior distributions for the group-level means of the dynamic-softmax parameters per age group
(left panels) and the corresponding difference distributions (right panels) for fits to the choice data. E. Model’s
predicted learning rate and inverse temperature per trial for fits to the choice data, computed as in Fig B.

PE = prediction error. Note that the adolescents’ learning rates following positive and negative prediction errors
almost overlap.

https://doi.org/10.1371/journal.pcbi.1008276.9005

those for the adults (Fig 5A, upper left panels). To further examine these group differences, we
calculated the difference between the posterior distributions for the adults and adolescents (Fig
5A, right panels). 100 and 99.5% of the resulting difference distribution for the low- and high-
noise condition, respectively, lay below 0, suggesting that the adolescents assumed more vari-
ability in the mean outcome over time (i.e., higher volatility) than the adults.
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The posterior distributions of s? (initial prior variance) exceeded 100 for both age groups,
suggesting that the first estimate of the mean outcome was extremely uncertain. This makes
sense as the first estimate was made before any outcome had been observed, thus could not be
based on any prior knowledge (participants basically had to guess on the first trial). Such very
high values of s> —relative to the noise variance o2 which was fixed at 1—produce initial learn-
ing rates that approach 1 (Eq 9 in the Methods), which is optimal in this task. We did not find
evidence that s? differed between the two age groups in either noise condition (54 and 88% of
the difference distribution for the low- and high-noise condition, respectively, lay below 0).

In the Kalman filter, the ratio between o, s} and o determines the level of uncertainty
about the mean outcome on each trial (s?), which in turn determines the trial-specific learning
rate (see Methods). Fig 5B shows the average learning rate timecourse per group and noise
level predicted by the model (computed per participant using the medians of the individual-
level parameter estimates, and then averaged across participants). Note that the learning rates
predicted by the Kalman filter (Fig 5B) show a similar pattern as the learning rates that we
directly computed from participants’ estimation data (Fig 2B), in terms of differences between
the age groups and noise levels (higher asymptotic learning rates for the adolescents than the
adults, especially for the low-noise blocks, reflecting the higher drift variance in the adoles-
cents). However, the adolescents’ asymptotic learning rates predicted by the model were some-
what lower than those directly computed from the data.

Choice task. Fig 5C shows the posterior distributions of the group-level mean parameters
of the best-fitting learning models, when applied to each age group’s choice data: the reinforce-
ment learning/Pearce-Hall hybrid model for the adults (upper panel) and the asymmetric rein-
forcement learning model for the adolescents (lower panel). The adults’ choice data was best
explained by a model in which learning rate decreased over trials, in a non-Bayesian way,
while the adolescents’ choice data was best explained by a model with constant learning rates
(Fig 5E, left panel). The winning model for the adolescents had separate learning rates for posi-
tive and negative prediction errors, but the group-level means of these two learning rates were
highly similar (Fig 5C, lower panel; Fig 5E, left panel). This suggests that some adolescents
used higher learning rates for positive than negative prediction errors while others showed the
opposite bias (at the individual level, o, was higher than a_ for 16 adolescents, and o, was
lower than a_ for 9 adolescents).

Fig 5D shows the posterior distributions of the group-level mean parameters of the
dynamic softmax function, for each age group. Together, parameters 8 and ¢ determine the
inverse temperature on each trial (a higher inverse temperature could reflect less exploration,
or a better ability of the model to capture the participants’ choices). The posterior distribution
of 0 (inverse temperature halfway a task block) was higher for the adults than the adolescents
(Fig 5D; 97.5% of the difference distribution lay above 0), reflecting more exploratory choice
behaviour in the adolescents, or a worse ability of the model to capture the adolescents’
choices. The posterior distribution of ¢, which governs the change in inverse temperature over
trials, was positive in both groups, indicating that participants became less exploratory over
time, or that the model was better able to capture participants’ choices during late than early
trials. In addition ¢ was numerically higher in the adults than in the adolescents (78.6% of the
difference distribution for ¢ lay above 0). Fig 5E shows the average inverse temperature time-
course per group predicted by the models. Although the increase in inverse temperature was
steeper for the adults than the adolescents, the increase in inverse temperature (inverse tem-
perature on trial 20—inverse temperature on trial 1) did not differ significantly between the
two age groups (t(58) = 1.6, p = .12).
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Note that the best-fitting learning models in the choice task differed between the two age
groups, which may have affected the group differences in estimated softmax parameters
reported above. Therefore, we repeated the group comparisons of 0, ¢, and inverse tempera-
ture, this time using parameter estimates derived from the same model in both age groups: the
reinforcement learning/Pearce-Hall hybrid model + dynamic softmax (the winning model for
the adults, and shared second best model for the adolescents). This resulted in somewhat
stronger group differences for 0 and ¢: 99.7 and 85.7% of their corresponding difference distri-
butions lay above 0 (S1A Fig). In addition, this analysis revealed that the increase in inverse
temperature over trials was significantly larger in the adults than adolescents (#(58) = 3.1, p =
.003; S1B Fig).

Between-subject relationships between model-based estimates of assumed
volatility and exploration

Our model-based analyses of the estimation task suggested that the adolescents assumed a
more volatile outcome-generating process than the adults (higher drift variance, 7, of the Kal-
man filter), which resulted in higher asymptotic learning rates. In a choice context, higher lev-
els of volatility warrant not only higher learning rates, but also more exploration. Therefore, it
is an interesting possibility that the more exploratory choice behaviour in the adolescents was
driven by higher assumed volatility as well. Alternatively, it is also possible that the increased
exploration in adolescents reflected a different process, not involving volatility assumptions
(e.g., reduced sensitivity to value differences, or more error responses). If the age-related differ-
ences in exploration were indeed caused by different volatility assumptions, we would expect
that (i) participants who assume higher volatility explore more, and (ii) age-related differences
in exploration are mediated by individual differences in assumed volatility.

To test these hypotheses, we conducte single-level mediation analyses with age group
(adults vs. adolescents) as the predictor, each participant’s estimated o, parameter from fits to
the estimation data (index of assumed volatility) as the mediator, and each participant’s esti-
mated 6 and ¢ parameter from fits to the choice data (potential indices of, respectively, the
degree of exploration halfway a task block and the decrease in exploration over trials) as the
dependent variable, in two separate mediation models (Fig 6A). The individual-level estimates
of 07 contained some strong outliers (most estimates lay below .01, but there were also several
participants with estimates above 1, such that 62 was not normally distributed). To deal with
this, we replaced the of’, 0, and c variables with their ranks.

Consistent with the posterior distributions of o'_g reported in the previous section, a:‘; was
lower in the adults than adolescents (path a, p < .001, in both mediation models). Importantly,
higher values of o, (higher assumed volatility in the estimation task) predicted lower values of
0 (more exploration in the choice task, or a worse ability of the model to capture participants’
choices) and lower values of ¢ (a smaller decrease in exploration, or a smaller difference
between the model’s ability to capture early and late choices), when controlling for age group
(path b, p < .01 and p < .00, respectively; Fig 6B). Moreover, individual differences in o, for-
mally mediated the effects of age group on both 8 and ¢ (a*b, p < .01 for both mediation
effects). When controlling for ¢, the effect of age group on 6 decreased but was still significant
(total effect, p = .004; direct effect p = .03), implying a partial mediation. The effect of age
group on ¢ was marginally significant in the unmediated models (total effect, p = .08), but
became far from significant when controlling for o (direct effect, p = .94). We also repeated
these analyses using the estimated 6 and ¢ parameters derived from the same choice-task
model for both age groups (the reinforcement learning/Pearce-Hall hybrid model + dynamic
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softmax); this yielded the same pattern of significant results (S2 Fig). These findings are consis-
tent with the idea that participants’ assumed volatility governed their overall overall degree of
exploration as well as their reduction in exploration over time, and that the higher assumed
volatility in the adolescents contributed to their increased exploration.

Validation of modeling results

To validate our model-selection and parameter-estimation results, we performed model-
recovery and parameter-recovery analyses, respectively. We describe the main outcomes here;
procedures and full results are provided in the Supplementary Material (S3 and S4 Texts and
S3-S5 Figs).

Model recovery. Model-recovery results indicate that our procedure could distinguish the
learning and choice processes implemented in our different models with rather high accuracy,
with one exception: a high proportion of choice datasets generated by the reinforcement learn-
ing/Pearce-Hall hybrid model + constant softmax was best fit by the standard reinforcement
model + constant softmax (discussed in S3 Text and S3 Fig). However, these models were
never the best-fitting models in our analysis of the empirical data. Regarding our best-fitting
models, the results indicate that (i) we can be 94% confident about the best-fitting model for
the estimation task (Kalman filter, in both age groups); (ii) we can be 89% confident about the
best-fitting model for the choice task in the adolescents (asymmetric reinforcement learning
model + dynamic softmax); (iii) we can be 71% confident about the best-fitting model for the
choice task in the adults (reinforcement learning/Pearce-Hall hybrid model + dynamic soft-
max); and (iv) we can be 90-97% confident about the best fitting softmax function in both age
groups (dynamic softmax).

Parameter recovery. For the estimation-task models, our parameter-recovery results cor-
roborate the presence of an age-related difference in the Kalman filter’s drift-variance parame-
ter o>. However, while values of O'_ﬁ corresponding to the estimated value for the adult group

were accurately recovered, values of % corresponding to the estimated value for the adolescent
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group tended to be underestimated (S4 Fig). Thus, the actual value of 0_?1 for the adolescent

group may well have been higher—and hence the age-related difference in 07;21 larger—than it
seemed based on the parameter estimates from our model fits to the empirical data.

Regarding the choice-task models, all group-level mean parameters of the asymmetric rein-
forcement learning model + dynamic softmax—the best-fitting model for the adolescents—
were well recovered (correlations between simulated and recovered values > .92, p’s < .001,
for all parameters; S5 Fig), with no evidence for bias or tradeoffs between parameters. For the
reinforcement learning/Pearce-Hall hybrid model + dynamic softmax—the best fitting model
for the adults—simulated and recovered parameters were correlated as well (correlations
range from .4 to .94, all p’s < .005). However, 77, ¥ and ¢ tended to be underestimated, whereas
0 tended to be overestimated for this model (S5B Fig). Thus, the estimated values of these
hyperparameters should be taken with some caution.

Discussion

Although uncertainty is an important mediator of learning and exploration [15, 17, 18], previ-
ous developmental studies on experience-based learning have not incorporated trial-to-trial
changes in uncertainty in their analyses and models. In the present study, we examined uncer-
tainty-driven regulation of learning rate and exploration in adolescents and adults, which pro-
vided novel (computational) insights into the nature of developmental changes in experience-
based learning.

We found that adolescents, as compared to adults, were characterized by higher asymptotic
learning rates in an estimation task and by more exploration in a choice task. Computational
modeling provided evidence that both of these effects arose because the adolescents assumed
more variation in the outcome-generating process over time, and thus were less certain about
their estimates. However, self-reported certainty during the estimation task, and its trial-to-
trial relationship with learning rate, did not differ between adolescents and adults.

Taken together, our results suggest that adolescents, as compared to adults, overestimate
environmental volatility (unpredictable change in stimulus-outcome or action-outcome asso-
ciations), making them more sensitive to recent relative to older evidence. In Bayesian learning
models, this corresponds to weaker priors—less precise belief distributions—resulting in faster
belief updating based on new information [34, 35]. As an increased perception of volatility
might lead adolescents to consider past experiences as less representative of the future, and
experience action-outcome associations as less stable, it may well contribute to the surge in
real-life exploration and risk-taking behaviours that are characteristic of adolescence [36-38].
It may also underlie adolescents’ stronger tendency to shift between choice options regardless
of their expected values, which has been observed in some previous probabilistic learning stud-
ies that compared adolescents and adults [9, 12]. As the period of adolescence is characterized
by major physical and social change, and rapidly changing environmental demands, an
increased perception of volatility during this period may be functionally adaptive by promot-
ing cognitive and behavioural flexibility. Previous work has suggested similar advantages of
the increase in some types of risk-taking and sensation-seeking behaviours during adolescence
[39-41]. Our results contribute to this discussion by suggesting a computational principle—an
increased representation of volatility—that may underlie these behaviours.

Volatility is one form of uncertainty that has been dissociated—both computationally and
in terms of relevant brain systems—from noise (stochasticity inherent in the environment)
and estimation uncertainty (the imprecision of the learner’s current estimate of the environ-
ment, due to limited knowledge, which decreases with sampling) [14, 16, 42]. Importantly,
learners’ estimates of the different forms of uncertainty are not fully independent from each
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other. Specifically, when learners assume a higher noise level, they will be more likely to attri-
bute prediction errors to random outcome fluctuations rather than to a change in outcome
contingencies, resulting in lower perceived volatility. In that sense, the evaluations of volatility
and noise can be considered antagonistic [16], which is also why their ratio—and not their
absolute values—matters in the Kalman filter. Thus, an underestimation of noise in the adoles-
cents—which made them more inclined to interpret unexpected outcomes as indicative of
change—may have contributed to their overestimation of volatility. Future studies are required
to further disentangle the roles of these different forms of uncertainty in learning across devel-
opment, for example by independently manipulating volatility and noise.

Our finding that self-reported certainty during the estimation task did not differ between
the adolescents and adults seems at odds with the higher learning rates in the adolescents, as
normative learning implies that higher learning rates should be associated with higher uncer-
tainty. What might explain this apparent discrepancy? First, this may be explained by the inter-
dependence of volatility and noise described above: If adolescents assume more volatility than
adults, but also less noise, this could result in increased learning rates (which scales with the
ratio between volatility and noise) despite the same ‘overall’ certainty experience (which scales
with their sum). Second, the evaluation of the various forms of uncertainty is likely to be an (at
least partially) implicit process. Indeed, our model-based analyses revealed that participants
(especially the adolescents) assumed variability in outcome contingencies over time even
though they were instructed that this was not the case, suggesting a dissociation between par-
ticipants’ explicit task knowledge and the internal model they used to perform the task. Third,
it has been proposed that self-evaluation of performance involves a distinct decision system
that “reads out” confidence information from internal states, and that substantial bias can be
introduced during this process [43, 44]. Thus, age-related differences in this reporting bias
may also explain why adolescents reported to be as certain as adults while their learning rates
suggested otherwise. Finally, that the adolescents reported to be equally certain as the adults,
even though their behaviour suggested that they judged the environment to be more volatile,
may indicate that the adolescents were actually more confident about their performance than
the adults. This last possibility is broadly consistent with some previous developmental studies
on performance monitoring [45, 46].

By directly comparing an estimation and a choice task, our study also provides evidence
that estimating the mean value of a stimulus engages a different learning process than making
choices between two stimuli. The estimation data of both age groups was best described by a
learning model that integrates new outcomes and prior expectations using Bayesian inference
(Kalman filter). In contrast, the choice data was best described by simpler, non-Bayesian,
learning processes (reinforcement learning/Pearce-Hall hybrid model for the adults, and
asymmetric reinforcement learning model for the adolescents). Thus, during the choice task,
we found evidence that adults decreased their learning rate over time—although in a different
way than in the estimation task—whereas adolescents used constant learning rates. Possible
reasons for the use of simpler, non-Bayesian, learning processes in the choice task are that (i)
optimal performance in this task requires estimating the relative rather than the exact value of
stimuli and/or (ii) optimal choice performance can be achieved by a simpler updating process
when combined with a dynamic adjustment of the exploration-exploitation tradeoff. In addi-
tion, the choice task involved learning about two stimuli in parallel (compared to one stimulus
in the estimation task), requiring more working-memory resources, which may have resulted
in the use of simpler learning processes. Indeed, estimation performance on a more computa-
tionally demanding estimation task in a previous study—adult participants learned about two
stimuli during each task block—was best explained by a non-Bayesian learning model that
resembled our best-fitting model for the adults’ choice data [47].
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Because the outcome-generating process in our experimental tasks was static (i.e.,
actual volatility was zero), adolescents’ elevated learning and exploration rates were sub-
optimal in these tasks, deteriorating performance. In certain types of dynamic environ-
ments, however, these same learning characteristics may be advantageous by promoting
the detection of, and adaptation to, change. Thus, an important objective for future studies
is to examine whether and how the increased representation of volatility in adolescents
identified in the present study affects their learning performance in changing environ-
ments. This is presumably dependent on the type of environmental change. When out-
come contingencies change in a continuous manner—e.g., according to a diffusion
process—an increased representation of volatility might be beneficial, especially when the
rate of change is fast. In contrast, in environments containing discrete ‘change points’, an
increased representation of volatility may be disadvantageous as it could lead to the over-
estimation of change-point frequency, and excessive expectation updating during stable
periods in between change points. These ideas remain to be tested in future studies that
compare adolescents’ and adults’ performance on learning tasks involving continuous [48,
49] versus discrete [50, 51] change.

Another open question concerns the use of uncertainty in learning and exploration prior
to adolescence. As our study focused on adolescents and adults, it leaves open the question
whether the overestimation of volatility is specific to the period of adolescence, or also pres-
ent—and perhaps even stronger—in younger children. It has been shown that young chil-
dren are in some cases more flexible learners—more willing to adopt hypotheses that are
supported by new evidence but inconsistent with preexisting societal notions—than older
children and adults, possibly because they are less biased by prior knowledge and beliefs
[52-54]. Interestingly, one recent study that included children, adolescents and adults
found that the ability to learn unusual physical causal relationships decreased monotoni-
cally with age, while learning of unusual social causal relationships peaked at the age of four
and again during adolescence [55]. Although the latter study did not manipulate or measure
uncertainty, and focused on the outcome of learning rather than the learning process itself,
its results suggest that the sensitivity to new evidence is highest in both preschoolers and—
at least in the social domain—adolescents. Whether or not the same underlying process—
e.g., an increased volatility assumption—mediated this effect in both of these age groups
remains to be explored in future work.

Finally, a recent study in adults showed that, in a restless two-armed bandit task, a sub-
stantial proportion of choices for the lower-valued option can be explained by internal
computational noise in the expectation-updating process—resulting in random fluctuations
in expected outcome values—rather than by exploratory choice behaviour [56]. An interest-
ing idea that follows—and remains to be tested—is that not only learning rate and explora-
tion, but also ‘learning noise’, increase as a function of environmental volatility. If this is the
case, adolescents’ increased representation of volatility could have resulted in a noisier
learning process in this age group. Whether, and to what extent, age-related differences in
learning noise may underlie the age-related effects on learning rate and exploration found
in the present study needs to be examined in future work, for example using the recently
developed ‘noisy RL model’ [56].

To conclude, our findings suggest that adolescents assume a faster-changing world than
adults, resulting in more malleable expectations and more persistent exploration. Future stud-
ies may examine the potentially adaptive and maladaptive consequences of these learning fea-
tures in different types of environments, which may eventually inform educational strategies
and policy interventions aimed at adolescents.
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Methods
Ethics statement

All procedures were approved by the local ethics committee of the Faculty of Social and Beha-
vioural Sciences of the University of Amsterdam. Adult participants provided written
informed consent. For the adolescents, primary caretakers were informed about the experi-
ment and provided written informed consent for the participation of their child.

Participants

Thirty-five young adults (mean age = 22.6, range = 18-29; 77% female) and twenty-five adoles-
cents (mean age = 13.7, range = 12-15; 64% female) participated in the study. Adults were stu-
dents, or former students, at universities or colleges of higher professional education.
Adolescents attended high schools (pre-university or higher general secondary education). All
participants were healthy and reported no history of psychiatric or neurological disorders, and
no use of alcohol or recreational drugs on the test day. Participants received €8 or (some of
the adult participants) course credits for their participation. In addition, all participants earned
a performance-related bonus of 0 to 2 euros per task.

General procedure

Participants individually completed the estimation and the choice task, respectively, which are
described below. Before starting each task, participants were informed about the task structure
and procedure by means of computerized instructions. The estimation and choice tasks lasted
approximately 30 and 15 minutes, respectively.

Estimation task

During this task, a box was presented on the screen and participants repeatedly observed a
number outcome—corresponding to a number of points—inside the box. The number on
each trial was randomly drawn from a Gaussian distribution with a specific mean and standard
deviation. The mean of the number-generating Gaussian distribution was fixed within each
experimental block, but varied across blocks (between 20 and 80; Fig 1A). The standard devia-
tion (SD) of the distribution was 4 (low noise) in the first half of the blocks, and 8 (high noise)
in the second half of the blocks, or vice versa, in counterbalanced order. The start of each new
block was clearly indicated, by means of a ‘new-block’ screen, and a different box, with a
unique color, was used in each block.

Participants completed ten experimental blocks, of fifteen trials each. At the start of each
trial, participants estimated the average number of points inside the current box as closely as
possible, by typing a number on the keyboard (self-paced; Fig 1B). The typed number appeared
underneath the box, and participants confirmed their estimate by pressing the ENTER key.
Participants then rated their certainty about their estimate on a vertical scale from 0 to 10 with
lower and upper anchors of “completely uncertain” and “completely certain”, respectively,
using the mouse (self-paced). Then a number was randomly drawn from the current Gaussian
distribution and displayed inside the box for 1.5 seconds. After that, the box closed again and 1
second later the next trial started.

Except for the specific means and SDs used, participants were fully informed about the task
structure and procedure before starting the task. Specifically, to provide an intuitive explana-
tion that the numbers were generated from a stable but noisy process, we instructed partici-
pants that the number of points inside a box would vary from time to time, but that the
average number of points would not change during a block. Participants were also instructed
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that all numbers would fall within the range of 1 through 100, and that the average number of
points differed between blocks. After block 5, participants were instructed that the variability
in numbers would increase or decrease from then on, corresponding to the change in the SD
of the number-generating distribution. In addition, blocks 1 and 6 were preceded by a 15-trial
practice block with the same SD as the upcoming experimental blocks, to familiarize partici-
pants with the outcome variability in the upcoming block. Finally, participants were instructed
that they could earn a bonus of maximally 2 euros depending on how accurate their estimates
were.

Computation of trial-specific learning rate. We estimated the prediction error (5) on
each trial t as the difference between the actual outcome and the participant’s estimate on that

trial: St = Outcome,—Estimate,. Consequently, we estimated trial-specific learning rate (&) as
the change in the participant’s estimate across two successive trials, trial t and ¢+1, divided by

the prediction error on trial t: &, = (Estimate, —Estimatet)/ét[w, 20].

Choice task

During this task, participants made repeated choices between two options (boxes), presented
at the left and right side of the screen (Fig 1C). Each time a box was chosen, it paid off a num-
ber of points, and participants’ task was to earn as many points as possible. As in the Estima-
tion task, the number of points corresponding to each box was randomly drawn from a
specific Gaussian distribution. Participants completed eight 20-trial blocks of this task. The dif-
ference in the means of the Gaussian distributions associated with the two boxes was either ten
or twenty points, in half of the experimental blocks each. Specifically, the distribution associ-
ated with one of the boxes was centered at 40, 50 or 60, and the distribution associated with
the other box was centered either ten or twenty point higher or lower, in random order. The
SD of all distributions was 8.

At the start of each trial, participants selected the left or the right box, by pressing a left or a
right key. Then a number was randomly drawn from the Gaussian distribution corresponding
to the chosen box and displayed inside that box for 1.5 seconds. After that, the box closed
again, and 1 second later the next trial started.

As in the Estimation task, participants were fully informed about the task structure and pro-
cedure—except for the specific means and SDs used—and completed a 20-trial practice block,
before starting the first experimental block. In addition, participants were instructed that they
could earn a bonus of maximally 2 euros depending on how often they chose the box that paid
off most points on average.

Behavioural analysis

We performed multilevel linear regression and mediation analyses on single-trial estimates of
learning rate (&) and certainty ratings during the Estimation task, and multilevel logistic
regression on single-trial choice accuracy during the Choice task. Random intercepts and
slopes were modeled in all analyses, and covariances between random effects were fixed to 0.
In the linear regression models, correlation between error terms across trials was considered
by specifying first-order autoregression. Linear and logistic regression analyses were per-
formed in R, using the nlme [57] and Ime4 [58] packages, respectively. Mediation analysis was
performed in matlab, using the Multilevel Mediation toolbox (http://wagerlab.colorado.edu/
tools [59]).

Analysis of the estimation task. To examine changes in learning rate and certainty as a
function of the number of observed outcomes, we tested for the linear and quadratic effects of
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block-specific trial on learning rate and certainty ratings, in two separate regression models. In
both analyses, we also modeled the SD of the number-generating distribution (high vs. low
noise) and age group (adults vs. adolescents; second-level regressor), and all trial x SD x age
group interactions.

To further examine the relationships between the number of observed outcomes, certainty
and learning rate, we performed a multilevel mediation analysis. In our mediation model, we
used block-specific trial as the independent variable, learning rate as the dependent variable,
and certainty rating as the mediator, and included age group as second-level moderator. We
used bootstrapping (100,000 bootstrap samples) for significance testing.

In the analyses on learning rate, we excluded the last trial of each block, and trials on which

the prediction error (&) was equal to 0 (5.5% and 4.5% of all trials in the adult and adolescent
group, respectively), as learning rate could not be computed on those trials. In the regression
analysis on certainty, we excluded the first certainty rating, which was made before any out-
comes were observed. In addition, we excluded trials with estimates of 0 or above 100 from all
analyses (0.3% and 0.9% of all trials in the adult and adolescent group, respectively), as these
presumably reflected typing errors (as participants were instructed that all numbers would be
in the range of 1 to 100). Finally, inspection of the data suggested that some estimates below
100 also reflected typing errors (e.g., when a participant accidentally omitted the first digit and
typed ‘3’ instead of ‘83), which could produce extreme learning-rate estimates. To deal with
this, we excluded trials on which the estimated learning rate exceeded the 99" percentile or
was lower than the 1% percentile (calculated separately for the adult and adolescent group;
1.7% and 1.8% of all learning rates in the two groups, respectively).

Analysis of the choice task. We tested for the linear and quadratic effects of block-specific
trial on choice accuracy, using multilevel logistic regression. We also modeled the effect of age
group and the trial x age group interactions.

Computational models

Standard reinforcement learning model. This model updates expectations about stimu-
lus-outcome associations in response to each new observed outcome, in proportion to the pre-
diction error. On each trial, ¢, the discrepancy between the outcome for the current stimulus s,
O, and the expected outcome at the onset of that trial, E, ,, elicits a prediction error, & s

Bs‘t = Os,t - Esj (1)

This prediction error triggers expectation updating according to a standard reinforcement-
learning algorithm (‘delta rule’ learning):

Es,t+l = Es.t + OCS&,[ (2)

Note that, given Eq 1, this updating process can also be written as:

E&,Hl = (xos#t + (1 - “)Es,t (3)

which shows that the new expectation is a weighted average of the most recent observation
and the old expectation. Learning-rate parameter o. determines their relative weights—i.e., the
amount of updating—such that higher values of o result in stronger updating.

Asymmetric reinforcement-learning model. This model is identical to the standard rein-
forcement learning model, with the following exception: it uses two separate learning rates (c,
and a_) to update expectations following positive and negative prediction errors, hence Eq 2 is

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008276  September 30, 2020 21/29


https://doi.org/10.1371/journal.pcbi.1008276

PLOS COMPUTATIONAL BIOLOGY Uncertainty-driven regulation of learning and exploration in adolescents

replaced by:

Es.t + O‘+($s‘t l.f 5s.t > O
Es,t + a—és,t lf 5s,t <0

st

Kalman filter. This model represents learning as Bayesian inference. As a Bayesian
model, the Kalman filter attributes to the participant a structured belief—i.e., a generative
model—regarding the statistics and dynamics of the task environment. The participant is
assumed to engage in optimal Bayesian inference with respect to this generative model, based
on the observed outcomes.

According to the generative model, the outcome on each trial, ¢, for stimulus s, O, is sam-
pled from a Gaussian distribution with a fixed SD, o, (0. represents outcome noise). The gen-
erative model also assumes that the mean of the Gaussian distribution associated with each
stimulus, x; ;, varies over time according to a Gaussian random walk with mean step size 0 and
SD o,, adding some uncertainty to the estimate of the mean after each trial. The actual out-
come-generating distributions in our tasks did not change over time, but it is possible that par-
ticipants (implicitly) assumed some variation of the mean in their generative model, which
could account for suboptimal learning-rate adaptation. Specifically, when o,, is larger than 0,
this causes over-weighting of the most recent outcome, hence elevated learning rates.

We assume participants maintain a conjugate iterative prior on x,, conditioned on all previ-
ous observations for stimulus s:

Xs.t‘os,tfl ~ N(lus.t’sit) (5)

where O,, ; = {O,,,...,0,, ,} is the sequence of all outcomes observed for stimulus s so far.
The mean and variance of this prior—; and s, respectively—are values tracked by the partici-
pant:y, is the participant’s estimate of x,, and s? is the participant’s uncertainty about that esti-
mate. Following each new observed outcome, a posterior belief about x;, is calculated. The
mean of this posterior is a precision-weighted average of the prior estimate and the new obser-
vation:

2 2 2.2
Gsﬂs.t + Ssﬁtos.t (Y

EVs,t (6)

2 2 ’ 52 2
02 + Ss.t 08 + Ss.t

Xt |Os,t ~N

The prior on the next trial is then obtained by adding the variance of the random walk, ¢2:

2 2 2.2
Gcﬂs.t + ss,tos.t 0,

€es,t

— 40 (7)
2 2 > 52 2 n
GS + S$,t ()-S + SS.f

()

Xs,t+1 |Os,t ~ N

By definition, the mean and variance of this iterative prior equal yi;;,; and 7, ,,, respec-

tively. This relation yields the update equation for y:

2 s
st
lus t+1 = 2 . 2 lus‘t + 2 2 Os‘t (8)
08 + Ss,t 08 + Ss,t

Thus, as in the reinforcement learning model, the new expectation is a weighted average of the
most recent outcome and the old expectation. To see the connection formally, define a
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trial-specific learning rate:

2

©)

04 =
st 2 2
O, + Set

S

Then the update equation for ¢ can be written as:
lu’s,t+1 = OCs,tOs.t + (1 - as,t)ﬂs,t (10)

in agreement with the expectation updating rule in the reinforcement learning model. Thus,
both models use the same learning principle, but the Kalman filter determines the learning
rate rationally and dynamically, based on the assumed variance of the outcome-generating dis-
tribution (0?) and the current level of uncertainty in the prior for x;, or estimation uncertainty
(si -

The Kalman filter has 3 free parameters: 6> (noise variance), cﬁ (drift variance), and s?, (the
initial variance of the prior for x). Only the ratios between these three parameters matter;
hence we fixed o} at a value of 1 and estimated ¢? and s?,.

Reinforcement learning/Pearce-Hall hybrid model. This model scales the learning rate
by a dynamic ‘associability’ term which originates from the Pearce-Hall model [28]. The
associability on trial ¢, @, is a weighted average of the absolute prediction error and associabil-
ity on the previous trial:

oCs.t = 7]|55.t71| + (]' - n)asﬁtfl (11)

Decay parameter 7 determines the relative weights of these two terms. The associability
term is incorporated in the expectation updating algorithm from the standard reinforcement
learning model [29-31]:

E

s,t+1

= Esﬁt + Kas,tss.t (12)

The initial associability (on trial 1; @) is estimated as a free parameter. Thus, this model has
three free parameters: @, 77, and «.

For fits to the estimation data, parameters from all models were estimated separately for the
low and high noise conditions, and we initialized expectations (E;; in models 1, 2 and 4 and
Us1 in model 3) to participants’ first prediction (separately for each particiant and block). For
fits to the choice data, we initialized all expectations to 50 (the center of the range of possible
outcomes).

Decision function. For fits to the choice data, we combined both learning models with a
softmax function, which computes the probability of choosing stimulus s on trial t (P,,) as:

b

P5‘f = 252/:1 eEs’,r*ﬂ (13)

Inverse-temperature parameter 3 controls the sensitivity of choice probabilities to the dif-
ferences in expected value (E, and y, in the reinforcement learning and Kalman filter model,
respectively) between the two options. If #is 0, both options are equally likely to be chosen,
irrespective of their expected values (reflecting a high degree of choice randomness or explora-
tion, or an inability of the model to capture participants’ choices). As the value of B increases,
the probability that the stimulus with the highest expected value will be chosen increases
(higher degree of exploitation, or better ability of the model to capture participants’ choices).

We compared two versions of the softmax function. In the first version (constant softmax;
Model 1A and 2A), f was constant over trials. In the second version (dynamic softmax; Model
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1B and 2B), B changes as a function of the number of previous trials, according to:
B, = 0x(t/10)° (14)

Response-consistency parameter ¢ controls the change in ff over time: Positive and negative
values of ¢ result in an increase and decrease in ff over time, respectively, and larger absolute
values of ¢ result in faster changes. Finally, parameter 6 determines the value of 4 on the 10"
trial.

Parameter estimation

We applied the models to participants’ trial-to-trial sequences of estimates and choices—for
the estimation and choice task, respectively—using a hierarchical Bayesian approach. Before
fitting the model to the estimation data, we replaced estimates of 0 and estimates above 100
(which likely reflected typing errors) with the average of the immediately preceding and fol-
lowing estimate. The hierarchical procedure assumes every participant has a different set of
model parameters, drawn from a group-level distribution [60]. In a Bayesian framework, this
means that each individual-level parameter is assigned a group-level prior distribution, whose
distribution parameters (hyperparameters) are also assigned prior distributions (hyperpriors).
We estimated separate group-level distributions for the adult and adolescent group. As we are
primarily interested in average-participant behaviour within each age group, and in potential
group differences, our primary variables of interest are the hyperparameters governing the
central tendencies of the group-level distributions (i.e., the mean and scale parameters govern-
ing, respectively, the beta and half-Cauchy group-level distributions).

Prior distributions. Group-level distributions for all model parameters, except the Kal-
man-filter paramers, were assumed to be beta distributions. Beta distributions are typically
defined by two shape parameters (a and b), but we reparameterized these in terms of a group-
level mean (a/[a+b]) and group-level precision (a+b) [61]. The group-level means were
assigned a uniform hyperprior on the interval [0,1] and the logarithms of the group-level pre-
cisions were assigned a uniform hyperprior on the interval [log(2), log(600)] [62]. We trans-
formed the range of the individual-level ¢ parameter (which governs the change in inverse
temperature over trials) from [0, 1], the range of the beta distribution, to [-2, 2] using the fol-
lowing transformation: ¢ = ¢*4-2 [63]. Group-level distributions for Kalman-filter parameters
o2 and s, (drift variance and initial prior variance) were assumed to be half-Cauchy distribu-
tions. For fits to the estimation data, participants’ estimates were assumed to be normally dis-
tributed around the models’ point predictions. The variance of this normal distributions (error
variance) was assumed to have a half-Cauchy group-level distribution. The scale parameters
governing the half-Cauchy distributions were assigned a uniform hyperprior on the interval
[0,1000]. These priors and hyperpriors were chosen for their uninformative nature [64].

Parameter-estimation details. We inferred posterior distributions for all model parame-
ters using Markov chain Monte Carlo (MCMC) sampling, as implemented in the JAGS pack-
age [65] via the R2jags interface. We ran 3 independent MCMC chains with different starting
values per model parameter, and collected 40,000 posterior samples per chain. We discarded
the first 20,000 iterations of each chain as burn-in. In addition, we only used every 5th iteration
to remove autocorrelation. Consequently, we obtained 12,000 representative samples per
parameter per model. When using this procedure for fits to the choice data, we encountered
convergence problems (R-hat value > 1.1) for a few individual-level parameters of Model 2b
(Kalman filter + dynamic softmax). Therefore, we collected twice as many posterior samples
for this model (24,000 after burn-in and thinning), after which the chains showed
convergence.
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Model comparison. We compared the fit of the different models using the deviance infor-
mation criterion (DIC) [32], separately for the two age groups and tasks. The DIC provides an
index of the goodness of fit of a model, penalized by its effective number of parameters. Models
with smaller DIC are better supported by the data.
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