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Abstract: Dealing with uncertainty is a pivotal skill for adaptive decision-making across various real-
life contexts. Cognitive models suggest that individuals continuously update their knowledge based
on past choices and outcomes. Traditionally, uncertainty has been linked to negative states such as fear
and anxiety. Recent evidence, however, highlights that uncertainty can also evoke positive emotions,
such as surprise, interest, excitement, and enthusiasm, depending on one’s task expectations. Despite
this, the interplay between mood, confidence, and learning remains underexplored. Some studies
indicate that self-reported mood does not always align with confidence, as these constructs evolve
on different timescales. We propose that mood influences confidence, thereby enhancing decision
flexibility—defined as the ability to switch effectively between exploration and exploitation. This
increased flexibility is expected to improve task performance by increasing accuracy. Our findings
support this hypothesis, revealing that confidence modulates exploration/exploitation strategies and
learning rates, while mood affects reward perception and confidence levels. These findings indicate
that metacognition entails a dynamic balance between exploration and exploitation, integrating mood
states with high-level cognitive processes.

Keywords: decision-making; prediction-error; uncertainty; confidence; mood

1. Introduction

Navigating uncertainty is crucial for adaptive decision-making across various real-life
contexts. Uncertainty is inherently challenging because it involves a lack of clear informa-
tion or ambiguous signals about future events’ probabilities [1], requiring strategies to be
tested against unknown circumstances. Various cognitive models suggest that individuals
gradually update their knowledge about their environment based on the history of choices
and outcomes [2]. Sensitivity to environmental uncertainty is essential for appropriately
weighting past and recent experiences, guiding both the exploration of new strategies and
the exploitation of optimal options [3]. In real-life situations, such as managing economic
volatility, an individual’s approach to uncertainty can shape the strategies of large-scale
organizations, including countries (in the case of governments) or companies (in the case
of managers) [1].

The exploration—exploitation dilemma has been used as an experimental framework to
understand how people handle uncertainty, leveraging high-level cognitive functions such
as metacognition and prospection [4]. Evidence indicates a connection between long-term
thinking (operationalized as temporal discounting) and directed exploration, highlighting
the long-term benefits of this strategy compared to inflexible decision-making [5]. In cog-
nitive neuroscience, substantial evidence links long-term thinking with prefrontal cortex
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activity associated with executive processes [6,7]. Specifically, studies using neuroimag-
ing methods suggest that the dorsal anterior cingulate cortex (dACC) monitors decision
uncertainty. In contrast, the lateral frontopolar cortex (IFPC) is involved in the metacogni-
tive control of decision adjustments, supporting the notion of a prefrontal metacognitive
monitoring process independent of the decision process itself [6,7]. In practical scenarios,
such as managers dealing with economic volatility, cognitive control over impulsive be-
havior is traditionally linked to adaptive behavior [8]. However, recent evidence suggests
that impulsivity can be beneficial depending on the available choices, task structure, and
volatility [8]. In management, for instance, the negative impact of uncertainty can be miti-
gated by managers’ tolerance for ambiguity (usually taken as an uncertainty inductor) and
flexibility in their decision strategies [1,9].

Uncertainty has been traditionally associated with negative states such as fear and
anxiety. However, evidence also links uncertainty to positive emotions like surprise, inter-
est, excitement, and enthusiasm, depending on individuals” expectations about a task [10].
Mood plays a significant role in decision-making and is associated with emotional states
elicited by expectations, rewards, and uncertainty [11]. Mood in decision-making can be
understood as a subjective experience and physiological changes occurring during task
performance [12]. More specifically, mood relates to prolonged experiences marked by va-
lence, motivation, and arousal [12,13]; positive mood is linked to creativity, originality, and
flexibility [12]. The induction of mood varies between different experimental approaches,
from using music or films to induce mood in participants [14,15] to the use of task incentives
such as money [16]. Mood serves as a way to apprehend the participants’ emotional state
when receiving rewards and losses. Within computational modeling, mood is operational-
ized as the cumulative effect of differences between reward outcomes and expectations [16].
It is thought to reflect the cumulative impact of several outcomes, as opposed to emotional
reactions related typically to a single stimulus [17]. In our experimental design, mood is
defined as the expected value of the prediction error history (see details below in Materials
and Methods). We did not measure the subjective and physiological components of the
emotional reaction of mood; instead, we used a computational construct that allow us to
capture the influence of the appraisal of an agent’s action. Based on the operationaliza-
tion of Bennett et al. [18], we propose that the valence of an agent’s mood corresponds
to their appraisals of the difference between the value of an action and the value of the
environmental state within which the action was taken. In this sense, the computational
construct captures the moving average of surprise, that is, the history of how different the
expectations and the real rewards are.

Emotions can shape how people learn from environmental cues by influencing cogni-
tive processes such as confidence and metacognition. For instance, negative emotions can
lead people to be more prone to risk-seeking behavior [19-21] opening the door to flexible
and even creative solutions [10]. Recent research has focused on the influence of confidence
on learning under uncertainty and how mood influences these executive processes [11].
Confidence, defined as the belief in the correctness of a decision, is associated with higher
decision accuracy in learning tasks [22]. Confidence is typically measured by asking partic-
ipants to judge their own decisions and then rate their confidence on a scale. Confidence
rates can represent, altogether with the probability that a decision is correct, factors such as
estimates of noise and evidence magnitude, among others. High confidence can be related
to confirmation bias by affecting the post-decision processing of the integration of confir-
matory and disconfirmatory evidence [23]. Furthermore, confidence involves prefrontal
brain activity, which influences learning rates and social interactions, among others [22].
The relationship between mood and confidence has yet to be well explored, with some
studies indicating that self-reported mood does not necessarily align with confidence as it
evolves on different timescales [11].

Using a learning task (see Rollwage et al. [23], Doll et al. [24], Palminteri et al. [25]), we
aimed to explore the relationship between confidence, mood, learning under uncertainty,
and exploration—exploitation behavior. In our task, participants had to learn under uncer-
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tainty and under different reward states that induced different moods. We hypothesize that
mood influences confidence, enabling higher decision flexibility (i.e., accurate switching
between exploration and exploitation). This higher decision flexibility will lead to better
task performance (higher accuracy). Our results show that, indeed, confidence modulates
exploration/exploitation and learning rates, while mood modulates reward perception
and confidence. These results suggest that the context of a decision can influence the
strategies people use when facing uncertainty by modulating mood, which, in turn, affects
their sensitivity to environmental changes and overall task performance. Specifically, we
observed that a negative mood reduced confidence, leading to increased exploratory behav-
ior. Conversely, a positive mood enhanced confidence, promoting a focus on exploitation
and improving task performance. Taken together, our results suggest that metacognition
involves a flexible balance between exploration and exploitation, integrating mood with
high-level cognitive processes.

2. Materials and Methods
2.1. Participants

Twenty-two participants with normal or corrected-to-normal vision, all right-handed,
performed an adaptation of a probabilistic learning task [23-25]. All subjects performed
the same experimental task. Their ages ranged from 21 to 33 years (M = 26.3, SD = 4.46;
9 women). All participants provided written informed consent before inclusion in the study,
following the Declaration of Helsinki [26]. The inclusion criteria required participants to be
older than 18 years and to have no history of neurological or psychiatric disorders.

2.2. Experimental Tnsk

The task was programmed using JsPsych 7.1.2, a JavaScript library designed for
creating and running online experiments [27]. The experiment results were stored in a
cloud-hosted NoSQL database using Google Firebase [28]. The Firebase Realtime Database,
based on a JSON data structure, is well suited for storing complex data and supporting
extensive applications. Database management and plot generation were implemented
using the Python 3.10 programming language.

The experimental task consisted of 100 trials, each involving two decision points
followed by a confidence rating for each. In each decision point, two stimuli (hiragana
characters) were presented, with one offering a reward. Participants had to choose the
stimulus they believed was more likely to provide a reward. They were not informed
about the reward probabilities in advance, meaning they did not know how frequently
each stimulus would offer a reward. Instead, they were instructed to learn through trial
and error whether there were differences in the reward probabilities associated with each
stimulus and which option was the best for obtaining a reward.

In each trial, participants first encountered a decisions instance between two options
with equal reward probabilities (a symmetric choice). They had to select one of the options
and then rate their confidence in obtaining the reward on a scale from 1 to 10 (from low
to high confidence). After this, participants faced a decision between two options with
different reward probabilities (an asymmetric choice), where they again had to make a
decision and rate their confidence in their response using the same scale. In summary, each
trial consisted of two sequential decision-making instances, each followed by a confidence
rating. In the task, we used Hiragana characters, in order to use a culturally neutral stimuli,
but to enable easier understanding the task, we will use as a reference Latin alphabet letters
for referring the the pairs. This setup resulted in the trial pairs AB-GH, AB-EF, CD-GH, and
CD-EF, which were presented pseudo-randomly across both phases (see Figures 1 and 2).
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Figure 1. A scheme of the experimental task in its two different phases, learning and reversal.
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Figure 2. (A) Stimuli and probability distribution of rewards. (B) Typical trial of experimental task
with positive and negative feedback.

The experiment consisted of two phases, learning and reversal, with 50 trials each.
During the learning phase, the symmetric pairs (AB and CD) had equal reward probabilities
of 0.5. Given that the pairs AB and CD presented equal reward probabilities, we called
these neutral reward states. The asymmetric pairs, on the other hand, provided biased
positive feedback with the following probabilities: GH: 0.2/0.8; EF: 0.8/0.2 (see Figure 1).
For instance, when participants were presented with the GH pair, by choosing the option
H, they would have a 0.8 probability of obtaining a reward. These pairs facilitated a
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learning process in which participants needed to recognize the biased reward probabilities
to improve task performance. During the reversal phase, the symmetric pair AB had a
reward probability of 0.8, while the CD pair had a probability of 0.2. Due to the high reward
probability of the AB pair, it was considered a high-reward state, whereas the CD pair
represented a low-reward state. This created a new context for the asymmetric pairs, whose
reward probabilities were reversed compared to the learning phase (see Figure 1). Thus,
the beginning of each phase was considered to involve conditions of higher uncertainty
(see Figures 1 and 2).

In summary, the experimental protocol instructed participants to accumulate as many
rewards as possible and informed them that some stimuli would lead to more frequent wins
than others. Participants were not provided with explicit information about the reward
probabilities, which they had to learn through trial and error, nor about changes in these
probabilities. They were instructed to choose the stimulus they believed would offer a
reward in each decision instance and to rate their confidence in their response (i.e., how
certain they were about actually receiving the reward). Participants made their choices and
rated their confidence by pressing a left or right arrow key with their right hand (choice
timing was self-paced) (see Figure 2).

3. Behavioral Modeling

In this section, we delve into the nuances of the behavioral modeling through the
lens of the Confidence Prediction-Error Momentum (CPEM) Model. This model elucidates
the dynamic interplay between the expected values, rewards, and mood within decision-
making processes by integrating parameters such as the confidence weighed (x) on learning
rate («), choice stochasticity (8), and the mood-biased prediction error (5fem) (below, we
provide a definition and operationalization of the parameters listed in Table 1). We construct
a robust framework for understanding how cognitive and emotional states influence
behavioral outcomes from a computational perspective.

Table 1. Free parameter and dynamic variable descriptions from RL models.

Parameters

B Choice stochasticity when estimated confidence =0 (0 < 8 < 20).

o Learning rate when estimated confidence=0 (0 <a <1).

n Mood-learning rate (0 < x <1).

0% Mood bias on reward and confidence update (0 < ¢ < 3).

0 Confidence learning rate (0 < 6 < 1).

K Confidence modulation on learning rate and choice stochasticity (0 < x < 1).

Dynamic Variables

Bt Dynamic choice stochasticity (scaled at 0 < g < 20).
ot Dynamic learning rate (scaled at0 < a <1).
0; Dynamic confidence learning rate (scaled at0 <6 <1).

The CPEM model offers a comprehensive approach to quantifying the latent values
assigned to each action (a) and state (s) in a trial-by-trial analysis. Central to this model is
the concept of prediction error, which captures the divergence between expected outcomes
and actual rewards. An individual’s mood (y) intricately modifies this error, introducing
a unique layer of complexity to the reward perception and subsequent decision-making
processes. The model dynamically updates the expected values and mood based on real-
time interactions and outcomes by applying nonlinear functions and learning rates. This
iterative learning process is pivotal in refining the accuracy of behavioral predictions under
varying conditions of uncertainty and reward-state contexts. This section aims to provide
a clear and detailed exposition of the Confidence Prediction-Error Momentum Model,
emphasizing its potential applications and the theoretical underpinnings that make it a
valuable tool for psychological and behavioral research.
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We adjust the behavioral data to reinforcement learning models. The model space
includes a standard Rescorla—Wagner model or Q-learning [29,30], from now on named
RW; a modified version of the RW model that add mood as a measure of the recent history
of prediction errors (named PEM) [31]; and 5 modified versions of the PEM model that add
confidence monitoring of the influence of behavior and mood on confidence monitoring
(named CPEM). In the next sections, we will explain the details of each model.

3.1. Basic Model-Free RL

We started with a basic, model-free reinforcement learning algorithm [30] (RW model).
Trial-by-trial for each pair of stimuli (for instance, A and B), the model estimated the
expected value, based on the individual results history, and used this expected value (Qs 4,+)
for making a decision (for instance, taking an action a for A instead of B in state s). The
expected values were zero before learning, and after each trial ¢, the choices’ estimated
value was updated as a function of the prediction error. This update of the value is the
learning rate, and the updating follows the delta rule [29,30]:

Qs,a,t+1 = Qs + «d; (1)

and we keep the expected value for the non-chosen option, where “—a” represents the
absence of the action a, in other words, the non-chosen option:

Qs,ﬂa,tjtl = Qs,ﬁu,t (2)

where «; is the learning rate (the updated value) and é; is the prediction error defined as
the difference between the actual reward (r;) and expected value (Qs 4,¢):

O =1t — Qs 3)

«; and J; update their value in Equation (1), and are not present in the non-chosen
choice (Equation (2)) given that this does not present information to be updated.

3.2. Mood Effects on Valuation

In order to include the mood effect in the valuation of rewards, Eldar and Niv [31]
include the perceived rewards in the calculation of the prediction error, instead of the
real rewards:

= gt @

S = = Quar (5)

Here, 7™ represents the bias effect of mood over rewards; thus, y; indicates a positive

mood (0 < p; < 1) or a negative mood (—1 < p; < 0), and < is a constant parameter that
shows the direction and scope of mood, restricted to the interval 0 < ¢ < 3 in this study.
If v > 1, mood exerts positive feedback, as reward is perceived as larger in a good mood
and as smaller in a bad mood. Conversely, 0 < v < 1 corresponds to negative feedback, as
reward is perceived as smaller under a positive mood and as larger under a negative mood. If
v = 1, mood does not bias the perception of rewards Eldar and Niv [31]. Eldar and Niv [31]
modeled the effects of unexpected results over mood, assuming that mood represents a recent
history of prediction errors (i) independent of state or context (Prediction Error Mood Model,
from now on named PEM), restricted to the interval (—1 < p; < 1) by means of a hyperbolic
tangent function:

prer = pe +1(re — Qs — He) (6)
p = tanh(pe) 7)

where 77 is a constant learning rate (mood update), restricted to the interval 0 < 5 < 1.
Following th RW model, the prediction error 6/ " updates the expected values after each
trial with a learning rate of a;:
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Qs,a,t+1 = Qs + "‘t5f (8)

Qs,ﬂu,t-&-l = Qs,ﬁa,t (9)

3.3. Confidence Monitoring

Regardless of the CPEM variants, we estimated the expected confidence value trial-by-
trial (Cs 14+1), adding different predictors used in previous studies that use a learning task
with two forced options (2AFC) [32-35]. For instance, Lebreton et al. [33] and Somatori
and Kunisato [34] modeled confidence, adding as a regressor the difference in the evidence
for each option in the decision time, which reflects the difficulty of distinguishing the best
choice. This, in an RL model can be operationalized as the absolute value of the expected
value difference for a contingent pair of options (|AQ; /).

Cots1 = Cst + 18Qq 4| + 617 (10)

where 5¢ is a delta rule that updates the confidence values from the prediction errors [32,35],
with a confidence learning rate of 0;, restricted to the interval 0 < 6; < 1:

65 = oF™ — Cyy (11)

3.4. Meta-Learning Modulation

The estimated confidence was used for modeling the free parameters in the reinforce-
ment learning models. This was carried out after each result, providing information about
the precision of the reinforcement learning model regarding the value estimations and
the behavioral strategies. The reinforcement models have constant parameters: learning
rate (parameter «;) and choice stochasticity (which has been linked to exploration and
exploitation; for more details, see below subsections “Confidence Modulation on Choice
Stochasticity” and “Choice probability”). This limits the capacity for optimizing the be-
havioral policy (the strategy) at the end of the learning blocks once subjects believe that
they have a reasonably good estimation of contingencies. At this point, the prediction
errors have to be moderated and the choices have to be adjusted to a more deterministic
exploitation of the learned contingencies [36-38]. On the contrary, when contingencies
change (at the beginning of the reversal phase), prediction errors should weigh more and
choices should be more exploratory. A method of optimizing behavior is to subordinate
the reward-learning parameters to a higher control level that monitors the performance.
Thus, the CPEM models included a metacognitive level that updated confidence to regulate
contingency learning and stochasticity of choice.

3.5. Confidence’s Modulation of Learning Rate

Confidence can modulate the learning rate. Lower confidence means higher learning
rates because the knowledge of the environment is lower [39,40]. Higher confidence has
the opposite effect; the learning rates should be lower since a decision-maker that trusts
in their decisions does not need to update their value estimations. Learning rates were
modulated based on confidence and by asymmetrically inducing confirmation bias, that
is, when the expected value of the option and the valence of the observed reward match
(positive bias) [25,41].

Instead of estimating two different learning rates (¢~ and a ™), increasing the model
complexity, we defined a constant w, = 4 if the result is confirmatory; otherwise, w, = 1,
which increases the modulating effect of x (weight of confidence) in the dynamic learning
rate ¢, inducing asymmetry as follows:

o

= 14 wuxCs ¢

(12)
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where « is the learning rate value when the effect of the estimated confidence value is
absent. Moreover, a; is the dynamic coefficient of the learning rate (models CPEM, CPEM;,
and CPEM3) and &y = w if it is constant (models RW, PEM, CPEM, and CPEM,).

The selection of the constant w, follows three criteria: Firstly, the empirical value
of the asymmetry in the learning rates of previous studies suggest that the a~ value is
close to a 30% of a™ [25,41-43], which is possible for w, ~ 4 values. Secondly, we conduct
sensitivity analyses testing different confirmatory constant values for the CPEM model.
Thirdly, we consider the alternative of making w, an additional parameter, increasing the
model complexity (see Figure 3B for the model comparison, and Supplementary Materials,
Figure 1, to see an extensive comparison).

A

CPEM CPEM, CPEM, CPEM, CPEM;

®g ©g 0.g ©g 0.9
® ° Q\.‘ ® ° LN ®
@- @- @- @-

Value update
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Figure 3. (A) Parameter space. Parameter space for CPEM (best model) and other CPEM candidates
(0 to 3). (B) Model comparison. Comparison of goodness-of-fit of seven RL models: Confidence
and Prediction-Error Mood Model (CPEM and other CPEM candidates (0 to 3)), Prediction Error
Momentum (PEM) model, and classical Rescorla-Wagner (RW) model. Plotted is average Bayesian
Information Criterion (BIC) for subjects. Smaller BIC values indicate better fits. (C) Parameter
recovery. Pearson correlation coefficients between model parameters used to generate behavior (true
parameters), and their recovered counterparts (recovered parameters). (D) Model simulations. CPEM
parameters fitted to data (fitted) and average parameter simulations (simulated; N simulations = 500).
CPEM Model simulations were obtained using individual best fitting free parameters.
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3.6. Confidence’s Modulation of Choice Stochasticity

Similarly, confidence can modulate global behavioral variables such as choice stochas-
ticity, which refers to how deterministic or random the decision strategies were. There is
evidence showing that uncertainty influences exploration, since lower confidence is used to
estimate the value for signaling a change over a more exploratory strategy [44]. Dynamic
choice stochasticity B, that is, the randomness of decisions throughout the task, was
modulated in such a way that state-dependent exploration for the next trial was reduced
when the present estimated confidence increased:

_ - :Bub - ,B
Brirt = Bu = 15t (13)

where B,;, = 20 is the upper bound for parameter 3, which is the choice stochasticity value
when the effect of confidence is absent, and x, which is the weight of confidence on choice
stochasticity Bs .

3.7. Mood’s Modulation of Confidence Update

Within all CPEM model variants, the updating of the estimated confidence was con-
trolled by the delta rule 6¢ and the parameter 6;. However, only for the saturated CPEM
model was the mood modulation included /¢ for 6;:

-o(2)

where 6 is the confidence learning rate without the mood effect and 6; was escalated to the
range (0 < 6; < 1) with a sigmoidal function:

(15)

For models CPEM,_3, 8; = 6 is constant.

3.8. Choice Probability
The probability of accuracy was estimated from the choices’ expected value differences

with respect to the sigmoidal function:

ight) = !
ps’t(rlg ) - 1 +e—/gs/t(Qs,r(right)_Qs,t(left))

(16)

where B, is the dynamic choice stochasticity coefficient (models CPEM, CPEM;, snd
CPEMy) and s = B if it is constant (models RW, PEM, CPEM,, and CPEM3).

3.9. CPEM Model Space

The construction of the CPEM models builds on the PEM model, adding an additional
layer of complexity by incorporating confidence and its interaction with mood, value
updating, and choice stochasticity. The various specifications of the CPEM models account
for different computational hypotheses regarding the modulation and dynamics of value
updating (learning rate) and choice stochasticity by mood and confidence (see Figure 3A).

The CPEM model (best model) considers that the value update and choice stochas-
ticity are dynamics («; and B¢, respectively); this means they are updated trial-by-trial by
confidence (parameter x, nodes x — a; and x — B; in Figure 3A). Moreover, parameter
«, node & — a; and parameter B, node § — B; are idiosyncratic (non-dynamic) for each
subject (see Equations (12) and (13), respectively). Additionally, the model considers that
confidence updating (6;) is dynamically modulated by mood (parameter 7y, node v — 6; in
Figure 3A) and by the idiosyncratic confidence learning rate of each subject (parameter 6,
node § — 6; in Figure 3) (see Equation (14)).
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The alternative CPEM models (CPEM; 7 3) start from the CPEM model, but can
omit some of the specific dynamic modulations. The CPEM, model (see Figure 3A) omits
the dynamic modulation of confidence (parameter x) over the value update and choice
stochasticity (nodes ¥ /4 a; and « /4 B in Figure 3A), reducing the modulation to the
idiosyncratic parameters (parameters & and 8, nodes & — a; and 8 — B in Figure 3A).
Thus, Equations (12) and (13) are simplified to a; = & and B; = S, respectively. In the same
way, the absence of the dynamic modulation of mood over confidence update (node y /4 6;
in Figure 3A) reduces the relation 6§ — 6;, and simplifies Equation (14) to 6; = 0.

The CPEM; model only omits the dynamic modulation of the confidence update
by mood (node v /4 6 in Figure 3A), and reduces the relation 8 — 6;, and simplifies
Equation (14) to 6; = 6.

The CPEM; and CPEM3 models omit the dynamic modulation of confidence both
over the value update (CPEM;, node k¥ /4 «; in Figure 3A) and over the choice stochasticity
(CPEM3, node k¥ /4 By in Figure 3A), respectively. Both models CPEM; and CPEM3
also omit the dynamic modulation of the confidence update by mood (node v 4 6; in
Figure 3A), reducing the relation to § — 6; and simplifying Equation (14) to 6; = 0.

4. Statistical Analysis

All the statistical analyses, that is, the computational modeling and the statistical tests
(parametric and non-parametric), the cluster test permutation, and the linear mixed model
(LMM), were implemented in Python 3.10.

4.1. Model Fitting

For the computational modeling, a maximum likelihood approach was used to es-
timate the parameter values that best fit the behavioral data. This approach seeks the
parameter values of the model that maximize the likelihood of the data given the pa-
rameters. Maximizing the likelihood is equivalent to maximizing the log-likelihood (or
minimizing the negative log-likelihood), which can be expressed in terms of the choice
probabilities of the individual model.

The optimization procedure to find the global and local minima of the negative log-
likelihood function was implemented complementarily with the optimize.differentiale_evolution
and optimize.minimize functions from the SciPy 7.1.2 module, applied iteratively (500 iter-
ations per subject X model). Parameter bounds were defined based on values reported
in the literature (see Table 1). For each candidate model and subject, we calculated the
Bayesian Information Criterion (BIC), reducing the maximum likelihood by the number of
free parameters in the model.

The random-effects BIC analysis showed that the CPEM model more accurately repre-
sented the data compared to the RW model (BICry = 171.66 = 0.94, BICcpgy = 152.23 £ 1.97;
mean + SEM) and the PEM model (BICpgy = 167.62 & 2.30, BICcpgym = 152.23 £ 1.97), even
accounting for its additional degrees of freedom (see Figure 3B for the comparison of the
main candidate models and Supplementary Figure S1 for the comparison of all evalu-
ated models).

To validate the inference procedure, we performed parameter recovery by taking the
model’s estimated parameters for each subject as the true parameters (true parameters in
Figure 3C and fitted in Figure 3D) and simulated behavioral data based on them (simulated
in Figure 3D). We then estimated the parameters from the simulated data (recovered
parameters in Figure 3C) and compared them to the true parameters. The correlation
between the true and recovered parameters was generally high (r > 0.8; see Figure 3C).

4.2. Transformed Variables

Metacognitive bias was measured as the trial-by-trial difference between choice proba-
bility and sigmoid scale confidence values estimated by the best CPEM model:

Metacognitive bias, , = Choice Probability, , — o(Confidence Value)s ¢ (17)
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The coefficients modulated by confidence (dynamic choice stochasticity 8; and dynamic
learning rate or value update a;; for details, see below behavioral modeling) were divided
additively in a fixed part (free parameters  and «) and a variable one:

Bt =p+PBc— Pc=pt—P (18)
ap=a+ac—a—a (19)

The variable component was derived from the dynamic coefficients, which were
attributed to modulation confidence, value updates (x¢), and choice stochasticity (3¢). Vari-
ables exhibiting biases in their distributions were transformed to maintain zero as the refer-
ence and preserve the sign, using the signed square root transformation

(sign(x) - v/]x]).

5. Results
5.1. Mood’s Modulation of Reward and Choice

This research investigated the dynamics of mood, confidence, and decision-making
strategies under varying reward conditions. Our findings illustrate the significant mod-
ulation of mood (defined as the expected value of the prediction error history) by the
experimental design (Phase x State : F(1,21) = 21.594, p < 0.05, 17,2, = 0.507), particu-
larly during the reversal phase, where mood estimations were markedly higher in the
high-reward state than the low-reward state (W = 23.0, p < 0.05, Cohen’s d = 1.149) (see
Figure 4A,B).

The temporal flow shown in Figure 4A illustrates the significant drop in mood when
the decision environment changed (at the beginning of the reversal phase) in the low-
reward state. In line with this result, the perceived rewards were significantly higher
(Phase x State : F(1,21) = 16.154, p < 0.05, 17%, = 0.435) during the high-reward state
(W = 40.0, p < 0.05, Cohen’s d = 0.979), showing the influence of mood on reward
perception (see Figure 4C,D).

A B
1.00
_ 020 _ifate
g u - - = Low
3 050 I . =1+ 2 -& High
> A MINA DA ol | g 000
S 0.004 ¢ \fﬁ'f ,é"*; %H s R } S
_4@‘ 7 ?z 1 \E/_.- il e d:_t‘ % : ‘Z
T P UDRUUIRIA | £ 0201
- - - L) | L 2
W -0.50 -SRI A a
- : - -0.40 -
-1.00 & T T T T T T T T
0 5 10 15 20 25 30 Learning Reversal
Trials Phase
C D
8 1.00 A 8 040_ State
3 050 % : i ot : 3 3 o
50 . .- L T y \+ 87 8% High
o - I -,'} 'i AR ./%» O 0201 & Hio
9] SIfed WATetym 8 NTIEe ol 1TLV] 0]
o 0.00 DgFs 7 lad LALTEY I TRISe7] o
J 0.50 i % R } 158 Nl B 0.001
- e L+ L]
: : :
X .1.00 1 o -0.20 1
0 5 10 15 20 25 30 Learning Reversal
Trials Phase

Figure 4. Cont.



Behav. Sci. 2024, 14, 1144 12 of 18

E F

1.00 0.90
> - T > State
= _;-&’5%; s = 0.80 1 & Low
E 0.80 4 - H‘_t _% E -8 High
S 1 A ¥ S 0.70
o - . i T o J/1w ] a
) i Ser - CHREY/ Sl o |
< .—lrff -7 %X-/- < - <
(@] = O 0.50 1

0.40 & T T T T T T T T

0 5 10 15 20 25 30 Learning Reversal
Trials Phase

Figure 4. (A,C,E) Trial-by-trial group prediction error history, reward perceived, and choice proba-
bility average, respectively, by high (red)- and low (blue)-reward states. (B,D,F) Estimated mean
of prediction error history, reward perceived, and choice probability, respectively, of Phase x State
interaction effect (red: high-reward state; blue: low-reward state). Error bars represent standard error
of mean (SEM).

Moreover, during the learning phase, there were no differences between the accuracy
values (defined as the probability of the assighment of a higher predicted value) (W = 112.0,
p = 0.656, Cohen’s d = —0.043), but during the reversal phase, there was a higher pro-
portion of choices with higher predicted values in the high-reward state (Phase x State :
F(1,21) = 25.612, p < 0.05, ;7% = 0.549) (W = 15.0,p < 0.05, Cohen’s d = 1.707) (see
Figure 4E,F).

5.2. Confidence Monitoring

The analysis revealed that confidence levels were consistently elevated in the high-
reward state across the reversal phase experiment phases (Phase x State : F(1,21) = 23.819,
p < 0.05, 17,2, = 0.531) (W = 12.5,p < 0.05, Cohen’s d = 1.123) despite no notable
differences observed during the learning phase (W = 82.0, p = 0.251, Cohen’s d = —0.165)
(see Figure 5A,B). This pattern underscores a robust association between reward conditions
and confidence ratings, with higher rewards fostering greater confidence.

To quantify the quality of the confidence value estimates from the best CPEM model,
we fitted a linear mixed-effects model (LMM) to predict confidence ratings based on the
estimated confidence values (both standardized using z-scores). The model specification
included random effects to account for variability between subjects, capturing each subject’s
deviation from the overall intercept and slope in relation to each trial:

Confidence Ratingsl-]- = po + B1Confidence Estimated;; + bo; + by; Trial;; + €; (20)

Thus, the fitted model demonstrates that the confidence value estimates from the best
CPEM model achieve a good fit with the empirical confidence data (8 = 0.60, SE = 0.01,
t = 34.06, p < 0.001), explaining 63% of the variance in confidence ratings (conditional
R? = 0.63/marginal R? = 0.36) (AIC = 2566.02, BIC = 2597.13).

The confidence estimated by the model has the same shape, showing the same
effect (Phase x State : F(1,21) = 28.869,p < 0.05, ;7}27 = 0.579) (W = 8.0,p < 0.05,
Cohen’s d = 1.518) (see Figure 5C,D).

Moreover, our results indicated that the high-reward state enhanced confidence and
improved metacognitive bias (Phase x State : F(1,21) = 5.192, p < 0.05, 17% = 0.198) (see
Figure 5E,F). This is interesting given the higher proportion of correct choices and con-
fidence ratings observed during the high-reward state in the reversal phase (W = 29.0,
p < 0.05, Cohen’s d = 1.211). This was confirmed by the cluster (cluster mass statis-
tic = 40.60, p < 0.001)
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Figure 5. (A,C,E) Trial-by-trial group confidence ratings, estimated confidence, and metacognitive
bias average, respectively, by high (red)- and low (blue)- reward states. The orange area corresponds
to the temporary clusters identified by the cluster-based permutation Mixed ANOVA test (threshold
p < 0.05, 10,000 permutations). (B,D,F) Estimated mean of confidence ratings, estimated confidence,
and metacognitive bias, respectively, of Phase x State interaction effect (red: high-reward state; blue:
low-reward state). Error bars represent SEM.

5.3. Parameter Dynamics

This study also explored the effects of confidence on decision-making strategies. In
conditions of high confidence, participants demonstrated a pronounced tendency to exploit
the known options (higher stochasticity (8¢)), aligning with our hypothesis that confidence
can significantly sway decision-making towards exploitative strategies (Phase x State :
F(1,21) = 13.438,p < 0.05, 17?, = 0.39) (W = 8.0,p < 0.05, Cohen’s d = 1.188) (see
Figure 6A,B). This was confirmed by the cluster (cluster mass statistic = 152.55, p < 0.001).

Conversely, the low-reward state, characterized by more frequent value updates («¢)
(Phase x State : F(1,21) = 11.464,p < 0.05, 17,2, = 0.353) (W = 53.0,p < 0.05, Cohen’s
d = —0.839) and lower confidence, showed an increased propensity for exploration, sug-
gesting a link between less confidence and a greater openness to exploring new options
(see Figure 6C,D). This was confirmed by the cluster (cluster mass statistic = 56.281483,
p < 0.001).

Moreover, a negative mood was associated with a higher confidence update (6;)
(Phase x State : F(1,21) = 5.616,p < 0.05, 17?, = 0.211) (W = 37.0,p < 0.05, Cohen’s



Behav. Sci. 2024, 14, 1144 14 of 18
d = —0.391). This was confirmed by the cluster (cluster mass statistic = 74.199993,
p < 0.001) (see Figure 6E,F).
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Figure 6. (A,CE) Trial-by-trial group stochasticity, value update, and confidence update average,
respectively, by high (red)- and low (blue)-reward states. The orange area corresponds to the tem-
porary clusters identified by the cluster-based permutation Mixed ANOVA test (threshold p < 0.05,
10,000 permutations). (B,D,F) Estimated mean of stochasticity, value update, and confidence update,
respectively, of Phase x State interaction effect (red: high-reward state; blue: low-reward state). Error
bars represent SEM.

5.4. Choice Entropy

In line with previous results, the entropy of choice probability decreased progressively
throughout the task, with notably lower levels during high-reward states (Phase x State :
F(1,21) = 25.27,p < 0.05, 11?, = 0.546) (W = 17.0,p < 0.05, Cohen’s d = —1.61). This
finding indicates a clear shift toward more directed and exploitative strategies in high-
reward conditions, compared to a slower change from the randomized exploration observed
in low-reward states (see Figure 7A,B).

These insights collectively highlight the complex interplay between reward conditions,
mood, and cognitive processes in shaping human decision-making, offering valuable impli-
cations for understanding the psychological drivers of behavior in uncertain environments.
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Figure 7. (A) Trial-by-trial group entropy average by high (red)- and low (blue)-reward states.
(B) Estimated mean of entropy of Phase x State interaction effect (red: high-reward state; blue:
low-reward state). Error bars represent SEM.

6. Discussion

In this study, we hypothesized that mood influences confidence, enabling higher
decision flexibility for accurate switching between exploration and exploitation decision
strategies under uncertainty. Our results suggest that reward states influence mood esti-
mations as expected. We observed that the reward states importantly influenced accuracy,
confidence, and the updating process of choice values. This suggests that contexts with
higher rewards facilitate learning under uncertainty. The difference in the learning rates is
associated with higher confidence rates, which influence exploitation, during the reversal
phase. Moreover, during the low-reward state, subjects updated the choice’s values more
frequently, being more sensitive to the trial-by-trial nature of the test. This suggests that
mood might influence the flexibility to explore new strategies and exploit new learning.

Recently, an interesting distinction has been proposed between directed exploration
and random exploration, nuancing the dichotomy between exploiting and exploring al-
ternatives when deciding. Directed exploration refers to establishing a goal and is driven
by information (or identification of patterns), while random exploration is driven by
chance [45]. Evidence has shown a relationship between long-term thinking (operational-
ized as temporal discounting) and directed exploration, associated with the long-term
benefit of this strategy compared to exploiting known alternatives [5]. In line with this
idea, mood might influence how participants read environmental cues in critical moments
when exploring new strategies and facilitate the metacognitive integration of signaling
for “closing” the exploration time to benefit from what was recently learned. This is also
related to the metacognitive effect that was observed between the different reward states,
in that metacognition was high during the high-reward context in which confidence had
a markedly stronger influence on exploitation. There is evidence showing drops in con-
fidence following errors in a decision task (even without external feedback) [46—48], and
confidence, in turn, has been related to explorative strategies [49]. For instance, in a percep-
tual manipulation study Desender et al. [49] found that participants were more prone to
seeking additional information when they were less confident in their decisions. Moreover,
the opposite relation has been also established. That is, boosting confidence makes subjects
less prone to seeking alternative information in searching tasks [50]. It is notable that there
is evidence relating negative mood with lower metacognition even when this has no impact
on decision accuracy [51].

The differences between the confidence rates in our experiment are consistent with
the previous evidence. Participants were more confident in the high-reward state, which
influenced the exploitation of the choice with higher expected value. Although overcon-
fidence can be detrimental in specific decision contexts, in this case, higher confidence
rates positively influenced the accuracy of the strategy during the reversal phase. The
reversal phase presented to participants a sudden change in their decision environment
through the two new reward-state contexts and inversion of the reward probability. This
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new environment, however, was again stable until the end of the task. In this sense, the
cognitive challenge involved correct reading of the change, but also stability afterward. In
decision terms, this involves correct exploration of new alternatives, and the exploitation of
what was learned. This makes sense with the relation between higher confidence and less
exploration previously mentioned, and with the influence of confidence on post-decision
processing, biasing the weight of environmental cues over the expected results [23]. We can
hypothesize that positive mood, in our case in the form of a higher expected value of the
prediction error history of the task, modulates how the changes in the decision environment
elicit metacognitive processing, which changes the updating frequency of present values,
opening the door to exploration, which quickly turns into a newly defined strategy that is
then exploited as confidence grows.

Our results, as we previously mentioned, collectively highlight the complex interplay
between reward conditions, mood, and cognitive processes in shaping human decision-
making. They suggest that different reward states as mood inductors influence learning
under uncertainty. This influence occurs through integration of the history of rewards and
the reading of the present environment. Mood, taken as a computational construct in our
study, modulates the weight of rewards in behavioral planning, making them more salient
in critical moments. Metacognition allows the detection of these critical moments, which
might be the key to the correct adaptation to environmental changes in uncertain contexts.

As highlighted by one of the anonymous referees, it is important to acknowledge that
these results face limitations associated with the lack of physiological measures of emotional
states and a small sample of subjects with no variability in sociodemographic characteristics.
Incorporating physiological and subjective measures of mood could provide more definitive
evidence regarding the role of emotions in decision-making under uncertainty. These
additions may also shed light on individual differences or temporal factors influencing
the variables under study. For instance, such measures could help explain why certain
participants appear more sensitive to trial-by-trial or historical conditions within the task
while also offering deeper insights into other factors, such as attention or fatigue, that may
affect decision-making processes.

Moreover, environmental changes necessitate distinct cognitive dynamics for adapting
decision strategies, potentially influenced by personality traits. Future research should
address these gaps by including additional measures of emotional states, assessments of
personality traits, and clinical samples, as well as employing more extensive and more
diverse participant groups. Such steps would enhance the precision and applicability of
the proposed cognitive models, enabling a more comprehensive understanding of the
mechanisms underlying adaptive decision-making in uncertain contexts and yielding more
robust and generalizable results.
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