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Abstract

■ Exploration is an important part of decision making and is
crucial to maximizing long-term rewards. Past work has shown
that people use different forms of uncertainty to guide explora-
tion. In this study, we investigate the role of the pupil-linked
arousal system in uncertainty-guided exploration. We measured
participants’ (n = 48) pupil dilation while they performed a
two-armed bandit task. Consistent with previous work, we
found that people adopted a hybrid of directed, random, and
undirected exploration, which are sensitive to relative uncer-
tainty, total uncertainty, and value difference between options,
respectively. We also found a positive correlation between pupil

size and total uncertainty. Furthermore, augmenting the choice
model with subject-specific total uncertainty estimates decoded
from the pupil size improved predictions of held-out choices,
suggesting that people used the uncertainty estimate encoded
in pupil size to decide which option to explore. Together, the
data shed light on the computations underlying uncertainty-
driven exploration. Under the assumption that pupil size reflects
locus coeruleus-norepinephrine neuromodulatory activity,
these results also extend the theory of the locus coeruleus-
norepinephrine function in exploration, highlighting its selec-
tive role in driving uncertainty-guided random exploration. ■

INTRODUCTION

Uncertainty lies at the heart of the explore–exploit
dilemma. Incomplete knowledge of the world makes the
best course of action ambiguous; exploration can help
reduce uncertainty by collecting information about dif-
ferent options, at the cost of not exploiting the option
currently estimated to be the best. The computational
intractability of balancing exploration and exploitation
optimally has motivated the search for efficient heuristics,
some of which are used by people (Schulz & Gershman,
2019). In this article, we examined how the computation
underlying exploration is represented in the physiologi-
cal state as assessed with pupil dilation, which has long
been seen as indicative of the arousal state closely linked
to learning under uncertainty ( Joshi & Gold, 2020; de
Berker et al., 2016; Lavin, San Martín, & Rosales Jubal,
2014; Nassar et al., 2012).

The locus coeruleus-norepinephrine (LC-NE) neuromo-
dulatory system is one major source of the pupil-linked
arousal responses, and NE has long been suggested to play
an important role in controlling the balance between
exploration and exploitation (Doya, 2002; Usher, Cohen,
Servan-Schreiber, Rajkowski, & Aston-Jones, 1999), with
supporting evidence documented in both animals and
humans (Hayes & Petrov, 2016; Jepma & Nieuwenhuis,
2011; Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010;
Usher et al., 1999). Specifically, two modes of NE activity

have been identified and linked to this arbitration (Aston-
Jones & Cohen, 2005). A low-tonic, high-phasic NE level
mode is associated with a selective increase in neuronal
responsivity to task-related stimuli, which promotes
exploitation. In contrast, a high-tonic, low-phasic NE level
mode is associated with an overall increase in neuronal
response to both task-related and non-task-related stimuli
(i.e., the neuronal response is less discriminative). This
neural firing pattern could promote disengagement from
the current task/stimuli, leading to processing other
tasks/stimuli (exploration). When assessing LC-NE activity,
pupil size is often used as a non-invasive proxy of NE (Joshi
& Gold, 2020). There is a consistent positive correlation
between LC activation and pupil size, both during rest
and when performing cognitive tasks (Reimer et al.,
2016). In addition, it has been found that manipulating
LC-NE level leads to pupil size change (Joshi, Li, Kalwani,
& Gold, 2016), corroborating a tight link between NE level
and pupil size.
One commonality across the above-mentioned studies

on exploration is that they implicitly treat exploration as a
unitary construct. In other words, they only distinguish
between an exploitative and an exploratory state. Existing
literature on computational models of exploration, how-
ever, has revealed a more complicated picture. Early
research has found that people choose options propor-
tional to their value (i.e., picking the high value option
more often and exploring the low value option from time
to time; see Daw, O’Doherty, Dayan, Seymour, & Dolan,
2006). In the terminology of reinforcement learning, this
value-driven exploration is captured by a softmax function,
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matching the probability of choosing one option to the
exponentiated value difference between options. Recent
work has shown that people also use uncertainty to guide
their exploration (Wilson, Bonawitz, Costa, & Ebitz, 2021;
Gershman, 2018, 2019; Schwartenbeck et al., 2019;
Wu, Schulz, Speekenbrink, Nelson, & Meder, 2018;
Speekenbrink & Konstantinidis, 2015; Wilson, Geana,
White, Ludvig, & Cohen, 2014; Frank, Doll, Oas-
Terpstra, & Moreno, 2009). These uncertainty-driven
exploration strategies can be further categorized into two
families with distinct flavors. One type of uncertainty-driven
exploration—directed exploration—drives exploration
toward relatively uncertain options in the environment
(e.g., try a new coffee shop instead of visiting your favorite
one), which is equivalent to adding an uncertainty bonus to
the value of the option (Dubois et al., 2021; Gershman,
2018; Wu et al., 2018). This exploration strategy is sensitive
to the relative uncertainty (RU) between options, and can
be formulated in reinforcement learning theories such as
the Upper Confidence Bound algorithm (Auer, 2002). In
contrast, random exploration injects noise into the choice
process, which scales with total uncertainty (TU; e.g.,
explore more when moving to a new city, where there is
high uncertainty across all the coffee shops). Similar to
directed exploration, random exploration can also be cap-
tured by reinforcement learning algorithms such as
Thompson sampling (Thompson, 1933).
Past work has identified the behavioral signatures of

these two kinds of uncertainty-driven exploration by
experimentally separating directed and random explora-
tion bymanipulating relative and TU, respectively (Dubois
et al., 2021; Gershman, 2019; Wilson et al., 2014). Beyond
the behavioral level, there is also evidence that these two
uncertainty-driven exploration strategies are neurally dis-
sociable (Tomov, Truong, Hundia, & Gershman, 2020;
Gershman & Tzovaras, 2018; Zajkowski, Kossut, & Wilson,
2017), have distinct development trajectories (Meder,
Wu, Schulz, & Ruggeri, 2021; Somerville et al., 2017),
and are associated with trait anxiety in different ways
(Fan, Gershman, & Phelps, 2023; Smith et al., 2022). Given
NE’s role in signaling uncertainty and guiding behavior
under uncertainty (Zhao et al., 2019; Dayan, 2012; Nassar
et al., 2012; Yu & Dayan, 2005), it is likely that the LC-NE
system is involved in guiding uncertainty-driven explora-
tion. However, which (if any) exploration strategy the
LC-NE system drives remains unclear.
Given the role of the LC-NE system in modulating

neural activity, researchers have speculated that it plays
a role in driving exploration strategies that are closely
related to choice randomness, which is supported by
existing pharmacological studies (Cremer, Kalbe,
Müller, Wiedemann, & Schwabe, 2022; Dubois et al.,
2021; Warren et al., 2017). Specifically, a link between
LC-NE and uncertainty-guided random exploration has
been proposed (Wilson et al.,, 2014 2021; Warren et al.,
2017). Increased TU could be reflected as a higher overall
level of neural noise—corresponding to the tonic LC-NE

mode—which could lead to more variable choices. One
study dissociated different exploration strategies and
examined the role of NE in uncertainty-driven explora-
tion using atomoxetine, a NE transporter blocker that
increases the NE level (Warren et al., 2017). Although they
found a selective relationship between the treatment and
uncertainty-guided random exploration, the direction of
the link is opposite to what had been hypothesized, that
is, the treatment group demonstrated less random explo-
ration. The authors reasoned that the counterintuitive
findingmay be a result of atomoxetine treatment elevating
phasic NE more than tonic NE. Because they did not
include physiological measurement, it is hard to check
the exact impact of atomoxetine on NE.

The hypothesized relationship between NE and
uncertainty-guided random exploration is in line with
previous work showing that pupil size—as an indirect
measure of NE level ( Joshi & Gold, 2020; Joshi et al.,
2016)—correlates with variability in the evidence accu-
mulation process (Cavanagh, Wiecki, Kochar, & Frank,
2014; Murphy, Vandekerckhove, & Nieuwenhuis, 2014),
magnitude of noise in perceptual tasks (Keung, Hagen,
& Wilson, 2019), and choice randomness in value-based
decisionmaking (Kozunova et al., 2022; Findling, Skvortsova,
Dromnelle, Palminteri, & Wyart, 2019; Van Slooten, Jahfari,
Knapen, & Theeuwes, 2018; Kane et al., 2017; Jepma &
Nieuwenhuis, 2011). These pupillometry studies suggest
that pupil size could represent the computation of TU dur-
ing reinforcement learning, although this has not been
directly tested yet.

In the current study, we systematically investigated
the involvement of pupil-linked arousal systems in
uncertainty-driven exploration bymonitoring participants’
pupil size while they performed a two-armed bandit task.
Given previous research suggesting a relationship
between tonic NE and uncertainty-guided random explo-
ration, we focus on the pupil size before the stimulus
onset, which is argued to be a readout of the tonic NE
level (Joshi & Gold, 2020).

METHODS

Participants

Fifty-five healthy, neurotypical participants (age 18–65
years) were recruited from the general and student popu-
lation. All participants were fluent in English and had
normal-to-corrected vision and hearing. Within the past
year, all participants went untreated for the following: neu-
rological disorder or injury, psychiatric disorder, endo-
crine disease, blood pressure issues, and cardiac issues.
Participants consumed no more than three alcoholic
drinks/day on average and did not smoke cigarettes or
use recreational drugs daily. Participants were requested
not to consume drugs, alcohol, caffeine, or nicotine within
2 hr before completing the study. Participants were
either paid $30 or received course credit. All participants
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could additionally earn a performance bonus up to $5
based on their task performance. Participants completed
the task in either contact lenses or glare-resistant glasses
with mandatory removal of all eye makeup.

The number of participants were determined by a
power analysis conducted before the data collection,
which showed that given the current task setup, a sample
size of around 50 (after exclusion) could reach a power of
80%. We excluded participants if they chose the more
rewarding option in < 60% of all trials (n = 1) or did not
have pupillometry data because of technique issues (n =
7). Forty-eight participants were included in the final data
analysis (31 women, 16 men, one unreported; age M =
32.74 years, SD = 12.37 years). All participants signed an
informed consent form before the experiment, and the
study was approved by the Harvard University Committee
on the Use of Human Subjects (IRB19-0789).

Experiment Design

Two-armed Bandit Task

Participants completed 16 blocks, 10 trials per block, of a
two-armed bandit task adapted from Gershman (2019). In
each block, participants encountered a new pair of slot
machines and chose repeatedly between them. The mean
rewards (μ(k)) of both arms were randomly sampled at the
start of every block from aGaussian distributionwithmean
0 and a variance (τ0

2(k) = 36) and remained the same
within a block. Participants faced two types of arms: the
“risky” arms, as indicated by an R, delivered variable
rewards drawn from a Gaussian with mean (μ(R)) and var-
iance (τ2(R) = 16); the “safe” arms, as indicated by an S,
delivered a reward of (μ(S)) with no variance. On every
trial, participants received feedback in the form of points,
rounded to the nearby integer, from their chosen arm; no
feedback was provided for missed trials. At the start of
every block, participants were told the two arms they
would see in the upcoming block and could see the letter
R/S on the slot machines throughout the whole 10-trial
block. To make sure the participants understood the task,
they completed a comprehension check, performed one
practice block, and had a chance to ask any question
before the main experiment.

Experiment Procedure

Participants completed the task in a silent dark room, with
their heads placed on a chinrest 55 cm away from the
screen. The stimuli were presented on a black Dell
21.5-in. LEDMonitor, and their right eye was tracked using
an EyeLink 1000 plus eye tracker (SR Research) at a sample
rate of 1000 Hz. The eye tracker was calibrated using a
standard 9-point calibration procedure. After calibration,
the participants first underwent a 5-min baseline period,
during which they were asked to maintain a normal gaze
at a central white fixation cross on the screen. They then

completed the main experiment. A drift check (i.e., 1-
point calibration) was performed at the beginning of each
block to confirm that the pupil was successfully tracked.
Each trial is composed of four phases (Figure 1A). In the
fixation phase, a white fixation cross appears on the screen
for a time period between 1 sec and 2 sec, during which
the participants maintained a normal gaze at the fixation
cross. The length of the fixation phase varies from trial
to trial to reduce the potential impact of temporal expec-
tation on pupil size. In the evaluation phase, the partici-
pant saw the white fixation as well as two slot machines
on the screen for 3 sec. The participant was required to
hold off their decision until the decision phase, which
was signaled by the white fixation turning into green.
The decision phase lasts 1.5 sec, during which participants
could press the left or right arrow key to indicate their
choice. If the participant made a decision in this 1.5-sec
time window, in the feedback phase, the reward delivered
by the chosen slot machine would show up inside the box
representing the option and would remain on the screen
for 3 sec. If no choice was made, the fixation turned red
and remained for 3 sec to indicate a missed trial. The
lengths of the evaluation and feedback phase follow
the guideline of designing pupil experiments (i.e., the
stimulus onset should be followed by an interval of
2–3 sec to ensure achieving reliable pupil measures;
Mathôt & Vilotijević, 2022) and are in line with previous
pupillometry research (e.g., Lempert, Lackovic, Tobe,
Glimcher, & Phelps, 2017). Efforts have been made to
match visual stimuli across stages and between condi-
tions on as many low-level properties as possible, includ-
ing using color of equal luminance, indicating the start of
choice phase by changing the color of the fixation while
keeping all other visual display else the same, displaying
the feedback inside the chosen slot machine box while
keeping unchosen slot machine box on the screen, as
well as using the same font size to indicate different block
conditions.

Belief Updating Model

Following previous literature (Fan et al., 2023; Tomov
et al., 2020; Gershman, 2018, 2019; Daw et al., 2006),
we assumed that participants approximate an ideal
Bayesian observer, tracking the value and uncertainty
in their estimation. Given the underlying Gaussian dis-
tributions of the slot machines, the posterior estimate
of arm k (k = 1 denotes the left arm, k = 0 denotes
the right arm) is a Gaussian distribution parameterized
with mean Q(k) and variance σ2(k). We modeled par-
ticipants’ belief update process using Kalman filtering
equations:

Qtþ1 atð Þ ¼ Qt atð Þ þ αt rt − Qt atð Þð Þ (1)

σ2
tþ1 atð Þ ¼ σ2

t atð Þ − αtσ
2
t atð Þ (2)
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where at is the chosen arm at time t and Kalman gain
αt is given by:

αt ¼ σ2
t atð Þ

σ2
t atð Þ þ τ2 atð Þ (3)

τ2 was set at 16 for risky slot machines and 0.00001 for
safe slot machines to avoid numerical overflow. Within a
block, the learning rate for safe slots quickly approached
1 whereas the learning rate for risky slots slowly
decreased.
The initial mean for risky and safe slot machines on

Trial 1 was set at 0, and the initial variance for all slot
machines on Trial 1 was set to 36 (τ0

2 = 36) because
the participant has no prior knowledge of the reward his-
tory yet. The mean and the variance of the slot machines
were only adjusted for the slot machine that the partici-
pant has chosen. Kalman filtering is an idealization of
learning in a noisy environment and has been shown
to account for human choice behavior in multi-armed
bandit tasks (Speekenbrink & Konstantinidis, 2015;
Daw et al., 2006).

Choice Probability Analysis

Participants’ data were pooled across conditions andmod-
eled using the following probit regression model:

P at ¼ 1jwð Þ ¼ Φ w1Vt þ w2RUt þ w3Vt=TUtð Þ; (4)

where Vt = Qt(1) − Qt(2) is the value difference between
two options, RUt = σt(1) − σt(2) denotes the relative
uncertainty between two options, TUt = √(σt

2(1) +
σt
2(2)) denotes the total uncertainty of the current trial,

and Φ(•) is the standard Gaussian cumulative distribution
function. The value estimate and estimation uncertainty
were obtained using Kalman filtering described in the pre-
vious section. Past work (Gershman, 2018) proved that
this is the exact analytic form of a hybrid of Thompson
Sampling and Upper Confidence Bound algorithms. A
positive w2 means that people add an uncertainty bonus
to an option’s value proportional to its RU, which directs
exploration toward the option they are more uncertain
about. In contrast, a positive w3 indicates that as the TU
in the environment goes up, people increase choice
randomness accordingly. Specifically, ifw2 = 0, the model
is insensitive to RU and is reduced to pure random explo-
ration. If w3 = 0, the model is insensitive to TU and is

Figure 1. Trial schematic (A)
and average pupil size over the
course of a trial, time locked to
stimulus onset (B). Each trial
contains four phases: fixation,
evaluation, decision, and
feedback. Trial baseline pupil is
defined as the pupil size
averaged over the 1000 msec
before the stimulus onset. The
error bar represents 1 SE. The
y axis shows the arbitrary unit of
pupil size recorded by EyeLink
1000, which is proportional to
the true diameter of the
physical pupil.

Fan et al. 1511

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/doi/10.1162/jocn_a_02025/2152032/jocn_a_02025.pdf by H
AR

VAR
D

 LIBR
AR

Y user on 01 August 2023



reduced to pure directed exploration. Finally, if w2 =
w3 = 0, the model is only influenced by the value of
options, and the strategy is similar to softmax explora-
tion. In line with previous work (Fan et al., 2023; Tomov
et al., 2020; Gershman, 2019), we fitted a generalized
mixed-effects model with a probit link function, and
included fixed and random effects for all regressors
(i.e., V, RU, and V/TU). We used the default prior for
fixed effects defined in the R brms package (i.e.,
improper flat prior over the reals; Bürkner, 2017). The
random effects were restrained to be coming from a
multivariate Gaussian distribution with mean zero and
unknown covariance matrix. The prior for fixed effects
and constraints on random effects remain the same for
the mixed-effects regression models mentioned below.

To obtain a descriptive characterization of choice behavior
across conditions, we also modeled choices as a function
of experimental condition (SR, RS, SS, RR; where the first
letter denotes the label of the option on the left and the
second letter denotes the label of the option on the right):

P at ¼ 1jwð Þ ¼ Φ
X

j
w4

jπtj þ w5
jπtjVt

� �
(5)

where j is the experimental condition, and πtj = 1 if trial
belongs to condition j = 0 otherwise. We refer to the w4

terms as intercepts and the w5 terms as slopes in the fol-
lowing sections. The posterior distributions of the param-
eters were estimated using the brms package in R (same
for the generalized mixed regression models mentioned
below), and we report themedian estimate of the posterior
distribution as well as the 95% highest posterior density
intervals (HDIs). Parameters with 95% HDIs that did not
contain zero were deemed to be statistically credible.

Pupillometry Analysis

Preprocessing of the pupil data was done following the
guidelines illustrated in Kret and Sjak-Shie (2019). In line
with previous literature (Leong, Dziembaj, & D’Esposito,
2021; Clewett, Gasser, & Davachi, 2020; Browning,
Behrens, Jocham, O’Reilly, & Bishop, 2015), we exclude
trials with > 40% missing pupil data (76 trials, 0.97% of all
trials), no choice was made (121 trials, 1.54% of all trials),
and the trial baseline is outside of 3 SDs of this person’s
trial baseline distribution (29 trials, 0.37% of all trials).

Our variable of interest is the average pupil size during
the trial baseline (i.e., 1 sec before the stimulus onset;
Figure 1B). As part of the preprocessing, we subtracted
the subject-specific average trial baseline (across all trials)
from their pupil response data. Two sets of linear mixed
models were fit to trial baseline pupil data:

absolute model : Pupil responset ∼ jVtj þ jRUtj
þ jVtj=TUt þ TUt; (6)

directed model : Pupil responset ∼ Vt;directed

þ RUt;directed þ Vt;directed=TUt

þ TUt; (7)

where |Vt| and |RUt| denotes absolute value difference
and RU on trial t, whereas Vt,directed and RUt,directed denotes
the value difference and RU for the option that they chose
on trial t. Because TU is always non-negative, |TUt| = TUt.
Similar to the behavioral analysis, we include fixed and ran-
dom effects for all regressors. We conducted model com-
parison to decide which model fits the current pupil data
better using the Leave-One-Out Cross Validation Informa-
tion Criterion (LOOIC; Vehtari, Gelman, & Gabry, 2017;
Vehtari, Simpson, Gelman, Yao, & Gabry, 2015). The
model comparison was done using the performance
package in R (Lüdecke, Ben-Shachar, Patil, Waggoner, &
Makowski, 2021).

Decoding Analysis

We conducted a decoding analysis to examine
whether we could decode subject-specific uncer-
tainty estimates readout from the pupil data and
use them to improve the fit of the behavioral model.
We used a maximum likelihood decoder; that is, we
extracted the estimate of TU by inverting the gener-
alized mixed linear model in the absolute model
(Equation 6):

̂TUt ¼ yt −
X

i:Xt;i ≠ jTUj
Xt;iβi

� �
=βjTUj; (8)

We first augmented the original choice model using

decoded ̂TUt. Because TU, by definition, is non-negative,
we rectified negative decoded TU to be the minimum of
a trial-by-trial TU estimate in the data set. To keep the
model specification consistent with the hypothesis that

it represents a hybrid of exploration strategies, ̂TUt was

entered into the model in the format of Vt= ̂TUt:

P at ¼ 1jwð Þ
¼ Φ w0 þ w1Vt þ w2RUt þ w3Vt=TUt þ w4Vt= ̂TUt

� �
(9)

The augmented model was compared with a vanilla
choice model, which adds an intercept to Equation 4:

P at ¼ 1jwð Þ ¼ Φ w0 þ w1Vt þ w2RUt þ w3Vt=TUtð Þ (10)

The intercept w0 is included because our data suggest
that simply including the intercept increases the model
fit, indicating that people have a bias based on the
location of the slot machines. We included it here to
account for the location bias and could thus focus on
the improvement of model fit resulting from adding
Vt=TUt.
Besides augmenting the choice model using

decoded TU, we have also constructed a series of aug-
mented choice models (Figure 9) using other decision

variables decoded from the pupil model, that is, ̂RUt

and ̂Vt. Because the best pupil model is the absolute
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model, we first decode the absolute value of RUt and
Vt from Equation 6:

j ̂RUtj ¼ yt −
X

i:Xt;i ≠ jRUj
Xt;iβi

� �
βjRUj=β

2
jRUj (11)

j ̂Vtj ¼ yt −
X

i:Xt;i ≠ jVj
Xt;iβi

� �
βjVj=β

2
jVj (12)

The relationship between absolute decoded value and
decoded value is:

̂RUt ¼ j ̂RUtj if RUt >¼ 0
¼ −j ̂RUtj if RUt < 0

(13)

̂Vt ¼ j ̂Vtj if Vt >¼ 0
¼ −j ̂Vtj if Vt < 0

(14)

Finally, ̂RUt and ̂Vt were used to augment the choice

model in a similar fashion to adding ̂TUt described above.
All the regressors in the decoded analysis are normalized.

RESULTS

People Use a Hybrid of Directed, Random, and
Undirected Exploration Strategies

Our task design allows us to independentlymanipulate rel-
ative and TU so as to assess their separate influence on dif-
ferent uncertainty-driven exploration strategies. Because
the risky arm has more variability in the delivered out-
come, it is relatively uncertain compared with the safe
arm. If directed exploration is sensitive to RU, we predict
that people will demonstrate a preference for the risky
arm when it is paired with a safe arm, that is, Option 1
in condition RS and Option 2 in condition SR. Because
both conditions consist of one safe and one risky arm,
the TU is held constant and the preference will be because
of the change in RU. This choice bias will manifest as a
larger intercept in the psychometric curves for condition
RS versus SR (Figure 2A).

On the other hand, because a pair of risky arms should
entail higher uncertainty than a pair of safe arms, the
comparison between conditions RR and SS will indicate
how TU influences exploration while controlling for RU.
If random exploration, as hypothesized, scales up as TU
increases, we expect that people will behave more ran-
domly in condition RR versus SS, which will manifest as
a larger slope in the psychometric curve for condition SS
versus RR (Figure 2B).

In general, people performed well in the task, choosing
the better option (i.e., the option that delivers more
reward) 77% of the time. Consistent with our predictions,
we found an intercept shift between conditions RS and SR
(median estimate of the posterior M = 0.62, 95% HDI =
[0.44, 0.79]; Figure 3A), indicating that people direct their
exploration toward the option with higher RU. In addition,
the intercept of RS is positive (Δ=0.32, 95%–HDI= [0.20,
0.43]) and the intercept of SR is negative (Δ = −0.29,
95%–HDI = [−0.40, −0.19]), suggesting that people
show a preference for the risky option regardless of its
location. Together, these data suggest that people adopt
a directed exploration strategy, which is sensitive to RU.

Figure 2. Predictions of choice
probability function change
across conditions. Directed
exploration predicts a
preference for the uncertain
option, which manifests as a
shift in intercept in opposite
directions for SR and RS trials
(A). Random exploration
predicts more choice
stochasticity when TU is high,
equivalent to a steeper curve for
RR trials than SS trials (B).

Figure 3. Probit regression results (choice data). The intercept of RS
trials was larger than that of SR trials, whereas the intercepts of RR and
SS trials did not differ (A). The slope of RR trials was smaller than that of
SS trials, whereas the slopes of SR and RS trials did not differ (B). Error
bars are 95% confidence intervals.
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We also found behavioral signatures of random explora-
tion, manifesting as a smaller slope in condition RR than SS
(Δ = −0.1, 95%–HDI = [−0.15, −0.05]; Figure 3B). In
other words, in an environment with higher TU (RR),
people choose both options with a probability closer to
chance level (i.e., the curve is flatter). Because the slope
is not different between conditions RS and SR (Δ = 0.01,
95%–HDI = [−0.02, 0.05]), we come to the conclusion
that random exploration is influenced by TU but not by
RU.

Using Equation 4, we examined the exploration strate-
gies people adopt on a trial-by-trial basis. The data suggest
that people are sensitive to RU, TU, and relative value (V)
when making decisions (RU:M= 0.55, 95%–HDI = [0.37,
0.73]; VTU: M = 4.00, 95%–HDI = [2.76, 5.92]; V: M =
1.29, 95%–HDI = [1.14, 1.48]). Taken together, our
condition-based and trial-based analysis consistently show
that people employ a hybrid of directed and random
exploration strategies during the two-armed bandit task,
which are sensitive to RU and TU, respectively.

Pupil Size Encodes TU during the Trial
Baseline Period

Having demonstrated that people are sensitive to RU and
TU, we examined whether these decision variables are
encoded in pupil size. We used estimates of V, RU, TU,
and V/TU extracted from the belief update process to pre-
dict pupil size on a trial-by-trial basis (Equations 6 and 7).
Given our interest in how pupil size encodes information
before the decision and the link between baseline pupil
size and tonic NE, we focus our analysis on the trial

baseline. Given the block design of the task (i.e., partici-
pants interact with the same pair of slot machines within
each block), pupil size during the trial baseline contains
task-related information rather than mere random fluctu-
ation. To avoid the impact of visual input change on pupil
size, we calculated trial baseline pupil size using a 1-sec
window before the display of the choice options
(Figure 1B).
On the basis of our hypothesis that pupil size encodes

the computation of uncertainty that guides exploration,
we fit twomodels to trial baseline pupil data. The Absolute
model (Equation 6) postulates that pupil dilation repre-
sents the absolute magnitude of uncertainty/value in the
environment, whereas the Directed model (Equation 7)
postulates that pupil size encodes the uncertainty/value
estimate of the subsequent choice. Both of these models
have received some empirical support in the past litera-
ture on pupil-linked arousal systems (Van Slooten et al.,
2018; de Gee, Knapen, & Donner, 2014; Nassar et al.,
2012). Model comparison results suggest that the absolute
model outperforms the directed model (Figure 4), sup-
porting the hypothesis that pupil size encodes the

Figure 4. Model fit across nested models predicting trial baseline pupil
size. y Axis plots LOOIC computed as −2 * expected log pointwise
predictive density. Smaller LOOIC indicates better model fit. The
regressors included in each models are: Model1 = V, Model2 = RU,
Model3 = TU, Model4 = V/TU, Model5 = TU + RU, Model6 = TU + V,
Model7 = RU + V, Model8 = V/TU + RU, Model9 = V/TU + V,
Model10 = TU + V/TU, Model11 = TU + V/TU + RU, Model12 = TU +
V/TU + V, Model13 = V/TU + RU + V, Model14 (full model) = V +
RU + V/TU + TU.

Figure 5. Coefficient estimates (extracted from the absolute model)
predicting pupil size during the trial baseline. Error bars are 95%
confidence intervals.

Figure 6. Average pupil diameter over the course of a trial binned by
TU magnitude time locked to stimulus onset. Error bars represent
standard error. The y axis shows the arbitrary unit of pupil size recorded
by EyeLink 1000, which is proportional to the true diameter of the
physical pupil.
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absolute magnitude of the uncertainty estimates but not
the directed decision variables. The absolute model sug-
gests a positive correlation between TU and pupil size
(M = 23.27, 95%–HDI = [15.69, 31.25]; Figures 5 and
6); that is, pupil size is larger on trials with higher TU. This
positive association between pupil size and TU is corrob-
orated by two more regression analyses. When we exam-
ine the average baseline pupil size in different conditions,
we observe a similar effect, with pupil size smallest
under SS condition, which has the lowest TU (SS vs. RR:
Δ = −85.36, 95%–HDI = [−129.19, 39.69]; SS vs. SR: Δ =
−62.57, 95%–HDI = [−96.49, −28.28]; SS vs. RS: Δ =
−88.7, 95%–HDI = [−130.26, −47.14]; Figure 7). In

addition, on a within-block level, we found that pupil size
negatively correlated with the progress of the block (M=
−28.91, 95%–HDI = [−36.21, −21.33]; Figure 8), where
the TU gets reduced as people gain more experience
interacting with the same pair of slot machine within
one block. In the directed model, we observe a small
positive correlation between directed RU and pupil size
(M = 7.15, 95%–HDI = [2.57, 11.76]). However, because
this model in general provides an inferior model fit than
the absolute model (ΔLOOIC = 60.13; Figure 4), we
refrain from further interpreting the results.

Figure 7. (A) Average pupil diameter over the course of a trial in different conditions time locked to stimulus onset and (B) average trial baseline
pupil diameter (1 sec before the stimulus onset) in different conditions. Error bars represent standard error. The y axis shows the arbitrary unit of
pupil size recorded by EyeLink 1000, which is proportional to the true diameter of the physical pupil.

Figure 8. Average pupil diameter during trial baseline. Error bars
represent standard error. The y axis shows the arbitrary unit of pupil
size recorded by EyeLink 1000, which is proportional to the true
diameter of the physical pupil.

Figure 9. Model fit improvement between the augmented models
and the baseline model (Equation 10). Lower relative LOOIC indicates
larger improvement by adding the decoded uncertainty/value estimate.
VTU = decoded V + decoded TU; VRUTU = decoded V + decoded
RU + decoded TU; VTU = decoded V + decoded TU; VRU = decoded
V + decoded RU.
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TU Decoded from Trial Baseline Predicts
Random Exploration

If pupil size encodes the TU in the environment, as our pre-
vious analysis suggests, we should be able to decode subject-
specific TU estimates from the pupil size. Because the
current choice model includes estimates extracted from an
ideal Bayesian observer model, we reason that adding the
subject-specific TU estimate would help improve the original
model fitting, as we have previously demonstrated using
neuroimaging data (Tomov et al., 2020). Consistent with this
line of reasoning, we found that the model augmented
with decoded TU derived from pupil size improved the
model fit, and is the best model fit compared with other
model candidates augmented with other decoded
value/uncertainty estimates (ΔLOOIC = 95.50; Figure 9).

DISCUSSION

The current study examined the involvement of pupil-
linked arousal systems in exploration during decision-
making under uncertainty. Our analysis revealed that pupil
size encodes the TU of the environment. Under the
assumption that pupil size is an index of NE release from
LC, this finding suggests a positive relationship between
NE and uncertainty-guided random exploration, which is
sensitive to TU. The link between pupil size and random
exploration was corroborated by a decoding analysis,
where we showed that including TU decoded from the
pupil size in the choice model could improve the model
fit to participants’ choice. In other words, people use the
TU encoded in pupil size to guide uncertainty-guided ran-
dom exploration during the decision phase.

Our findings are consistent with previous work on the
role of pupil-linked LC-NE system in exploration, which
has shown that pupil size is larger during exploration
and covaries with choice randomness (Kozunova et al.,
2022; Dubois et al., 2021;Muller, Mars, Behrens, &O’Reilly,
2019; Van Slooten et al., 2018; Jepma & Nieuwenhuis,
2011). Using a two-armed bandit task, we manipulated dif-
ferent kinds of uncertainty and dissociated directed, ran-
dom, and undirected exploration, which are sensitive to
RU, TU, and V, respectively. Our data suggest that pupil
size encodes TU but not RU, indicating a selective associ-
ation between pupil size and uncertainty-guided random
exploration. Given the covariation between pupil size and
LC-NE activation, this pupillary result extended the notion
that NE controls the transition between exploitation and
exploration and is in line with the recent argument that
the LC-NE system dynamically shapes the excitability and
receptivity of neurons across the brain (Wainstein, Müller,
Taylor, Munn, & Shine, 2022).

Among the three exploration strategies, uncertainty-
guided random and undirected exploration both inject
randomness into the choice process but differ in the
source of the randomness. Undirected exploration adds
a fixed level of decision noise into value computation

whereas uncertainty-guided random exploration scales
up choice stochasticity when TU is high (Wilson et al.,
2021; Schulz &Gershman, 2019). Previous work that treats
exploration as a unitary construct usually defines explora-
tion as softmax exploration, that is, the tendency to choose
the lower value option and is independent of uncertainty
(Daw et al., 2006). It is often operationalized as the inverse
temperature in standard softmax policy in reinforcement
learning models. Softmax exploration is similar to undi-
rected exploration in our framework, the computation of
which is not reflected by pupil size. This lack of relation-
ship is in line with a previous pharmacological study that
did not find a change in softmax exploration when NE is
manipulated by reboxetine (Jepma, teBeek,Wagenmakers,
van Gerven, & Nieuwenhuis, 2010). However, note that
because this study did not address uncertainty-driven
exploration, the fitted softmax exploration parameter may
reflect a combination of multiple exploration strategies
and it may not be fair to directly compare to undirected
exploration defined in our task.
A few recent studies have investigated the relationship

between NE and different exploration strategies, most of
which directly use pharmacological manipulation to
change NE level and have yielded mixed results. One
experiment used the horizon task (for a description of
the task, see Wilson et al., 2014) and found that increas-
ing NE level reduces uncertainty-guided random explora-
tion (Warren et al., 2017). This positive link is further
supported by another study using a sequential decision-
making task (Cremer et al., 2022). On the other hand, a
recent study using a task similar to the horizon task
found that reducing NE level lowers the level of choice
randomness (Dubois et al., 2021). Under the assumption
that pupil size serves as an indirect measure of LC-NE
activity, our results suggest a positive link between NE
and uncertainty-guided random exploration (i.e., larger
pupil size is associated with more choice stochasticity
when TU is higher).
The current study focuses on pupil size during the trial

baseline, which is assumed to be a proxy of tonic NE level
(Joshi & Gold, 2020). Given that tonic and phasic NE have
been hypothesized to play opposite roles in influencing
exploration (Aston-Jones & Cohen, 2005), one potential
reason for the past mixed findings could be that different
pharmacological manipulations have influenced tonic and
phasic NE differently. It is tricky to monitor the NE level
during human pharmacological studies because different
drugs may have different impacts on pupil size (Koudas
et al., 2009). For example, propranolol, a commonly used
drug to reduce the NE level, has been shown to not influ-
ence overall pupil size (Hauser, Eldar, & Dolan, 2017;
Lempert et al., 2017) but could potentially influence
how strongly pupil size encodes decision variables (Lawson,
Mathys, & Rees, 2017; Lempert et al., 2017). Therefore,
more research is needed to understand the impact of
different pharmacological manipulations on tonic versus
phasic NE.
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It is important to note that the interpretation of pupil
size as a real-time read-out of NE level is still under debate,
with some work showing that there exists considerable
variability in the strength of the coupling between pupil
size and real-time NE level (Megemont, McBurney-Lin, &
Yang, 2022). Another work has proposed to take both
pupil size and saccade into consideration to infer the
underlying neural activity (Burlingham, Mirbagheri, &
Heeger, 2022). Therefore, we should interpret the pupil-
lometry results with caution, and future studies could use
more advanced analysis methods to obtain a cleaner mea-
surement of NE from the eye-tracking data.
Our findings—again, under the assumption that pupil

size can be interpreted as a readout of NE level—are also
in line with previous work showing that NE covaries with
learning rate (Lawson, Bisby, Nord, Burgess, & Rees, 2021;
Jepma et al., 2018; Nassar et al., 2012), because normative
accounts of learning have suggested that people should
update the action-reward contingency more quickly
when TU is high (Piray & Daw, 2021; Pulcu & Browning,
2019; Marshall et al., 2016; Browning et al., 2015; Behrens,
Woolrich, Walton, & Rushworth, 2007). The involvement
of pupil-linked NE signals in regulating learning dynamics
has been confirmed by one past study showing that a
task-independent manipulation of pupil size (i.e., play a
novel sound) could alter the degree of which people
learn from the new incoming data (Nassar et al., 2012).
Combined with our finding that we are able to use pupil
data to improve the fit of the choice model, TU estimates
from pupil size, it would be interesting to investigate
whether a similar exogenous pupil manipulation could
influence the usage of uncertainty-guided random explo-
ration strategy.
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