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Understanding explore-exploit
dynamics in child development:
current insights and future
directions

Seokyung Kim* and Stephanie M. Carlson

Institute of Child Development, University of Minnesota, Minneapolis, MN, United States

Examining children’s decisions to explore or exploit the environment provides
a window into their developing metacognition and reflection capacities.
Reinforcement learning, characterized by the balance between exploring new
options (exploration) and utilizing known ones (exploitation), is central to this
discussion. Children initially exhibit broad and intensive exploration, which
gradually shifts toward exploitation as they grow. We review major theories
and empirical findings, highlighting two main exploration strategies: random
and directed. The former involves stochastic choices without considering
information or rewards, while the latter is driven by reducing uncertainty for
information gain. Behavioral tasks such as n-armed bandit, horizon, and patch
foraging tasks are used to study these strategies. Findings on the n-armed
bandit and horizon tasks showed mixed results on whether random exploration
decreases over time. Directed exploration consistently decreases with age,
but its emergence depends on task difficulty. In patch-foraging tasks, adults
tend to overexploit (staying too long in one patch) and children overexplore
(leaving too early), whereas adolescents display the most optimal balance. The
paper also addresses open questions regarding the mechanisms supporting
early exploration and the application of these strategies in real-life contexts
like persistence. Future research should further investigate the relation between
cognitive control, such as executive function and metacognition, and explore-
exploit strategies, and examine their practical implications for adaptive learning
and decision-making in children.

KEYWORDS

reinforcement learning, explore-exploit dynamics, executive function, metacognition,
child development

When a child is born, the world around them is new and unpredictable. However,
they gradually learn about their environment through contingency, forming associations
between their behaviors and either positive or negative consequences, and start to use
these contingencies to guide their future behaviors. This type of learning is known as
reinforcement learning (e.g., Nussenbaum and Hartley, 2019). For example, infants as
young as 2 months old quickly increase their kicking behavior in an experiment where
a ribbon is attached to their ankle and connected to a mobile hanging overhead (Rovee-
Collier, 1997). This behavior occurs because they explore the object attached to their ankle
and learn the associations between their leg movements and the mobile’s movements.
In the beginning, this kind of exploration aims at improving and expanding knowledge.
However, choosing whether and when to explore is a genuinely complex decision, as more
options become available, varying in value. For instance, if the infants also were given an
attractive toy to grasp, they could explore the new toy for potential enjoyment or continue
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playing with the mobile, which already provides them with joy. As
children grow, they face decisions ranging from trivial ones, such
as what to eat for dinner or where to play, to more significant
ones, such as whether to go to college and whom to be friends
with. In such situations, they must either search for better options
(explore) or utilize their known options (exploit). Developmental
psychologists actively research how children balance the competing
demands of exploration and exploitation when faced with two or
more options, yet much is still unknown.

In this paper, we aim to review the major theories and
empirical findings regarding explore-exploit strategies and how
they shift across development. Indeed, young children do explore
intensively and broadly, often at the cost of exploitation, and
the exploration tendency decreases with age (see Gopnik, 2020,
and Nussenbaum and Hartley, 2019 for review). Below, we
will overview the definition of exploration and exploitation,
the explore-exploit tradeoff/dilemma, and one optimal solution.
Next, we will summarize exploration across development in
the reinforcement learning literature. Finally, we will highlight
directions for future explore-exploit developmental research, with
a focus on its potential to advance our understanding of executive
function, metacognition, and reflection.

While this is not a systematic review, our methodology is
consistent with utilizing PsychInfo and Google Scholar as primary
sources. The search was conducted using the following keywords:
1. explore-exploit; development, 2. explore-exploit; development;
and task-specific terms (e.g., bandit, horizon, patch-foraging), 3.
exploration; reinforcement learning, 4. exploration; reinforcement
learning; and task-specific terms (e.g., bandit, horizon, patch-
foraging). The search was restricted to articles published between
2010 and 2024, with exceptions made for seminal articles that
introduce key concepts, focusing on studies involving human
participants from infancy through early adulthood (see Table 1).

Key concepts in explore-exploit
learning

Exploration involves experimenting with various options and
is typically favored under conditions of low knowledge and high
uncertainty (Daw et al., 2006). Conversely, exploitation involves
adhering to the most lucrative option to maximize rewards and
is typically favored under conditions of high knowledge and
low uncertainty. Exploration and exploitation represent endpoints
along a spectrum-ranging from broad to narrow, noisy to efficient,
and information-seeking to reward-seeking-rather than a strict
dichotomy (Frankenhuis and Gopnik, 2023). An explore-exploit
tradeoff naturally occurs in the decision-making process because
choosing to seek new information (exploration) means forgoing
an opportunity to choose a familiar option and secure a known
reward (exploitation). This dilemma is prevalent not only in human
lives but also across the animal kingdom and within society in
general (Cohen et al, 2007; Hills et al.,, 2015; Mehlhorn et al,,
2015).

One strategy used by organisms, including humans, animals,
and machines to tackle the explore-exploit dilemma, is balancing
exploration and exploitation. This balance refers to initially

preferring exploration and gradually transitioning toward
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exploitation (Cohen et al, 2007; Hills et al, 2015; Mehlhorn
et al., 2015). Exploration is prioritized at the onset of the learning
process and diminishes over time as the agent accumulates
knowledge and reduces uncertainty (Auer, 2002). This pattern
is sensible for two reasons, according to Gopnik (2020). Firstly,
agents cannot effectively exploit the reward structure of their
environment until they have sufficiently explored it. As agents
learn more, it becomes more rational to rely on existing knowledge
and reduce the drive to acquire new information. Secondly, if
there is a limited timeframe to solve a task, as time passes, there
are fewer chances to leverage the information acquired through
exploration. There is substantial empirical evidence to believe that
explore-first and exploit-later strategies may be embodied in our
typical developmental trajectories.

Exploration and exploitation across
development

There
exploration during play in their early years (e.g., Bonawitz
et al,, 2012; Doan et al., 2020; Golinkoff et al., 2006; Schulz
and Bonawitz, 2007). However, this paper focuses specifically

is considerable evidence of children’s increased

on reinforcement learning literature, as it provides the most
compelling evidence of developmental transitions in exploration,
explicitly showing adaptive decision-making with age (Table 1).
Two major exploration strategies are random exploration and
directed exploration. Random exploration follows a stochastic
choice policy, without considering information or rewards (Giron
et al., 2023; Meder et al,, 2021). Directed exploration, on the other
hand, is driven by a strong desire to gain information and resolve
high uncertainty (Giron et al., 2023; Meder et al., 2021; Schulz
etal, 2019). Although they are conceptually distinct (Wilson et al.,
2014), with dissociable neural signatures (Zajkowski et al., 2017),
random and directed exploration are not mutually exclusive. For
example, systematic switching in random exploration appears to
approximate directed exploration. Behavioral tasks used to study
exploration strategies include n-armed bandit tasks (e.g., Gittins
and Jones, 1979; Speekenbrink, 2022), horizon tasks (e.g., Wilson
et al., 2014), and patch-foraging tasks (e.g., Charnov, 1976; Lloyd
et al, 2023).

An n-armed bandit task is like a slot machine with multiple
levers. In a 4-armed bandit task, individuals choose from four
options, receive feedback on the reward, and make the next
selection (Daw et al., 2006). They must balance between exploiting
the highest-value option and exploring others to confirm that
the known highest-value option remains the best choice. The
reward probability can stay constant or change over time
(Speckenbrink, 2022). Studies using n-armed bandit tasks have
mixed results on whether the randomness of choices decreases
over time. Using a spatially correlated multi-armed bandit task
(where rewards of different options are correlated to their spatial
proximity, meaning that close-distance options have similar reward
probabilities), a study comparing 6- and 8-year-olds found high
levels of random exploration only in the 6-year-olds group,
suggesting a decline in random exploration by middle childhood
(Meder et al,, 2021). Similar results were observed in a broad
age range of participants from 5 to 55 years old, showing a
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TABLE 1 Summary of developmental explore/exploit research findings.

Explore-exploit

Reference

Specific EE
measure

10.3389/fdpys.2024.1467880

EE results

(EE) tasks

N-armed bandit tasks

Daw et al., 2006 14 Adults Four-armed bandit task e Brain regions for exploratory and
with dynamic rewards exploitative decisions were
identified
- Exploratory decisions:
frontopolar cortex, intraparietal
sulcus
- Exploitative decisions: striatum,
ventromedial prefrontal cortex
Meder et al., 2021 102 e 4-9years Spatially correlated e Random exploration
54 Younger children: 6 multi-armed bandit task decreases with age
years e Directed exploration was found at
(M = 72.6 months) all ages, decreasing slightly
48 Older children: 8 with age
years
(M = 93.1 months)
Giron et al., 2023 281 e 5-55years (M = 14.46 Spatially correlated e Random exploration
years) multi-armed bandit task decreases with age
e Directed exploration decreases
with age
Schulz et al., 2019 160 e 55 Younger children: Spatially correlated e No reliable differences in
7-8 years multi-armed bandit task random exploration between
(M = 7.53 years) age groups
e 55 Older children: 9-11 e Directed exploration decreases
years (M = 9.95 years) with age
e 50 Adults: 18-55 years
(M = 33.76 years)
Blanco and 218 e 110 Children: 48-67 Simplified 4-armed e Children switched between options
Sloutsky, 2020 months bandit task with static more frequently than adults, which
(M = 57 months) rewards characterizes their systematic
e 108 Adults: 18-29 years exploration, although salience
(M =19 years) disrupted this pattern
o Adults showed consistent
exploitation
Blanco and 139 e Experiment 1 Simplified 4-armed o Experiment 1:
Sloutsky, 2021 32 Children: 4 years bandit task with static - Children showed high levels of
(M = 54.8 months) rewards systematic exploration
34 Adults - Adults maximized rewards
e Experiment 2 through exploitation
36 Children: 4-5 years e Experiment 2:
(M = 58.9 months) - Children’s exploration was
37 Adults influenced by uncertainty: some
preferred a hidden option with an
unknown reward, while others
actively avoided it
Blanco and 214 e 188 Children: 38 years Simplified 4-armed e Exploration decreases
Sloutsky, 2024 (M = 64 months) bandit task with static with age
e 26 Adults: 18-21 years rewards e Children predominantly
(M =19 years) explore, with even 3- to
4-year-olds systematically
avoiding repeated choices
e Adults predominantly exploit the
highest reward option
Wu et al,, 2018 241 e Experiment 1 Spatially correlated e Experiments 1, 2, 3:

81 Adults: 22-44 years
(M = 33 years)
Experiment 2

80 Adults: 23-41 years
(M = 32 years)
Experiment 3

80 Adults: 25-45 years
(M = 35 years)

multi-armed bandit task

- Adults balanced exploration and
exploitation, achieving higher
rewards by sampling locally and
using generalization in spatially
correlated environments through
Gaussian process function
learning and an optimistic upper
confidence bound sampling
strategy
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TABLE 1 (Continued)

Explore-exploit

Reference

Specific EE
measure

10.3389/fdpys.2024.1467880

EE results

(EE) tasks

elementary school
e 67 Adolescents from
middle and high school
e 33 University college
students

Horizon tasks Wilson et al., 2014 31 e Adults: 18-24 years Horizon task with short e Adults showed more random and
(M = 19.7 years) and long horizons directed exploration in long
horizons than in short horizons
Somerville et al., 147 e 12-28 years Horizon task with short e No reliable differences in
2017 and long horizons the strategic use of random
exploration across ages
e Strategic use of directed
exploration emerges in
adolescence and stabilizes into
adulthood
- The age difference is partly
because adolescents favor
immediate rewards over new
information
Zhuang et al., 2023 132 e 43 Younger children: Simplified horizon task e Adaptation to time horizons
4-5 years with short, long, and increased with age
(M = 5.5 years) ambiguous horizons e Adult levels of adaptation are
e Older children: 11-12 evident by ages 11-12, but not at
years (M = 11.5 years) ages 5-6.
© 49 Adults: 18-31 years e Under short and ambiguous
(M = 19.4 years) horizons, older children and adults
exploited, while younger children
did not
Patch foraging tasks Constantino and 52 e Experiment 1A Virtual apple o Adults adapted their foraging
Daw, 2015 11 Adults (19-35 years) patch-foraging task with behavior to environmental changes
o Experiment 1B varying travel times and but tended to overharvest as well
11 Adults (19-35 years) depletion rates o Trial-by-trial decisions were better
e Experiment 2 explained by the marginal value
30 Adults (19-35 years) theorem than by
temporal-difference learning
Harms et al., 2024 121 e 62 Early adolescents: Orchard Task, e Orchard task: More exploration
10-13 years Grid Task, in shorter travel time conditions;
(M = 11.1 years) Chain Task, No reliable differences between age
e 59 Young adults: 18-32 Horizon Task groups (Both overexplored, leaving
years (M = 19.3 years) a patch earlier than optimal for
reward maximization)
e Grid task: Early adolescents
explored more than adults
e Chain task: No reliable differences
between age groups
e Horizon task: A more random and
directed exploration in longer
horizon tasks; Early adolescents
showed less directed exploration
than adults
Lloyd et al., 2021 137 e 68 Adolescents: 16-17 Virtual apple e Adolescents explored more
years (M = 16.57 years) patch-foraging task with than adults
e 69 Adults: 21-50 years varying travel times and - Adolescents accumulated
(M = 30.77 years) depletion rates more rewards (though not
statistically significant)
- Adolescents explored more
optimally (i.e., leave a patch at the
right time for maximizing
rewards) than adults who
overexploited (i.e., overharvest in a
patch longer than optimal for
reward maximization)
de Liafio et al., 2022 279 e 179 Children from Hybrid visual foraging e Optimal quitting behavior
junior kindergarten and task improves with age

e 4-5-years-olds quit slightly earlier
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decrease in random exploration with age (Giron et al., 2023).
These findings support the “cooling oft” theory (Gopnik, 2020),
drawing an analogy from statistical physics (Kirkpatrick et al,
1983). Random exploration is likened to a “higher-temperature”
(noisier) search, and the “cooling off” process is likened to
a simulated annealing algorithm. Just as heating and cooling
metal strengthens its structure, children—naive learners—begin
with broad, “high temperature” exploration to avoid local optima
and gradually shift to narrow, “low temperature” exploitation
by reducing randomness. However, other studies reported no
significant differences between children and adults in the amount
of random exploration (Schulz et al., 2019) or found that children’s
exploration is even “systematic” from a young age. In a simplified
4-armed bandit task, Blanco and Sloutsky (2020, 2021, 2024) found
that 3-4-year-old children frequently switched their responses
and specifically prioritized choosing options they had visited the
least recently, making their exploration pattern systematic. These
findings may suggest that children are engaging in uncertainty-
based directed exploration.

Unlike random exploration, there is more consensus that
directed exploration decreases across ages. Relative to adults,
children have a bias toward directed exploration and sample
options with an intrinsic goal of maximizing the information gain.
In a simplified 4-armed bandit task, 4-year-old children preferred
options with hidden rewards over visually explicit ones, although
there was significant variability within the group (Blanco and
Sloutsky, 2021). Using a spatially correlated multi-armed bandit
task, studies with children ages 4 to 11 showed higher levels of
directed exploration than adults (Meder et al., 2021; Schulz et al,
2019; Wu et al, 2018). For individuals implementing directed
exploration, obtaining information is inherently rewarding, and
the exploration is encouraged by an information bonus (Auer,
2002).

It is important to note, however, that in n-armed bandit tasks
and similar explore-exploit tasks, there is a reward-information
confound, making it hard to distinguish between random and
directed exploration. Participants only receive feedback on their
chosen options and often select the rewarding options to maximize
their rewards. This results in an abundance of information
about rewarding options, obscuring whether participants’ choices
were random or aimed at reducing uncertainty. To address
this concern, novel tasks like the horizon task have been
developed (Wilson et al, 2014). A horizon task is a 2-armed
bandit task that includes initial forced-choice trials revealing
information about one bandit, followed by free-choice trials where
participants choose between two bandits. This design clearly parses
between random and directed exploration by removing reward-
information confounds in forced-choice trials and manipulating
the number of free-choice trials with varying time horizons
(e.g., one free-choice trial for a short horizon vs. six for a
long horizon).

Several studies have used horizon tasks to investigate how
individuals strategically use random and directed exploration.
In strategic learning, individuals should select the option
with lower means of rewards across trials and the uncertain
option more often in the long horizon than in the short
horizon. This is because, on the long horizon, individuals
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have more opportunities to utilize the rewards they explored
and learned.

Concerning how this strategic use matures with age, the existing
literature does not clearly indicate when children start to show the
adult level of mature adaptation to the time horizon or strategic
uses of random and directed exploration based on the utility
of the environment. Adults increased both directed exploration
(by choosing the uncertain option) and random exploration (by
choosing the lower-mean option) in the long horizon relative to
the short horizon (Wilson et al., 2014). However, adolescents were
less flexible in guiding their exploration based on the horizon
length, often choosing less uncertain options in the long horizon
and preferring high-mean options instead (Somerville et al., 2017).
This behavior suggests adolescents value immediate rewards more
than new information that holds potential long-term benefits. No
age-related changes in random exploration were observed. While
Somerville et al. (2017) reported 12-year-olds did not exhibit
mature adaptation like adults, another study using a simplified
horizon task found that adult-like adaptation can be acquired
by ages 11-12, but not at ages 5-6 years old (Zhuang et al,
2023).

The last explore-exploit behavior task is a patch foraging task
(e.g., Orchard task in Constantino and Daw, 2015; Harms et al,
2024; Lloyd et al., 2021), which simulates the animal foraging
scenario where an individual must decide how long to exploit
a resource patch (e.g., a bush with apples) before exploring a
new one (Lloyd et al., 2023). As time spent in a patch increases,
the resources (apples) become scarcer. Moving to a new patch
incurs time costs, and so during the limited time, the best
strategy is to optimize harvest per patch. The marginal value
theorem (MVT) suggests that the optimal time to explore new
patches is when the expected rewards from the current patch drop
below the background reward rate, or the average reward rate of
the environment.

In patch foraging tasks, exploration decreases from childhood
through adulthood (Lloyd et al, 2023).
they become adept at adjusting their foraging behavior to the

As children grow,

environments richness, aligning with MVT (Lloyd et al, 2023).
Adolescents and adults explore more in richer environments
and exploit patches more in poorer ones (Lloyd et al, 2023).
In some foraging tasks, mature “leaving” even emerges as
early as age 6, indicating the early development of optimal
threshold identification (de Liano et al, 2022). However, in
classic patch foraging tasks like the Orchard task, middle
adolescence seems to be the peak period for optimal foraging
behavior. Early adolescents around 11 years old and young
adults aged 19 displayed more exploration by leaving earlier
than was optimal for reward maximization (Harms et al,
2024). In contrast, using a similar task, 16-17-year-old middle
adolescents explored more than adults aged 30 (Lloyd et al,
2021), whereas adults tended to overexploit patches, showing
suboptimal performance (Constantino and Daw, 2015). Middle
adolescents’ optimal-like foraging, garnering more rewards
compared to adults, contrasts with the “cooling off” theory,
which posits that adults should be more effective at acquiring
rewards. Researchers attribute adults’ overexploitation to their
risk sensitivity, placing too much value on immediate rewards
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(Constantino and Daw, 2015). Adolescents’ reduced aversion
to ambiguity may explain their greater exploration and faster
adaptation to new environments (Conley and Baskin-Sommers,

2023).

Open questions and future directions

We have reviewed key literature on the dynamics of exploration
and exploitation from the preschool period through adulthood.
In this section, we highlight two significant questions that remain
underexplored and suggest directions for future research.

The first question is: How can explore-exploit strategies
be studied in relation to more real-life contexts characterized
by uncertainty, complex reward structures, and constraints on
time, money, and effort? One relevant context is persistence.
Traditionally, the persistence literature has focused on whether
individuals persist by repeating the same action until achieving
a goal or quitting (e.g., Leonard et al., 2017, 2020, 2021). Recent
studies have begun to view persistence as a dynamic process,
incorporating the temporal-behavioral aspects of persistence
(Lucca et al., 2020; Oeri et al., 2020, 2024; Wang and Bonawitz,
2022). For example, Wang and Bonawitz (2022) found that
preschoolers quit difficult tasks, especially when the likelihood of
reward is low, suggesting that they strategically use explore-exploit
strategies by considering task difficulty and reward probabilities,
when they adjust their persistence. In our own work, Kim et al.
(2024) investigated explore-exploit strategies in a novel persistence
task that was age-appropriate but challenging to achieve the
goal (catching pretend fish in ponds with diminishing rewards).
Using latent class analysis, we found that children aged 3-7
used three different strategies when persisting toward a goal:
exploration-dominant, exploitation-dominant, and balanced. The
ability to balance exploration and exploitation did not emerge until
around age 6. The balanced approach was interpreted as the most
adaptive strategy, revealed by this more dynamic approach to task
analysis as opposed to simply capturing persisting vs. quitting.
Incorporating explore-exploit strategies in studying persistence
dynamics is promising, and more research is anticipated in
this area.

The second question is: What are the underlying mechanisms
that support young children’s intensive and broad exploration in
their early lives and their shift to more strategic exploration?
One possible mechanism is children’s intrinsic motivation to
explore. A study by Liquin and Gopnik (2022) supports the idea
that children’s heightened exploration tendencies are primarily
driven by their strong motivation to explore. The authors tested
whether the differences in exploration between children and
adults were due to differences in their initial beliefs about the
environment—assumptions about which options will be rewarding
or costly—or motivational differences. Their findings showed
no significant differences in initial beliefs between children
and adults, indicating that the differences in exploration were
derived from motivation. In a follow-up study, when the
same hints about the environment were given, both children
and adults made similar inferences, further supporting the
motivational account.
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Another mechanism could be the development of cognitive
control, including executive function and metacognition skills,
which are essential for problem-solving (Marulis and Nelson,
2021). Exploration is often described as a complex process,
as it demands several situational factors that individuals need
to take into account prior to exploration, such as ambiguity,
expected value of options, and information gains (Lapidow and
Bonawitz, 2023; Le Heron et al, 2020). Optimizing exploration
requires integrating cognitive processes, such as causal learning
(Bonawitz et al., 2012, 2014), reward-based learning (Wittmann
et al., 2023), and executive function/metacognition (Badre et al.,
20125 Lee and Carlson, 2015; Otto et al.,, 2013). The protracted
development of explore-exploit strategies, with a late shift from
predominant exploration to goal-directed decision-making with
more exploitation, may be due to the prolonged maturation
of executive function and metacognition (O'Leary and Sloutsky,
2017; Roebers, 2017; Zelazo and Carlson, 2012). However,
researchers found that even young children (ages 3-4) can show
systematic exploration despite immature top-down regulation,
which may be possible via bottom-up regulation of broad attention
distribution (Blanco and Sloutsky, 2020, 2021). One study even
reported no associations between proactive control and strategic
exploration adapted to time horizons (Zhuang et al., 2023). In
contrast, in the persistence study mentioned earlier, we found
that children aged 3-7 with better executive function skills and
metacognitive awareness in post-task interviews tended to balance
their exploration and exploitation strategies more effectively
in the context of diminishing rewards, even after controlling
for age (Kim et al., 2024). We reasoned that children who
reflected on the task as it unfolded were better able to monitor
and control their strong urge to explore novel options. Since
persistence aims at achieving a goal, future studies could examine
how to foster younger children’s adaptive persistence decision-
making by helping them reflect upon their performance and
learn flexibility in their thinking process, determining when to
keep going and when to change their goals or strategies. As
current findings are mixed, however, more research is needed
to investigate the relations between explore-exploit strategies and
cognitive control.

Conclusion

In conclusion, the dynamics of exploration and exploitation
throughout child development is a complex interplay between the
desire to seek new information and the need to take advantage
of known rewards. Children’s exploration is influenced by their
intrinsic motivation to explore, and they become more balanced
in strategy use with age and the development of cognitive
control skills. Understanding these developmental trajectories not
only deepens our knowledge but also has practical implications
for parenting and educational interventions aimed at fostering
adaptive learning and decision-making skills. Future research
should continue to examine the underlying mechanisms that
support children’s exploration and drive the transitions with
ages and examine how explore-exploit strategies can be applied
to real-life situations, ultimately helping children achieve their
goals effectively.
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