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Abstract

Anticipating the learning consequences of actions is crucial to plan efficient
information-seeking. Such a capacity is needed for learners to determine which actions are
most likely to result in learning. Here, we tested the early ontogeny of the human capacity to
anticipate the amount of learning gained from seeing. In Study 1, we tested infants’ capacity
to anticipate the availability of sight. Fourteen-month-old infants (N = 72) were invited to
search for a toy hidden inside a container. The participants were faster to attempt at opening a
shutter when this action allowed them to see inside the container. Moreover, this effect was
specifically observed when seeing inside the container was potentially useful to the
participants’ goals. Thus, infants anticipated the availability of sight, and they calibrated their
information-seeking behaviors accordingly. In Studies 2-3, we tested toddlers’ capacity to
anticipate whether data would be cognitively useful for their goals. Two-and-a-half-year-olds
(N = 72) had to locate a target character hidden among distractors. The participants flipped
the characters more often, and were comparatively faster to initiate this action when it yielded
access to visual data allowing them to locate the target. Thus, toddlers planned their
information-seeking behaviors by anticipating the cognitive utility of sight. In contrast,
toddlers did not calibrate their behaviors to the cognitive usefulness of auditory data. These
results suggest that cognitive models of learning guide toddlers’ search for information. The
early developmental onset of the capacity to anticipate future learning gains is crucial for

active learning.

Keywords: active learning, naive epistemology, metacognition, perception,

informativeness.
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Knowledge in Sight: Toddlers Plan Efficient Epistemic Actions by

Anticipating Learning Gains

1 Background

Humans are hungry for information. They are attracted by novelty,
and engage in independent exploration and in innovative hypothesis
testing (Berlyne, 1966; Kidd & Hayden, 2015; Pelz & Kidd, 2020; Pisula,
2009; Wilson, 2000). Such behaviors shape societies, institutions, and
daily lives for a good reason: they support learning (Kang et al., 2009).
Information seeking is perhaps one of the most general functions of
cognitive mechanisms. One can increase and update one’s knowledge
simply by processing incoming stimuli, without actively searching for
useful information. This strategy may yield learning, up to a point. Yet,
this type of passive learning implies a huge cost of opportunity. Indeed, in
many cases, an organism can learn a lot more by actively searching for
useful information in its environment. One way to plan information seeking in a
flexible and efficient manner consists in representing the process of learning itself, in order to

select actions optimizing learning. Here, we test the early ontogeny of this capacity.

1.1 Anticipating Information Gains Is Crucial to Plan Information-Seeking

Behaviors whose apparent function is to gather information are
observed in a wide range of species, from simple invertebrates to humans
(e.g., Blanchard et al., 2015; Butler, 1954; Degen et al., 2015; Glickman &

Sroges, 1966; Kidd & Hayden, 2015; Vergassola et al., 2007). Yet, the
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function of searching for information in an optimal fashion is likely to be
implemented by very different cognitive mechanisms depending on the
specie in which it is observed. Efficient active learning can often be achieved through
evolved fixed behaviors triggered by the lack of specific information (Carruthers, 2018).
These information-seeking heuristics do not require learners to anticipate if and when an
action will result in learning. For instance, C. Elegans, a nematode with only a
few hundred neurons, has been found to alternate patterns of movements
in a way that optimizes information gains about the location of food
(Calhoun et al., 2014). While these foraging mechanisms are efficient, it is
likely that they involve no representation of learning, or of ignorance, on
behalf of the nematodes. C. Elegans’ foraging mechanisms are also
probably quite inflexible: They have evolved to operate in a specific
environment, and to solve a very specific problem (locating food). It is
doubtful that these foraging mechanisms would allow C. Elegans to
address novel questions such as, for instance, determining why food is
abundant at a particular location or how it arrived there.

In contrast, humans can flexibly discover novel ways to search for information by
representing and anticipating the learning outcomes of their actions. This capacity is crucial
for searching for information and for teaching others. It also supports creative hypothesis
testing, a cornerstone of human learning and science (e.g., Bass et al., 2019; Bridgers et al.,
2020; Schulz, 2012; Shafto et al., 2012, 2014). Such a flexible and creative
information seeking can be achieved by representing and anticipating the
process of learning itself. By anticipating the potential learning gains

resulting from future actions, a cognitive system can select the actions
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that are most likely to yield knowledge. Thus, anticipating future learning
gains is crucial to plan information search behaviors creatively. Here, we
investigate the early ontogeny of this capacity to anticipate the learning consequences of
actions, focusing on the precocious ontogeny of humans’ sensitivity to the (i) availability and

(i1) cognitive utility of sight.

1.2 Sight as an Intuitive Model of Learning

Sight is associated with knowledge in many cultures (Bloch, 2008), and since Plato
and Aristotle, it has been a central model and metaphor for learning in Western philosophy
(Synnott, 1992). The importance of sight in naive and formal epistemology has to do, we
suspect, with the central role of vision in human learning, and in humans’ core representation
of knowledge. In a seminal study by Call and Carpenter (2001), 2.5-year-olds had to find a
reward hidden in one of three opaque tubes. In some trials they could see in which tube the
reward was hidden (seen condition) and in other trials they could not see it (unseen
condition). Most children crouched to look into the tubes before choosing one more
frequently in the unseen condition than in the seen condition (see also Neldner et al., 2015).
In addition to human children, all four great ape species and some species of monkeys engage
in efficient information-seeking behaviors by trying to see (Beran et al., 2013; Call, 2010;
Call & Carpenter, 2001; Marsh & MacDonald, 2012; Rosati & Santos, 2016). In short,
children use efficient behaviors to look for visual information, a capacity that is
ontogenetically and phylogenetically ancient, and perhaps shared in part with non-human
primates. We capitalize on this evidence to test young children’s capacity to plan their search

for visual information and to anticipate its learning outcomes.
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1.3 Cognitive Models of Learning

Infants are sensitive to the amount of learning gained from sight from an early age.
They look longer at stimuli that are unexpected (Stahl & Feigenson, 2015), of intermediate
complexity (Kidd et al., 2012), or yield maximal learning (Poli et al., 2020). Thus, infants can
use the properties of visual data that are already accessible to them to determine whether they
should continue looking at a scene (exploit) or should start looking elsewhere (explore).
However, in many cases, learners need to assess the learning consequences of future
perceptual inputs, before they can access them. This capacity is crucial for planning goal-
directed information search, e.g., when deciding what to do in order to access a specific piece
of information that one is missing.

The planification of goal-directed search for information is likely to rely on a
cognitive model of learning allowing individuals to anticipate the epistemic consequences of
actions. This model should (i) be sensitive to the availability of data (e.g., while sight is a
basis for learning, it is not always available, for instance, when vision is obstructed by opaque
objects), and (ii) aim to maximize the benefits and minimize the costs of processing data by
collecting pieces of evidence with high, if not optimal, cognitive utility (e.g., Oaksford &
Chater, 1994; Sperber & Wilson, 2001; Steyvers et al., 2003). Thus, we investigated infants’

and toddlers’ capacity to anticipate the availability and cognitive utility of sight.

1.4 Anticipating the Availability of Data

Tracking the availability of sight implies detecting the situational factors that
specifically enable or impede seeing. For example, sight is influenced by opaque materials,
whereas hearing is not. Thus, a sensitivity to the way opaque material might obstruct sight is

instrumental to anticipate the availability of visual data. By five years of age, children adjust
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their information search behaviors to what constraints seeing. In one study, preschoolers had
to locate a sticker hidden under an opaque or transparent cup. The participants could observe
by peeking while an experimenter placed the sticker for the trial. By five years of age, the
children peeked for longer in the opaque than the transparent condition (Iwasaki et al., 2020).

Very little is known about the development of humans’ capacity to anticipate the
availability of sight prior to five years of age. Yet, infancy research suggests that humans’
sensitivity to what constraints seeing emerges early. Young children, infancy onwards, are
sensitive to what others can see, and use this ability appropriately during social interactions
(Choi et al., 2018; Liszkowski et al., 2007; Luo & Baillargeon, 2007; Moll & Tomasello,
2006; O’Neill, 1996; Sodian et al., 2007; Southgate et al., 2007). For example, Choi, Mou,
and Luo (2018) reported that three-month-old infants differentially processed the reaching
actions of an agent depending on what she could see. One-year-old infants begin to take into
account opaque barriers when following gaze (D’Entremont & Morgan, 2006; Meltzoff &
Brooks, 2008; Moll & Tomasello, 2004). By two years of age, toddlers manipulate others’
visual access by hiding objects (Flavell et al., 1978; Mascaro et al., 2017), or making them
visible (Mascaro et al., 2019). Furthermore, toddlers develop some sensitivity to the disabling
role of opaque materials for their own sight, a capacity that they use to determine what is
visible to others (Kiraly et al., 2018; Meltzoff & Brooks, 2008; Senju et al., 2011). In short,
infants and toddlers track what others can see and are sensitive to the opacity of materials.
Study 1 capitalizes on these phenomena to investigate infants’ sensitivity to the constraints
that specifically regulate access to visual data. We probe infants’ capacity (i) to anticipate the
availability of sight (depending on the opacity of a window), and (ii) to adjust their

information-seeking behaviors accordingly.
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1.5 Anticipating the Cognitive Utility of Data

Although sight is a central basis for learning, seeing does not always lead to knowing.
For example, sight is insufficient for discriminating between two distinct individuals who
look identical. Thus, the appropriate use of sight in learning must be sensitive to its cognitive
utility in a given context. As vision is a central source of learning in primate taxa,
acknowledging that sight is not always a relevant source of data is not trivial. In fact, children
and adults often overestimate the knowledge that results from gaining visual access to an
object (Robinson et al., 1997; Wang et al., 2014).

Yet, previous studies on the ontogeny of learning actions suggest that by four years of
age, children anticipate the relevance of data gathered from specific perceptual sources. Four-
year-old preschoolers adjust their reliance on specific perceptual sources according to what
they want to learn (Fitneva et al., 2013; O’Neill & Chong, 2001; Pillow, 1993; Robinson et
al., 2008), and this capacity develops further during preschool years (O’Neill et al., 1992;
Perner & Ruffman, 1995; Robinson et al., 1997). To illustrate, when given the choice
between looking and asking someone to learn about a character’s properties, four-year-olds
are more likely to choose looking to learn about the visible properties (e.g., a character’s hair
color) than to learn about the invisible properties (e.g., what makes a character sick) (Fitneva
et al., 2013). Thus, four-year-olds are more likely to seek visual information when it is
relevant to fill their knowledge gaps.

Studies 2 and 3 build upon this evidence to test comparable abilities in much younger
participants, focusing on their capacity to track the cognitive utility of a visual input. We
focused on informativeness, a dimension of cognitive utility, defined as the capacity of a

stimulus to reduce uncertainty about a set of hypotheses (Frank & Goodman, 2012; Steyvers



10

TODDLERS PLAN EFFICIENT EPISTEMIC ACTIONS

et al, 2003), uncertainty being quantified using the standard entropy measure from

information theory (Shannon, 1948).

1.6 Operationalization Principle

Studies show that children are more likely to engage in information-seeking behavior
when they are ignorant rather than knowledgeable about the location of target object that they
have to find (e.g., Call & Carpenter, 2001; Ruggeri et al., 2019). However, it has been
suggested that in such experimental paradigms, the participants might be simply retrieving
the target object directly when they know where it is, without exploring any other option or
engaging in any other behavior. In contrast, when they ignore where the target object is, the
participants might be more likely to engage in other behaviors than trying to retrieve the
target, including (i) fixed behavioral routines or (ii) general exploratory behaviors (for
variants of this argument, see Carruthers, 2008; Crystal & Foote, 2011; Hampton, 2009;
Marsh, 2014; Perner, 2012).

Thus, since we wanted to focus on flexible learning, in our experimental conditions,
the participants were always ignorant about the same piece of information. We modulated the
amount of learning benefits resulting from the exact same action across conditions. We
measured the latency with which our participants performed this action to have an estimate of
our participants’ capacity to anticipate the learning consequences of their actions. Thus, if our
participants use a fixed information-seeking heuristic, they should behave similarly in all
conditions. In contrast, if our participants plan their information search by anticipating the
learning consequences of their actions, they should be faster to engage in a given behavior
when it yields learning benefits. To probe our participants’ anticipation of the learning

consequences of their actions, we collected measures of children’s latency to engage in a
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specific action, depending on its anticipated informativeness. Measures of latency are
appropriate to probe cognition from infancy onwards, and they have been successfully used
to collect data about children’s sensitivity to informational uncertainty by 12 months of age
(Kim et al., 2020). By collecting measures of latency to engage in relevant information-
search behaviors, we could investigate our participants’ capacity to assess the learning
consequences of future perceptual inputs, before they could access them. This measure of
anticipation enables us to cast light on young children’s capacity to
represent future learning gains.

Study 1 investigated infants’ capacity to anticipate the availability of sight. The
participants enrolled in the experimental group were invited to search for a toy hidden inside
a box. In the transparent condition, the participants could see inside the box by opening a
shutter covering a transparent window. In the opaque condition, the window behind the
shutter was opaque. Thus, in the opaque condition, opening the shutter did not allow infants
to see inside the box. We measured the latency with which the participants tried to open the
shutter. This measure allowed us to probe infants’ capacity to anticipate the learning
consequences of opening the shutter, before they completed this action. If infants anticipate
the future availability of visual data resulting from opening the shutter, they should be faster
to perform this action when it allows them to see inside the box (in the transparent condition)
than when it does not (in the opaque condition). In Study 1, we also tested infants on a
control condition in which no toy was hidden inside the box during the test trial. This
condition allowed us to evaluate whether infants would still prefer to look inside the box
when information about its content was irrelevant for their goals. This control condition also
served to rule out the possibility that infants might be faster at attempting to open the shutter

in the transparent condition than in the opaque condition just because of a visual preference
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for transparent over opaque windows. Since in the control condition seeing inside the box
was irrelevant to the infants’ goals, we expected that infants would no longer be faster at
attempting to open the shutter when the window was transparent (rather than opaque).

Studies 2 and 3 investigated toddlers’ capacity to anticipate the cognitive utility of
sight. The participants had to locate a target character hidden among others; we assumed that
toddlers should to engage in actions on the characters more often and comparatively faster
when these actions yielded access to visual data that was sufficiently informative to identify

the target.

2 Study 1

2.1 Method

2.1.1 Participants

Study 1 required the participants to search for an object hidden in a container.
Therefore, we chose to test fourteen-month-olds because by this age infants’ capacity to
adjust their search behaviors to their beliefs about the presence of one or a few objects hidden
in boxes is well established (Cacchione et al., 2013; Feigenson & Carey, 2003). Seventy-two
fourteen-month-old infants were enrolled either in the experimental group (transparent
condition: n = 18; M = 13.8 months, range = 13-15 months, SD = 0.86; opaque condition: n =
18; M = 13.8 months, range = 13-15 months, SD = 0.68) or in the control group (transparent
condition: n = 18; M = 13.7 months, range = 13-15 months, SD = 0.70; opaque condition: n =
18; M = 13.4 months, range = 12-14 months, SD = 0.62). Each participant was tested only
once, in a single condition. Sixteen additional participants were excluded from the analysis
for the following reasons: refusal to cooperate (3), unwillingness to finish the experiment (3),

caregiver interference (1), and technical failure (9). For all the Studies (1-3), we recruited
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participants by contacting a random sample of daycare centers in the /MASKED FOR
BLIND REVIEW/ area. Daycares were selected to be within driving distance from our
laboratory. For each daycare whose board validated the study, we invited families to
participate in the project by sending an information letter to all the children falling within our
target age ranges.

We used samples as large as possible, given the recruitment opportunities. A
compromise power analysis performed using G*Power (Faul et al., 2007) revealed that the
resulting sample sizes (n = 18 per group) yielded an implied power equal to .83 for between-
group comparisons using Mann-Whitney U test (d = .8, a = .05).

2.1.2 Materials and set-up

Infants were tested in a quiet room and were accompanied by a caregiver who was
instructed not to influence the participants’ choices at any time-point during the test. The
participants faced the experimenter across a table on which the testing materials were placed.
The participants had to search for a small plush toy (representing a cat) placed in a black box
(31 x 26 x 13 cm). The same plush toy was used during all of the test trials. The front face of
the box had an opening (14.5 x 6.5 cm) covered by blue spandex material with a horizontal
slit across its width. The back of the box had a second opening that was not visible to the
participant and was covered with black fabric. The experimenter used this second opening to
remove objects from the box, unbeknownst to the infants (the box was adapted from
Feigenson & Carey, 2003; Starkey, 1992). On the top of the box, there was a “shutter” that
could be opened with a handle. Behind the shutter, there was a window made of PVC. In the
transparent condition, the PVC was transparent, making it possible for the participants to see
the contents of the box through the window. In the opaque condition, the PVC was opaque,

making it impossible to see the contents of the box (see Figure 1). A camera (temporal
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resolution = 25 frames per second) recorded the participants’ behavior. The camera was
positioned behind the participants, slightly above their head and on their side, in order to
record any contact between the participants’ hand and the shutter’s handle.

#i## Figure | ###

Familiarization. The experiment began with a familiarization phase, which was
identical in all conditions. The experimenter showed the box to the participant, while saying,
“I brought a box with me.” Then, she opened the shutter located on the top of the box, while
saying, “Look, I can open the window.” As a result, the participant could see the PVC
window (and whether it was transparent or opaque, depending on the opacity condition).
Next, the experimenter encouraged the participant to open the shutter by saying, “Can you
open the window?” The experimenter waited till the participant grabbed the handle and
opened the shutter. Next, the experimenter encouraged the participant to reach inside the box
and said, “Look, I can put my hand inside the box.”” while reaching inside the box through the
front opening. Then, the experimenter removed her hand and asked, “Can you put your hand
inside the box?” The experimenter waited till the participant reached inside the box through
the front opening. Next, the experimenter showed the toy to the infant while saying, “Look, 1
brought a little toy! It is a cat. Do you want to pet it?” The experimenter allowed the infant
to manipulate the toy for a few seconds before taking it back, and announcing, “Look, I can
put it inside the box.” Then, the experimenter placed the toy inside the box through the front
opening and said to the infant, “Can you give me the cat?” The experimenter waited till the
participant reached for the cat in the box. During the familiarization phase, the caregivers
were allowed to encourage the participants to manipulate the box and to reach for the cat

when they were shy.
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Test phase. The familiarization phase was followed by a test phase that differed
between the groups (control vs. experimental). At the beginning of each test trial, in the
experimental group, the experimenter took the box away from the participant, and she
inserted the toy into the front opening of the box with her right hand, in full view of the child.
Immediately after that, she took the toy out of the box through the secret back opening with
her left hand, and she left the toy hidden on her knees, under the table. She encouraged the
participant to look for the toy by saying, “Where is the cat? Can you give me the cat?” while
pushing the box towards the infant, and taking her right hand out of it. The test trial started
once the box was positioned, and the experimenter’s hand was out of it. During the trial, the
experimenter waited for 30 seconds while the participant was left free to search inside the
box or to manipulate the shutter. If the participant did not interact with the box until
approximately 10 seconds after trial onset, the experimenter repeated the prompt sentence.
After 30 seconds, the trial ended. In the experimental condition, to transition to the next test
trial, the experimenter placed the toy back in the box through the back opening, unbeknownst
to the participants. She reached inside the box through the front opening, retrieved the toy,
and showed it to the participant, while saying, “Look, the cat was there!” before proceeding
to the next test trial. There were three consecutive test trials, each following the same
procedure.

In order to assess infants’ baseline behaviors when they were not looking for
information about the box’s contents, we tested a second group of participants in a control
condition. In the latter, the test trials followed the same procedure as in the experimental
group, except that the experimenter did not place the toy inside the box during the test trial,
and asked, “Did you see my beautiful box?” (instead of saying, “Where is the cat? Can you

give me the cat?”). Thus, during each test trial in the control condition, the experimenter
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simply placed the box in front of the participant, and said the prompt sentence, “Did you see
my beautiful box?” before pushing the box towards them. The test trial started from the
moment the box was positioned in front of the participant. Moreover, to transition from one
test trial to the next in the control condition, the experimenter took the box away from the
infant while saying, “Can I take it back for a moment?” before proceeding to the next test
trial.

2.1.3 Coding

For each test trial, the videotapes were coded offline frame by frame for 30
consecutive seconds. To measure the participant’s anticipation of the information gained by
opening the shutter, we coded the delay between the beginning of each test trial and the first
time the participant touched the shutter’s handle with any of her fingers, when this contact
subsequently led to opening the shutter. We did not measure whether the participants reached
for the handle at all, because we expected that infants would interact with the handle at some
point in all conditions. In the opaque condition, opening the shutter did not yield access to
any visual information about the contents of the box. In contrast, in the transparent condition,
opening the shutter allowed the participant to see inside the box. Thus, we expected
participants to be faster to touch the shutter’s handle in the transparent condition than in the
opaque condition. When the participants did not interact with the box at all during a test trial
(i.e., when they did not touch the handle at all and did not reach inside the box either), we
coded the trial as missing data since in those cases the infant showed no interest in
participating in the task (12 trials out of 216).

For all the Studies reported in this paper, the data were coded first by a primary coder.

A second coder, unaware of the hypotheses of the study, coded 50% of the videos. The
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agreement between the coders was high (average rho = .98, range = .96-1, all ps <.001). The
statistical analyses were performed on the data from the primary coder for Studies 1-3.

2.1.4 Analysis

All statistical analyses reported in this paper were two-tailed. As our data did not
fulfill the assumptions of normality and homoscedasticity required for standard parametric
analyses, we conducted omnibus analyses on continuous data by running robust mixed model
ANOVAs implementing Johansen’s general formulation of the Welch-James’s test with
approximate degrees of freedom, trimming of data (per 0.2), and the use of a bootstrapping
methodology to better control for type I-error (Erceg-Hurn & Mirosevich, 2008; Keselman et
al., 2003; Villacorta, 2017; see the Supplementary Materials for details). For all other
analyses, we used non-parametric tests. Our analyses were performed with R (v. 3.6.1; R
Core Team, 2020), and the R package welchADF (defaults number of boostrapping: 999; v.

0.3.3; Villacorta, 2017).

2.2 Results and Discussion

A robust mixed-model ANOVA using the Welch-James ADF procedure on mean
delay to reach for the handle with group (control vs. experimental) and condition (opaque vs.
transparent) as between-subject factors, and trial (1, 2, or 3) as a within-subject factor
revealed an interaction between group and condition (F(1, 18.78) = 5.19, p =.037), indicating
that the effect of the windows’ opacity differed across groups (control vs. experimental). The
robust full factorial ANOVA revealed no other significant effect, in particular, no effect of
trial (F(2, 15.18) = 1.00, p = .41). Thus, we performed our subsequent analyses on the
average value of the delay to reach for the shutter’s handle across the three test trials,

computed for each participant.
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Planned post-hoc analyses revealed that in the experimental group, the participants’
average delay to reach for the shutter’s handle was significantly shorter in the transparent
condition (M = 7.63, SD = 7.86, M4, = 4.51) than in the opaque condition (M = 15.30, SD =
7.85, M4, = 14.60; U = 32, p = .002, Mann-Whitney U test; Figure 1). Thus, in the
experimental group of Study 1, infants were faster at attempting to open a shutter when this
action allowed them to gain access to visual data about an object. Since infants’ reaching
responses were appropriately modulated by the availability of visual information in their
environment, their behavior cannot be explained by the use of a fixed information-search
strategy.

HiHt Figure 2 ###

Furthermore, in the control group, the opacity of the window had no significant effect
on the average delay to reach for the shutters’ handle (transparent condition: M = 9.42, SD =
9.47, My, = 5.76; opaque condition: M = 10.20, SD = 9.49, My, = 6.94; U = 82, p = .72,
Mann-Whitney U test; Figure 2). This result confirms that the behavior of the participants
assigned to the experimental group cannot be explained by low-level factors, such as a
preference to look at transparent rather than opaque materials.

In short, the results from Study 1 suggest that infants adjust their information-search
behaviors by anticipating the availability of visual access. In Study 2, we investigated
whether young children are sensitive to the fact that seeing does not always lead to knowing.
To this end, we manipulated whether seeing yielded cognitive benefits. The participants had
to find a target card hidden among distractors. The target and distractors had the same shape
and plain flip side, and had symbols on their reverse side. Crucially, in the informative
condition, the symbol on the target differed from that on the distractors. In contrast, in the

non-informative condition, the target and the distractors all had the same symbols on their
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reverse side (see Figure 3). In the test trials in all conditions, the target and distractors were
shuffled with their plain flip side visible, so that the participants no longer knew where the
target was. We expected that when searching for the target, the participants would try to see
the symbols more often (by flipping the cards) in the informative condition —where this
action yielded cognitive benefits— than in the non-informative condition. Indeed, in the
informative condition, children could gain information about the target’s location by flipping
cards. In contrast, in the non-informative condition, flipping cards provided no information at
all about the location of the target, since all cards were visually identical on their symbol side
(for a detailed step-by-step computation of expected information gains per Condition in
Studies 2 and 3, see Table S1 in the supplementary materials).

Furthermore, we also collected a measure of toddlers’ latency to act on the cards, as a
way to evaluate their capacity to anticipate the learning consequences of their actions. We
expected that upon being asked to locate the target, the participants would wait for a longer
time without knowing what to do in the non-informative condition, since in this case, they
had no way of discovering the location of the target. In short, we assumed that if toddlers
anticipate the cognitive utility of sight, they should be comparatively faster to attempt at

flipping cards in the informative condition than in the non-informative condition.

3 Study 2

3.1 Method

3.1.1 Participants

Study 2 required the participants to memorize the identity of a target character among
several others, and to track its displacement while cues of its identity were not visible. Thus,

we tested 2.5-year-old toddlers because prior to that age, the capacity to track the invisible
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displacement of objects may still be fragile (Call, 2001; Collier-Baker & Suddendorf, 2006).
Participants were divided into two groups of eighteen toddlers (informative condition: M =
28.7 months, range = 22-35 months, SD = 3.83; non-informative condition: 28.2 months,
range = 22-35 months, SD = 4.60). Each participant was tested only once, in a single
condition. Three additional participants were excluded from the analysis because of fussiness
(1), total lack of responsiveness (1), and technical failure (1).

3.1.2 Materials and set-up

The participants were tested in a quiet room at their daycare center. They sat in front
of the experimenter, across a child-size table. A familiar caregiver (from the participants’
daycare center) was present during the entire experiment. The caregiver was instructed not to
influence the participants’ choices at any time-point. The participants had to find a character
named “Charlie” (henceforth, the “target”), one of four bear-shaped wooden cards of
identical shape and size (about 8 X 9.5 x 0.5 cm). There were symbols on the reverse side of
each card. We manipulated the informativeness of seeing the symbols across conditions by
changing their distribution. In the informative condition, the symbol on the target differed
from that on all the other cards. In all other respects, the cards were perceptually identical. In
the non-informative condition, all the cards had the same symbol on their reverse side (thus,
they were all completely identical, see Figure 3). Therefore, it was possible to identify the
target by looking at the symbol on its reverse side in the informative condition, but not in the
non-informative condition. We used two different symbols: a red square and a pair of stars
(one blue, one yellow). For both conditions, the symbol on the target was the square for half
of the participants and the pair of stars for the other half. The symbol on the other characters
varied accordingly.

HiHt Figure 3 ###
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During each warm-up and test trial, the cards were placed on a cardboard tray (64 x
27 cm) kept on the child-size table. A rectangular cardboard box (10 x 15 x 3 cm) was used
as a “house” in which the participants had to place the target. A camera (temporal resolution
= 30 frames per second) recorded the participants’ behavior.

Presentation of the game. At the beginning of the session, the experimenter placed
the cardboard box on the right side of the table and the cardboard tray in front of her on the
table. She announced, “Look, I brought small bears,” while placing the cards in a row on the
cardboard tray with their symbol side visible. In the informative condition, the experimenter
placed the card with a symbol different from the others at the right end of the row (all
positions are given from the viewpoint of the experimenter). In the non-informative
condition, the procedure was the same as in the informative condition, except that the card
placed at the right end of the row was visually identical to the others. The experimenter then
told each character’s name to the child, by pointing successively towards each of them
(moving in the row from left to right) while saying, “This is Peter. This is John. This is Marc.
And this is Charlie.” After telling the characters’ names, the experimenter said, “We are
going to play ‘find Charlie,” okay?” Next, the warm-up trials started.

Warm-up trials. At the beginning of each warm-up trial, the experimenter asked,
“Where is Charlie?” before pushing the cardboard tray toward the participants to encourage
them to select one card. She added “Can you put him in his house?” while holding the
cardboard box and pointing toward it. If the participants did not place any card in the box
after approximately 15 seconds, the experimenter prompted them again by asking, “Where is
Charlie? Can you put him in his house?” Once the participants placed the correct card in the
box, the experimenter congratulated them before pulling back the cardboard tray and

repositioning the cards for the next trial. When the participants placed the wrong card in the
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box, they were corrected by the experimenter who said (in a neutral tone of voice), “That’s
not Charlie...” She then placed the wrong card back to its initial location, and pointed to the
correct card, while saying, “This one here is Charlie!” before asking again, “Where is
Charlie? Can you put him in his house?” Two consecutive warm-up trials were conducted.
At the end of the first warm-up trial, the experimenter took the target out of the box, and
placed it in the second position from the left in the row, before starting the second warm-up
trial. The two warm-up trials were followed by a baseline trial.

Baseline trial. The baseline trial unfolded as the warm-up trials, except that when
positioning Charlie on the cardboard tray, the experimenter placed the card referred to as
“Charlie” symbol-side down, in the third position from the left. The other cards remained
symbol-side up, with their symbol visible to the participant, thus making it possible for the
participants to locate the target. This baseline trial served to measure the participants’
baseline latency to reach for the character.

Test. At the beginning of each test trial, the experimenter placed all the cards facing
down on the cardboard tray, so that the symbols were no longer visible. The experimenter
said, “Let’s mix them up!” Next, she rearranged the cards by mixing them up quickly on the
cardboard tray, thus making it impossible for the participants to track the spatial position of
the target. Then, the experimenter positioned the cards in a row on the tray, and asked the
participants to locate the target by saying, “And now, where is Charlie? Can you put him in
his house?” while pushing the tray toward the participant to encourage them to search. The
trial ended once the participants had placed one card in the cardboard box. Four consecutive
test trials were conducted, without any feedback from the experimenter to participants on

their performance.
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3.1.3 Coding and analysis

We coded the number of cards the participants flipped before placing one in the
cardboard box for each of the test trials. In case a participant flipped the same card multiple
times, we coded only a single flip, so that the maximum flipped cards were four. In case a
participant grasped a card and directly placed it in the box without flipping it, we coded O for
the number of characters flipped. In order to assess our participants’ anticipation of the
cognitive utility of sight, we coded the “grasping latency” of the participants by computing
the time elapsed from the moment the experimenter finished saying the prompt (i.e., when
she pronounced the last syllable of the sentence “And now, where is Charlie?”), till the
participant grasped one of the cards (i.e., touched it simultaneously with the thumb and any of
the other four fingers). We measured the grasping latency for the baseline trial (to have a
baseline measure of the participants’ motor speed) and for the four test trials. Next, we
computed the grasping latency ratios (GLR) to estimate the relative speeding up (or slowing
down) of participants during the test trials compared to the baseline. This ratio was computed
for each test trial and each participant by dividing the grasping latency during the test trial by
the grasping latency during the baseline trial. Thus, an average GLR below 1 (respectively
above 1) indicates that participants are faster (respectively slower) to grasp a card during test
trials than during the baseline trial. By performing our analyses on the GLR, a baseline-
corrected measure, we reduced the influence of inter-individual differences in grasping speed
on our results. In the non-informative condition, flipping the cards to see the symbol on their
backside resulted in no information gain. In contrast, in the informative condition, the target
could be identified by seeing the symbol on the cards’ backside. Thus, we expected that if
toddlers anticipate the cognitive utility of seeing symbols in Study 2, their GLR should be

lower in the informative condition than in the non-informative condition. In the informative



24

TODDLERS PLAN EFFICIENT EPISTEMIC ACTIONS

condition, we also measured whether the participants found the target card. For each trial, the
participants received a score of 1 when the first card they placed in the cardboard box was the
target, and 0 otherwise. We planned to treat as missing data the data from trials in which the
participants would not put any card inside the box. In fact, this never happened (0 trial out of

144).

3.2 Results and Discussion

First, we conducted a preliminary analysis to validate that the participants succeeded
in finding the target character in the informative condition. Since there were four characters
to choose from, chance predicted a mean success ratio of 0.25 in each trial. Across the four
test trials in the informative condition, children’s mean success ratio in finding the target
character was significantly higher than that predicted by chance (0.25) (M = 0.78, SD = 0.34,
M., =1.00, Z=133.5, p <.001, Wilcoxon signed-rank test). In a complementary analysis, we
assessed the efficiency of toddlers’ information search (see the Supplementary Materials for
details). For most of the trials of the informative condition (50 out of 72), children searched
for the target in an efficient manner: they flipped card successively, and stopped once they
found the target card. Expectedly, in the informative condition, the participants’ mean
success ratio in finding the target was positively correlated with the number of trials in which
they searched for the target in an efficient manner (rho = .89, p <.001, Spearman’s rank
correlation).

Next, we assessed whether the participants’ information search strategies differed
across conditions. We first analyzed the participants’ number of flips. A Friedman test
revealed that trial number had no effect on the number of flips (¥*(3) = 1.98, p = .577,

Kendall’s W = .02). Subsequently, we computed the average number of flips per participant
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across the four trials, and performed our analyses on this average score. The participants’
average number of flipped cards was significantly higher in the informative condition (M =
1.82, SD = 0.86, M, = 2.00) than in the non-informative condition (M = 0.91, SD = 0.45, M,
= 1.00, U = 275, p < .001, Mann-Whitney U test). Complementary analyses confirmed that
there was no significant main effect of trial number, and no significant interaction between
trial number and condition on children’s number of flips (see the Supplementary Materials).
Thus, the participants flipped cards more often when this action was informative for finding
the target than when it was non-informative.

Second, we analyzed the participants’ grasping latency ratio (GLR). A robust mixed-
model full factorial ANOVA using the Welch-James ADF procedure on mean GLR with
condition (informative vs. non-informative) as between-subject factors and Trial (1-4) as a
within-subject factor revealed a main effect of condition (F(1, 20.96) = 8.21, p = .008),
indicating that the participants’ mean GLR was significantly lower in the informative
condition than in the non-informative condition in this condition. The robust ANOVA also
revealed a main effect of trial (F(3, 17.57) = 5.37, p = .011) and an interaction between
condition and trial (F(3, 17.57) = 3.34, p = .036). Planned comparisons revealed that the
participants’ average GLR was significantly below 1 in the informative condition (M = 0.69,
SD = 0.46, M, = 0.69, Z = 31, p = .016, Wilcoxon signed-rank test), indicating that the
participants were faster to grasp a card during the test trials than during the baseline trials. In
contrast, the participants’ average GLR did not differ significantly from 1 in the non-
informative condition (M =1.17, SD =0.54, M, = 1.13, Z= 112, p = .265, Wilcoxon signed-
rank test).

Since the robust ANOVA on the average GLR revealed a main effect of trial and an

interaction between trial and condition, we separately analyzed the participants’ GLR data for
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each trial. These analyses confirmed the effect of condition. As Figure 4 shows, the mean
GLR was significantly lower in the informative condition than in the non-informative
condition in the first three test trials. In the final test trial, the mean GLR did not differ
significantly across conditions (informative vs. non-informative), possibly because the speed
at which the participants grasped a card reached the ceiling by the end of the experiment.

HitHt Figure 4 ###

In a few trials of Study 2, the participants grasped a card and directly placed it in the
box without flipping it. As a result, the status of grasping latency as a measure of learning
expectation during these trials was ambiguous. Thus, we reanalyzed our results for the GLR
after excluding data from these trials (thus considering only the grasping gestures that led to
flipping a card). These analyses confirmed our key results by showing an effect of condition
on the participants’ average GLR, with mean GLR significantly below that predicted by
chance in the informative condition, and not significantly different from chance in the non-
informative condition (see Supplemental Analyses in the Supplemental Materials).

The GLR data also rule out a potential alternative interpretation of our results. In
Study 2, toddlers engaged in an action more often (flipping a card) when this action was
informative. In itself, this pattern of behavior is consistent with two interpretations. The first
interpretation, that we favor, is that toddlers evaluated the learning consequences of flipping a
card, thus explaining why they performed this action more often when it yielded learning
benefits. An alternative interpretation of this result would be that toddlers explored the cards
without anticipating the learning consequences of their actions. They may for instance have
performed a set of unspecific exploratory behaviors, including flipping cards, and stopped
once they found a card that looked like the target. This alternative hypothesis can account for

the effect of condition (informative vs. non-informative) on the number of cards that children
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flipped. Indeed, in the non-informative condition, toddlers were guaranteed to discover a card
looking like the target (without flipping any card). In contrast, in the informative condition,
flipping at least one card —or more— was necessary to discover one that looked like the
target (since in this condition, there was only one chance out of four to flip first the target
card).

The participants’ GLRs allow us to judge between these two hypotheses. The view
that toddlers explore cards without anticipating the learning consequences of their action
predicts that they should be equally fast to act on cards in all conditions. In contrast, we
observed that toddlers’ average GLR was consistently lower in the informative condition than
in the non-informative condition. Thus, toddlers were comparatively faster to attempt at
flipping the characters when this action yielded access to visual data allowing them to locate
the target. This effect of condition on children’s average GLR confirms that toddlers
anticipated the possible learning consequences of their actions.

Our results suggest that the toddlers anticipated the informativeness of seeing the
symbol located at the back of the cards. They did not use a purely confirmatory strategy (e.g.,
collecting evidence confirming their initial hypothesis). If they had done so, the participants’
GLRs should have been the smallest in the non-informative condition, in which case the
symbol located at the back of the card was guaranteed to confirm their hypothesis. Instead,
our participants used an information gain strategy, such that their GLR to reach for a target
was lower when they had a way to reduce their uncertainty about its location (by flipping it)
than when they did not. In Study 2, we manipulated the informativeness of a given source of
data (seeing). In Study 3, we sought to conceptually replicate and extend the generalizability

of these findings by testing whether toddlers can select the most informative source of data
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when choosing between two possible actions: flipping a character to see a symbol, or
squeezing it to hear the sound it produced.

Study 3 also addresses a methodological issue. The results of Study 2 suggested that
toddlers were sensitive to the informativeness of seeing symbols, with one caveat. In the
informative condition there were more different kinds of cards to play with than in the non-
informative condition. One anonymous reviewer suggested that perhaps, as a result of this
difference, the game might be more enticing to children in the informative condition than in
the non-informative condition, thus leading to faster reaching in the informative condition.
This methodological issue is addressed in Study 3. In this case, the distribution of symbols

was strictly identical across all conditions.

4 Study 3

4.1 Method

4.1.1 Participants

In Study 3, the participants were divided into two groups of eighteen toddlers (symbol
condition: M = 29.1 months, range = 23-34 months, SD = 2.36; sound condition: M = 30.6
months, range = 24-37 months, SD = 3.55). Each participant was tested once, in a single
condition. Seven additional participants were removed from the analysis because of fussiness
(1) or refusing to play the game (6).

4.1.2 Materials and set-up

The materials and set-up were identical to those in Study 2, with the following
exception. Instead of wooden cards, cushions (10 x 10 x 5.5 cm) with googly eyes on one
side and a symbol sticker on the reverse side served as characters in the game (see Figure 5).

All four characters were of identical shape and size, and were visually identical with the eye-
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side facing up. One of the characters could be identified by pressing it. When squeezed, it
emitted a loud squeaking noise, while the other three characters produced no sound. A second
character could be identified by looking at the symbol placed on its reverse side. This
character was the only one with a symbol different from the other characters. For half of the
participants, the distinctive symbol placed on the reverse side of this second character was a
red circle, while visually identical pairs of triangles were on the reverse side of each of the
other characters; for the other half of the participants, we used the opposite pattern. The last
two characters were completely identical; they made no sound when pressed, and had the
same symbol on their reverse side. A rectangular cardboard box served as a ‘“house”
(hereafter referred to as the house-box; 13cm wide x 18cm deep x 7.5cm high). Furthermore,
Study 3 also required the use of an opaque paper grocery bag.
HiHt Figure 5 ###

Presentation of the game. The participants had to find a target character named
“Baptiste” from among four cushion-shaped characters. At the beginning of the session, the
experimenter placed the house-box on her right, at the far end of the board and said, “Look, 1
brought little toys to play with.” Then, she presented the first character to the child by lifting
it, holding it eye-side towards the child while saying, “You see, there is this one here.” Next,
she placed the character eye-side down on the board, thereby revealing the symbol placed on
its backside, before pressing on the character to demonstrate whether it squeaked or made no
sound. The experimenter repeated this procedure to present the second, third, and fourth
characters, lining them up on the board one by one from her right to her left. When presenting
the fourth and last character, the experimenter also added, “This one is named Baptiste”
before placing it in line with the others and pressing on the character. In the sound condition,

the target character, which was referred to as “Baptiste” was the only one that made a
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squeaking sound when pressed. In the symbol condition, the character that was referred to as
“Baptiste” was the only one to have a distinctive symbol placed on its reverse side. Apart
from this difference, the procedures for the two conditions were identical. After presenting
the cushions, the experimenter told the participant, “We are going to play a game in which
you have to find Baptiste, okay?” and the warm-up trials started.

Warm-up trials. At the beginning of the first warm-up trial, the experimenter
asked, “Where is Baptiste now? Can you put him in his house?” Next, she pushed the board
and the house-box toward the child to indicate that it was the participant’s turn to place a toy
into the box. When the participants did not choose the correct cushion, the experimenter
corrected them by saying, “That’s not Baptiste, this one here is Baptiste” while pointing at
the target character before pressing on it, and she repeated the prompt questions. Once the
participants chose the target, they were congratulated, and the experimenter brought the
materials back to her side of the table. Next, the experimenter positioned the characters on the
board, and proceeded with the next warm-up trial. The second and third warm-up trials
proceeded just like the first, with two exceptions. First, the position of the target character
changed. For the second warm-up trial, the experimenter placed the target symbol side up at
the right end of the row of characters. For the third warm-up trial, the experimenter placed the
target second from the left end of the row, this time with its eye-side up, and its symbol side
down. Second, in order to help the participants remember which character produced a sound
when squeezed, the experimenter pressed sequentially on each cushion from left to right at
the very beginning of the second and third warm-up trials. After the three warm-up trials, the
participants proceeded to the test phase.

Test phase. At the beginning of each test trial, the experimenter placed the four

characters into the grocery bag and said, “Let’s mix them up!” Next, the experimenter shook
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the bag and removed the characters two at a time and placed them on the board in front of the
participant, all with their eyes upward (making it impossible for the child to know which
character was the target). Next, to help the participants understand that the characters were
not in the same position as in the past trials, the experimenter quickly mixed them up, before
placing them in a row on the board. All the characters now appeared identical from the
viewpoint of the child. Discovering where the target was could only be accomplished by
pressing on the characters (in the sound condition), or by flipping them to see the symbols (in
the symbol condition). Next, the experimenter asked the prompt questions, “Where is
Baptiste now? Can you put him in his house?” and she slid the board toward the child. The
trial ended when the participant placed one of the characters in the house box, or 1 minute
after the experimenter asked the prompt questions in case the participant did not interact at all
with any of the cushions. There were four consecutive test trials, without any feedback from
the experimenter to participants on their performance.

4.1.3 Coding and analysis

We coded the following four measures for each test trial: (i) whether the participants
succeeded in finding the target character “Baptiste” (coded as 1 when the character the
participants placed first in the cardboard box was the target, and 0 otherwise); (i1) the number
of characters that the child squeezed; (ii1) the number of characters that the child flipped (if a
participant performed the same action, that is, flipping or squeezing a toy, on the same
cushion multiple times, it was coded only once); and (iv) an estimate of the relative latency
with which the participants engaged in flipping or squeezing a toy. We found it difficult to
accurately code the exact latency for squeezing a toy. Thus, instead, we coded the first action
that the participants performed on the toys (flipping or squeezing a character) for each trial in

which children either flipped or squeezed a character. We used this measure of children’s
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first action to test whether toddlers anticipated the learning consequences of their future
behaviors at the planning stage.

For the trials in which the participant did not interact with any cushion, we coded 0
for the success in finding the target character, and 0 for the number of characters flipped and
squeezed. When the participants did not place any toy inside the box before the end of the

trial, we coded the data from the trial as missing data (3 trial out of 144).

4.2 Results and Discussion

Friedman tests revealed no main effect of trial on the participants’ mean ratio of
success in finding the target, the number of flips, and the number of squeezes (all ps > .659).
Complementary analyses confirmed that there was no significant main effect of trial number,
and no significant interaction between trial number and condition on any of our dependent
variables (see the Supplementary Materials). Thus, for each of our measures, the participants’
scores were averaged across the four trials. We performed subsequent statistical analyses on
these average scores.

In a preliminary analysis, we assessed the participants’ success in finding the target
toy. Since there were four test trials, chance predicted an average success ratio of 0.25.
Participants’ mean ratio of success in finding the target tended to be higher than predicted by
chance (0.25) in the symbol condition (M = 0.72, SD = 0.36, M., = 1.00, Z = 146, p < .001,
Wilcoxon signed-rank test), but not in the sound condition (M = 0.42, SD = 0.35, M, = 0.50,
Z =90, p = .079, Wilcoxon signed-rank test). Thus, the participants tended to succeed in
finding the target character in the experiment.

In a complementary analysis, we assessed the efficiency of participants’ search

strategies in the symbol and the sound conditions (see the Supplementary Materials for more
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details). In the symbol condition, efficient searches — flipping the characters successively
and stopping the search after flipping the target— were the modal response (44 trials out of
72). In the sound condition, efficient searches —squeezing the characters successively and
stopping the search after squeezing the target— were observed (14 trials out of 72), but they
were less frequent than in the sound condition. As in Study 2, there was a positive correlation
between the participants’ mean ratio of success in finding the target, and the number of trials
in which they used an efficient search strategy (rho = .89, p <.001, Spearman’s rank
correlation).

Next, we assessed whether the participants’ strategy for finding the target differed
across conditions. As shown in Figure 6, during the test trials, the participants flipped
significantly more toys in the symbol condition (M = 1.92, SD = 1.00, My, = 2.25) than in the
sound condition (M = 0.42, SD = 0.73, M., = 0.25, U =282, p <.001, Mann-Whitney U test).
Thus, the participants flipped toys more often when this action was more informative to
discover the location of the target. Conversely, the effect of condition on the participants’
tendency to squeeze toys were not statistically significant (symbol condition: M = 0.47, SD =
0.66, M, = 0.00; sound condition: M = 0.82, SD = 0.84, M, = 0.50, U = 119.5, p = .164,
Mann-Whitney U test). Analyses focusing on the participants’ first actions revealed that
children flipped a toy first significantly more often in the symbol condition (M = 0.93, SD =
0.17, My, = 1) than in the sound condition (M = 0.43, SD = 0.48, My, = 0.13, U = 210, p
=.002, Mann-Whitney U test, see Figure 6). Therefore, the participants were more likely to
perform first an action relevant to discovering the location of the target.

### Figure 6 ###
Thus, the results of Study 3 confirm that toddlers adjust their search behaviors

depending on the informativeness of visual data. Children were more likely to first flip a toy
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when this action resulted in accessing visual information that was sufficiently informative to
locate the target (in the symbol condition), than when it was not (in the sound condition). The
evidence suggesting that the participants anticipated the amount of information gained from
squeezing the toy was less clear (although the data trended in the expected direction). Our
data do not allow us to pinpoint the exact sources of children’s difficulty in the sound
condition. We speculate that children found it difficult to establish that squeezing the toy was
relevant to locating the target. This issue need not be originating from a general difficulty to
process the informativeness of auditory information. Rather, it may be specific to our
experimental set-up. For instance, children may have found it harder to track the
informativeness of squeezing the toys because they could not be entirely certain that the
target toy was the only one producing a sound when squeezed (since the causal mechanism
producing the sound within the toys was not directly observable). Nevertheless, the results of
Study 3 confirm those of Study 2 in suggesting that children can anticipate the

informativeness of the data gained from visual access.

5 General Discussion

Mounting evidence suggests that infants monitor the learning benefits resulting from
receiving a piece of visual information (Kidd et al., 2012; Poli et al.,, 2020; Stahl &
Feigenson, 2015). Our results indicate that by toddlerhood onward, humans also rely on a
model of their own learning from sight to anticipate the epistemic consequences of their
actions. This early developing model of learning takes into account both the availability and
cognitive utility of sight.

In Study 1, 14-month-old infants were faster to perform an action (opening a shutter)

when it allowed them to see an object inside a box, than when it did not. This result adds to
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previous evidence suggesting that infants monitor what others can and cannot see (e.g., Choi
et al., 2018; Liszkowski et al., 2007; Luo & Baillargeon, 2007; Moll & Tomasello, 2006;
O’Neill, 1996; Sodian et al., 2007; Southgate et al., 2007). Our results suggest that infants
can use their capacity to represent visual access to guide their own search for information.
This capacity implies that infants form an epistemic goal (seeing the object inside the box),
and select the most appropriate action to achieve it, taking into account the constraints of the
situation (in our study, the opacity or transparency of the window). Thus, infants rely on
information about the availability of visual data to plan their information seeking behaviors.
In Studies 2 and 3, we found that 2.5-year-old toddlers adjust their information search
to the cognitive utility of seeing. In these experiments, the participants flipped characters in
order to see a symbol more often when this action was informative than when it was not. In
Study 2, toddlers’ Grasping Latency Ratio before flipping a character was significantly lower
when this action was more informative. Similarly, in Study 3, toddlers were more likely to
flip a character before performing an alternative action (squeezing a character) when flipping
characters was informative. These results suggest that toddlers anticipate the cognitive gains
resulting from sight (in our experiments, from seeing a symbol) when planning their search
for data. Children’s capacity to select and assess learning actions and teaching based on their
informativeness has been evidenced in studies of preschoolers’ exploratory play (Cook et al.,
2011; Ruggeri et al., 2019; Schulz & Bonawitz, 2007; Van Schijndel et al., 2015), in their
assessment of informants (Gweon et al., 2014; Gweon & Asaba, 2018), and in their
formulation of questions (Legare et al., 2013; Ruggeri et al., 2017). We demonstrated
comparable capacities in the perceptual domain in much younger participants. Instead of
expecting that seeing necessarily leads to knowing, toddlers adjusted their behaviors to the

capacity of a visual input to reduce their own uncertainty. Thus, well before they can



36

TODDLERS PLAN EFFICIENT EPISTEMIC ACTIONS

explicitly talk about sources of knowledge, toddlers do not conceive of seeing as a purely
behavioral event (such as merely building an unobstructed line of sight to an object). Instead,
they are sensitive to the amount of relevant information carried by a given visual input, and
they adjust their information search accordingly. To clarify: we are not claiming that visual
data are fundamentally different from data coming from other modalities with respect to their
informativeness. However, whether infants and toddlers’ capacity to anticipate the learning
consequences of future perceptual inputs generalizes to other modalities than vision is a
matter of future empirical research.

Our data also provide information about the early development of the capacity to
represent hypotheses. Several authors argue that humans’ flexible learning is likely to be
supported by the capacity to represent hypotheses from infancy onwards (e.g., Cesana-Arlotti
et al., 2018, 2020; Goddu et al., 2021; Gweon, 2021; Schulz, 2012; Stahl & Feigenson, 2015).
In contrast, other authors claim that before late preschool age, children might lack the
cognitive resources to mark representations as merely possible, thus
making it impossible for them to represent and test hypotheses (Leahy &
Carey, 2020). According to this second view, when evidence is compatible
with several mutually exclusive hypotheses, children under four years of
age simply pick one of them, and behave as if it were true. In some
circumstances, such a process could result in behaviors that, for an
external observer, may appear to be information search. However, such
behaviors would not involve any genuine representation of possibilities
(for details about how this type of argument might account for impressive
demonstrations of infants’ flexible learning, such as the data from Stahl

and Feigenson (2015), see the Supplementary Materials).
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Our data suggest that toddlers’ information search cannot be reduced to a simple
strategy such as generating a guess and acting on it. Had toddlers used such a strategy, they
should have behaved exactly in the same manner in all the conditions of Studies 2 and 3 (i.e.,
they should have merely picked one toy — based on their guess — and assumed that it was
the target without engaging in any information search at all). Instead, children adequately
generated the evidence that was relevant to discriminate between the precise hypotheses they
needed to assess. For instance, in Studies 2 and 3, children were comparatively faster to flip
first toys to reveal symbols on their backs when this information was needed to locate a target
toy, than when this information was insufficient to locate the target. In order to be sensitive to
the future learning gains of flipping a toy in our experiment, toddlers needed to anticipate that
their flipping action could result in one of two different possible outcomes (e.g., either
finding a circle or finding a pair of triangles at the back of the toy). In other words, they
needed to represent two distinct possibilities. Thus, our data dovetail with recent studies
suggesting that children might be able to represent hypotheses from an early age (e.g.,
Cesana-Arlotti et al., 2020; Goddu et al., 2021).

Our data also contribute to debates on young children’s sensitivity
to their uncertainty. Young children and toddlers often behave differently
when they are ignorant or uncertain than when they are knowledgeable
about a piece of information (e.g., Call & Carpenter, 2001; Coughlin et al.,
2015; Goupil et al., 2016; Kim et al.,, 2020; Ruggeri et al., 2019; for a
review, see Goupil & Kouider, 2019). These results suggest that young
children are sensitive to their own uncertainty. Yet, there are debates
about the nature of humans’ precocious sensitivity to uncertainty. For

instance, it has been argued that full-blown representations of the content
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of what one is uncertain or ignorant about would not emerge before 4
years of age (Kloo et al., 2017; Leahy & Carey, 2020; Perner, 2012;
Rohwer et al., 2012). According to these views, prior to four years of age,
children might monitor correlates of their uncertainty (e.g., an elevated
heart-beat, hesitating when making a choice, the vividness of a
representation, and so on), without representing the specific hypotheses
that they are uncertain about.

Our data suggest that from toddlerhood onwards, humans do more than monitor
general correlates of their uncertainty. In all of our studies, if children’s information seeking
behaviors had been merely triggered by general correlates of uncertainty, children would
have behaved identically in all of our test conditions (since the participants were equally
ignorant about the exact same piece of information in all cases). Instead, children planned
appropriate actions to resolve their ignorance by anticipating their own learning. Such
anticipations and context-sensitive planning are consistent with the view that toddlers can
represent what they are uncertain about (e.g., the shape of a symbol located at the back of a
toy).

In its most elaborate form, anticipating the informativeness of a learning action may
seem like a very complex task. It may imply, for example, tracking all the possible perceptual
events resulting from a learning action, and anticipating the overall reduction of uncertainty
resulting from all possible outcomes (as the ideal learner depicted in Figure 3, panel B).
While we do not rule out that toddlers may use such a complex mechanism, they may also
rely on simpler procedures that remain effective whilst having a lower cognitive cost. For
example, they may simply consider a single or a few hypotheses for the future perceptual

event resulting from a learning action (e.g., discovering one specific symbol on a character’s
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backside), and assess the resulting reduction in their uncertainty. These computations can be
performed by simply monitoring one’s uncertainty (Coughlin et al., 2015; Geurten & Bastin,
2019; Goupil et al., 2016; Kim et al., 2020), and representing future perceptual events (Siegel
et al., in press).

In short, even if many species can search for specific pieces of information efficiently,
humans stand out in their ability to plan learning actions in creative and flexible ways. The
capacity to discover and adjust information-seeking strategies in a contextually sensitive
manner requires assessing the learning outcomes of future actions or events. We offer
evidence of the early ontogenetic roots of this capacity. Our data indicate that before their
third birthday, toddlers plan their epistemic actions by anticipating whether they will result in
learning, and adjust them to (i) epistemic constraints and (ii) the cognitive utility of a piece of
evidence. Our data dovetail with a growing body of evidence suggesting that young children
engage in sophisticated forms of active learning (e.g., for reviews, see Begus & Bonawitz,
2020; Schulz, 2012; Twomey & Westermann, 2018). Importantly, our Studies —just like
many other studies on active learning— have tested children from predominately wealthy,
urban, educated and industrialized backgrounds. Whether the early development of active
learning generalizes to children from other socio-cultural backgrounds is an important

question for future research.

Data of all Studies and analysis scripts are accessible on an open repository (URL :

https://osf.i0/9jpmv/?view_only=7e6b6a4b36714fcea6a537f8bc21b557).
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7 Figures and Legends

Condition

Informative ‘ Non-informative

Box Closed

Box opened

Transparent Opaque
A window window

Figure 1. Box Used in Study 1, Per Condition (Informative vs. Non-informative).
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Figure 2. Mean Delay to Touch the Shutter’s Handle (SEM) Per Group (Experimental vs.
Control), and Per Condition (Transparent vs. Opaque). Stars represent p-values for
comparisons between conditions by Mann-Whitney U tests.

ns : not significant, ** : p <.01.
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Conditions
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Figure 3. Panel A: Differences Between the Two Conditions of Study 2. The bear shaped
cards were all visually identical when their symbol-side was down. When their symbol-side
was up, the target card differed visually from the others in the informative condition only.
The arrows indicate the target card that the participants had to find. Panel B: A Formal Model
of Expected Information Gains (Adapted from Oaksford & Chater, 1994). In this model, the
learners aim to reduce their uncertainty / over a set of hypotheses H; (i.e., I(H;)). After
observing the outcome Out of a given action (e.g., seeing a specific symbol from flipping a
card), the learners revise their uncertainty to /(H;|Out). The information gain (/) resulting
from observing a specific outcome Out is the reduction of uncertainty (1), where uncertainty
is quantified by the standard entropy measure from information theory (2). The learner does

not know what the outcome of given action will be before engaging in it (e.g., she does not
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know which symbol will be at the back of a card before flipping it). Thus, the expected
information gain E(/,) is computed taking into account all the £ possible outcomes that may
be observed as a result of a given action (e.g., in Study 2’s informative condition, two
outcomes may result from flipping a card : observing either the unique symbol found on the
target, or the symbol that is found on all the distractor cards). E(l,) is the uncertainty after

performing a given action, weighted by the probability of each specific outcome, minus the

prior uncertainty (3). Panel C: Expected information gains of actions computed by the model

depending on condition. In the non-informative condition of the Study 2, the expected
information gain of flipping a card is null (given that flipping a card has no impact on one’s
uncertainty about target’s location). In the informative condition of Study 2, the expected
information gain of flipping a first card is higher than in the non-informative condition,
although it is not maximal. Indeed, in this case there is a one in four chance of flipping the
target card — an outcome that would reduce children’s uncertainty maximally; there is a
three in four chance of flipping another card — an outcome that would only reduce children’s
uncertainty a little (since it would merely exclude one of the possible locations of the target).
In Study 3, the expected information gains of the first action differ across conditions. In the
symbol condition flipping a character is more informative than squeezing one. The opposite
is true in the sound condition. The expected information gain of first flipping a character is
not null in the sound condition because it may result in discovering the character with the
unique symbol (which does not squeak), and thus, in excluding one possibility about the
potential location of the target. Similarly, the expected information gain of first squeezing a
character is not null in the symbol condition because it may result in discovering the

character that squeaks (which, in this condition, is not the target).
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Figure 4. Mean Grasping Latency Ratios for Each Trial (SEM) Per Condition (Informative
vs. Non-informative). Stars represent p-values for comparisons between conditions by Mann-
Whitney U tests.

ns : not significant, * : p <.05, ** : p <.01.
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Conditions
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Figure 5. Differences Between the Two Conditions of Study 3. The characters were all
visually identical when placed symbol side-down, in both conditions. In the symbol condition
the target character was the only one with a symbol different from the others. In the sound
condition, the target character was the only one producing a loud noise when squeezed. The

arrows indicate the target characters.
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Figure 6. Panel A: Mean Proportion of the First action Type Over Trials (SEM; either flip or
squeeze) per Condition (sound and symbol). Panel B: Mean Number of Flips and Squeezes
per Trials (SEM) and per Condition. Stars represent p-values for comparisons between

conditions by Mann-Whitney U tests.
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k2 p <.01; *** : p<.001.
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