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Could it be?: Children’s Representation of Multiple Possibilities

The ability to reason about multiple possibilities is central to human cognition. We reason
about possibilities when making a choice between two options, weighing the pros and cons to
each alternative (Tversky & Kahneman, 1988), when engaging in hypothesis testing (Lapidow &
Walker, 2020), or when generating multiple plausible causes for a particular event (Gopnik &
Wellman, 2012; Meltzoff et al., 2012). We also represent multiple possibilities when thinking
counterfactually about what might have happened in the past (Johnson-Laird et al., 1992;
Kahneman & Tversky, 1981) or when reasoning about what might happen in the future (Beck et
al., 2006).

According to many theories of cognitive development (Gopnik & Wellman, 1994; Xu &
Griffiths, 2011; Xu, 2019; Gopnik & Tenenbaum, 2007; Perfors et al., 2011), the capacity to
reason about multiple possibilities is crucial for early learning. Based on these accounts, young
learners must be able to implicitly generate a potentially infinite number of possibilities,
weighing the relative likelihood of each, in order to explain the complex world around them
(Gopnik & Wellman, 2012). Research shows that even infants can engage in this ability through
statistical learning (Saffran et al., 1996; Xu et al., 2013; Teglas et al., 2011), and that young
children can generate and discriminate hypotheses through processes that approximate Bayesian
reasoning (Gopnik et al., 2001; Gopnik et al., 2004; Perfors et al., 2011). However, there is
contrasting evidence regarding whether young children are capable of employing possibility
concepts. While one line of work claims this ability emerges later in development due to its
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dependence on the acquisition of modal concepts (e.g., “possible,” “necessary”) (Leahy & Carey,
2020), infant research provides some initial evidence that this ability might be early emerging
(Gopnik et al., 2001; Gopnik et al., 2004; Denison & Xu, 2013; Gweon & Schulz, 2011).

Several studies suggest that the capacity to reason about multiple possibilities is early to
emerge in infancy. In a violation-of-expectation paradigm, four- and six-month-old infants
watched as an experimenter pulled a sample of ping pong balls out of boxes that contained
mostly yellow, and few pink balls (Denison & Xu, 2013). Six-month-olds looked significantly
longer and were more surprised when they saw an improbable outcome (e.g., four pink balls and
one yellow ball) compared to a probable one (e.g., four yellow balls and one pink ball). This

suggests that infants may be able to compute probabilities over different alternatives from a

young age (see also Denison & Xu, 2010; 2014; 2019).



In another study, 16-month-olds were able to determine the correct causal inference to
explain why a toy failed to work based on different cues they observed. An experimenter first
showed participants a green toy that always played music with the press of its button. Children
witnessed this event three times before being handed either the same green toy or a yellow toy
that shared the same shape. The experimenter also placed a similar red toy close to the infant.
Critically, neither the green toy nor the yellow toy played music when the child pressed the
button. In order to reason about this problem, children might generate multiple potential
hypotheses to explain the inconsistency. They found that children who were handed the green toy
were significantly more likely to infer that they lacked the ability to operate the toy and enlisted
the help of another agent such as a parent or the experimenter. Contrastingly, children who were
given the yellow toy were more likely to reach for the red toy, suggesting their hypothesis for the
yellow toy’s lack of music was due to the toy itself, therefore demonstrating an early sensitivity
to the likelihood of one possibility over another (Gweon & Schulz, 2011).

Other lines of work have found that infants look longer and have greater pupil dilation
during violation-of-expectation paradigms that employ concepts of disjunctive syllogism (i.e., A
or B, not A, therefore B) (Cesana-Arlotti et al., 2018; Cesana-Arlotti et al., 2022). Infants also
look longer when presented with an improbable physical outcome compared to a probable one
(Teglas & Bonatti, 2016). This evidence suggests that the ability to distinguish plausible
outcomes and their respective probabilities from implausible outcomes is present from a young
age.

In addition to infant successes, a growing body of work suggests that preschoolers may
be capable of employing possibility concepts. In one particular study, children were asked to
retrieve a specific colored gumball from one of two transparent gumball machines. One machine
contained one gumball, while another machine contained two differently colored gumballs, one
of which was the same color as the gumball inside the singleton machine. When prompted to
retrieve a particular color (that matched the color inside of the singleton machine), children
performed almost entirely at ceiling and correctly selected the gumball machine with only one
gumbeall inside, thus suggesting some sensitivity to both probability and possibility concepts
(Alderete & Xu, 2023).

Despite this early competency in infancy, preschool-aged children tend to fail most other

tasks which require them to explicitly represent alternative possibilities. In Mody and Carey’s



(2016) Cups Task, an occluder covers a singleton cup and a pair of two cups while an
experimenter places a sticker into the singleton cup and then into one of the cups from the pair.
The child is asked to choose one of the cups in order to win the sticker reward inside. Despite the
fact that the singleton cup is 100% guaranteed to have a sticker, three-year-olds fail to maximize
their rewards in this task, picking the singleton cup only 60% of the time (Mody & Carey, 2016).
A similar effect persists even when children are given the opportunity to discard an option
(Leahy et al., 2022) and when the working memory demands of the task are reduced by using
see-through tubes instead of cups (Leahy, 2023). Children also seemingly fail to apply possibility
concepts when attempting to catch a marble as it falls down a set of opaque y-shaped branching
tubes; children younger than four years failed to cover both exits and instead only used one hand
to cover one of two tube openings (Redshaw & Suddendorf, 2016).

A number of reasons might explain why preschoolers often fail tasks that require them to
reason about alternative possibilities. One explanation suggests that because modal concepts
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(i.e., “possible,” “necessary’) are not acquired until around the fifth year of age, younger
children are only minimal representers of possibility (Leahy & Carey, 2020). According to the
minimal account, children are unable to mark something as merely possible, and when faced
with two possibilities, will build a simulation about which one might be correct and will treat
that simulation as true knowledge until otherwise proven incorrect. This account would explain
why children only choose the singleton cup about 60% of the time (Leahy & Carey, 2019) and
why they only use one hand to catch a marble (Redshaw & Suddendorf, 2016).

Despite this compelling account from the literature, it is possible that previous task
designs masked preschoolers’ true ability to reason about possibilities. In Redshaw and
Suddendorf’s task, for example, the demands of the task may have been unclear (i.e., whether
children should guess where the marble would fall or whether they should catch the marble) (see
Turan-Kiicgiik & Kibbe, 2024 for another alternative explanation). Additionally, children’s
failures on the cups task (i.e., picking a merely possible cup instead of a guaranteed one) may
have been a result of their strong motivation to explore. Evidence suggests children have a high
motivation to explore (Liquin & Gopnik, 2022; Schulz & Bonawitz, 2007; Gopnik et al., 1999),
and information gain might be just as rewarding as obtaining a tangible reward (Liquin &

Lombrozo, 2020; Lapidow et al. 2022).



Because children’s motivation to explore might account for previous results on the Cups
Task and related designs, the current set of studies remove this potential confound by eliminating
the need for children to make a forced choice between a necessary and a possible outcome. We
designed three experiments with a novel search paradigm. In Experiment 1, three- and
four-year-olds (N = 54) watched as a target object fell down a set of either fully transparent or
fully opaque sets of y-shaped tubes into rectangular boxes during two separate, within-subject
trials. The transparent set of tubes allowed children visual access to the target object as it fell,
yielding only one necessary location, whereas the opaque tubes blocked visual access, yielding
two equally possible locations. Critically, a piece of fabric prevented the target object from
actually falling into one of the boxes. Children were then instructed to search for the target object
under a 31 second time constraint. If children’s abilities were masked in previous designs, and
children are sensitive to the presence of multiple alternative possibilities, they should spend less
time searching in the first location they approach when the object is dropped from the fully
opaque tube, compared to when it is dropped from the fully transparent one. Children should also
switch boxes sooner in the opaque trial compared to the transparent trial. The results from
Experiment 1 confirmed these hypotheses. 3-year-olds searched significantly longer in the first
location they approached in the transparent (M = 24.02, SD = 9.77) compared to the opaque trial
(M =14.02,SD =11.21), #(27) = 4.468, p = .0001. The same was true for 4-year-olds,
(transparent: M = 20.54, SD = 11.366; opaque: M =7.10, SD =6.1374 ), t(24) = 5.9564, p
<.001. These results suggest that three- and four-year-olds are sensitive to the presence of

multiple, mutually exclusive possibilities.

Experiment 2

In order to further investigate the findings from Experiment 1, we designed an iPad task
that replicates Experiment 1’s findings in a digital format. It is possible that children’s search
behavior in Experiment 1 was guided by sensory feedback from physically searching inside
boxes. The digital task provides less sensory feedback, and allows for further iterations of the

study (see Experiment 3).



Experiment 2 Methods

Participants

48 preschool aged children (N = 24 three-year-olds, N = 24 four-year-olds) were recruited
from the Early Learning and Cognition Lab’s existing database, museums, and preschools in the
greater San Diego area. Participants were both monolingual English speakers and bilinguals
whose primary language is English. 6 additional children were tested but excluded from data
analysis due to withdrawal from the study (N = 3), and technical errors with the iPad during test
trials (N = 3). Families who participated in the lab received a $5 gift card as compensation for

their time.

Materials
Materials included a 12.9 inch display iPad Pro with a kickstand case, a Bluetooth remote
control clicker, a child-size mitten, a laminated dark circle, 1.5 inch smiley face stickers, and

animal-shaped 3D stickers. Stimuli were designed using PowerPoint.

Procedure

Children sat to the left of the experimenter and had a glove placed onto their
non-dominant hand. Their non-dominant, gloved hand was placed off to the side of the table,
while their dominant hand was placed onto the laminated dark circle on the table centered in
front of the iPad. Children were instructed to only use their dominant hand throughout the study
in order to ensure children’s decision to switch boxes was purely intentional (having access to
two hands limits this intentionality). Additional prompts were provided as needed for this rule.

Warm-up Phase: The experimenter introduced the target object (a yellow square) to the
child, explaining that their goal was to find as many of the yellow squares as they can. The more
yellow squares they found, the more stickers they would win. The screen then showed the child
two gumball-like machines filled with blue marbles (See Figure 1a). Children observed that
when a button connected to each machine was pressed, one of the blue marbles would be
released from that machine at the bottom. Children had a chance to press each machine’s button
once. A new machine then appeared and children watched as a yellow square dropped into the
machine (See Figure 1b). Children were then asked to press the button to make the yellow square

come out. In this trial, three blue marbles were dispensed from the machine before the yellow



square. Then, a new machine appeared, though this time, an occluder prevented the child from
seeing the contents inside of the machine (See Figure 1c). A yellow square was dropped into this
machine, and children pressed the button to make the yellow square come out. In this trial, four

blue marbles preceded the yellow square.

Figures 1a, 1b, and 1c
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Machines presented during Warm-up Phase

Familiarization 1: Two new occluded machines appeared on the screen (See Figure 2).
This time, the child was told that a yellow square had already been hidden inside one of the
machines. Children were instructed that they can only use their dominant hand, but could search
inside of both machines. The yellow square was hidden in the left machine and was dispensed
after six presses. If the child expressed difficulty or had pressed the same machine’s button 15
times, they were reminded that there is only one yellow square but two machines. Children were
given a second prompt to remind them that they may search “one machine, the other machine, or
both machines.” If the child continued to experience difficulty or states they cannot find it in one
of the machines, the experimenter provided a third prompt asking the child where else the yellow
square could be. When the child succeeded, they received one of the 1.5 inch smiley face
stickers.

Familiarization 2: Familiarization 2 followed the same procedure as Familiarization 1,
but the yellow square was hidden inside of the right machine and appeared after two presses.
This trial also introduced a 31 second musical timer. In order to win a sticker, the child had to
find the yellow square before the timer ends. If the child found the sticker before the timer
ended, the experimenter waited until the end of the music before moving on in order to ensure

the child had experience with the length of the timer. The experimenter also referred to the timer



when giving feedback at the end of this trial — either by saying “Good job! You found it before
the timer ran out” or “Nice try! Remember, you have to find it before the timer stops to win a
sticker!”

Figure 2

Machines presented during Familiarization 1 and 2

Tube Familiarization: Children were introduced to two different y-shaped tubes: a fully
transparent set and a fully opaque set (Figure 3). First, they saw a set of fully transparent tubes.
The tubes were then attached to two empty, unoccluded machines and a yellow square was
dropped from the top of the tubes into one of the machines in a pseudorandom order (LRRL).
The experimenter pointed to the tubes and said, “Here, you will be able to see the square as it
comes down.” The child was instructed to point to the tube that the yellow square went down
after each drop. Children were then shown a set of red, fully opaque tubes. The same procedure
was repeated for these tubes, though the experimenter said, "Here, you will not be able to see the

square as it comes down” when the tubes first appeared, and drops followed the pattern RLLR.

Figure 3
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Tube Familiarization Configuration



Test Trial 1: Two new occluded machines appeared on the screen, this time with either the
transparent or opaque tubes attached to the top (order counterbalanced across participants), and
children were told to find the yellow square again (see Figure 4). This trial also included the 31
second timer, and children were told they can earn one of the 3D animal stickers if they succeed.
Critically, there was not a yellow square in either of the machines during test trials; only blue
marbles exited each machine. No prompts were given to children during test trials. After the trial
ended, children were reminded that they must find the yellow square before the music stops in
order to win a sticker.

Test Trial 2: Test Trial 2 followed the same procedure as Test Trial 1, but the other set of
y-shaped tubes were attached to two new occluded machines (See Figure 4). At the end of this
final test trial, children got to select one of the 3D animal stickers for their participation in the
study.

Figure 4
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Machines presented during Test Trials

Data were coded with Datavyu (datavyu.org), a software that allows for frame-by-frame
behaviorally coding. We recorded the amount of time children spent searching in the first
machine, the total time children spent in each machine, the number of switches between
machines, and which machine the child approached first during the transparent test trial.
Children’s first location searches were reliability coded, and coders reached a reliability score of
99.43%. Three 3-year-olds and one 4-year-old began searching in the incorrect search location in

the transparent trial. These children were included in our analyses.

Experiment 2 Results
Statistical analyses were conducted using R (version 4.1.1). For both 3- and 4-year-olds,

we examined whether there was a significant difference in children’s search time between the



first location they approached in the transparent trial (3-year-olds: M = 23.24, SD = 11.93;
4-year-olds: M = 26.46, SD = 9.59), compared to the opaque trial (3-year-olds: M = 16.53, SD =
12.37; 4-year-olds: M = 13.12, SD = 11.56), t(23) = 3.2068, p = .003 and t(23) =4.9259, p <
.005, respectively. (See Figure 5). Additionally, both 3- and 4-year-olds switched search
locations significantly more in the opaque trial, compared to the transparent trial (3-year-olds:
t(23) =-2.1289, p = 0.04419; 4-year-olds: t(23) = -2.5293, p = .01874, with no significant
differences between the two age groups (p = .973). These results replicate the findings from

Experiment 1 in a digital, iPad version of the task.

Figure 5
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Three- and four-year-olds’ search time in the first location they approached on

transparent and opaque trials in Experiment 2. Error bars represent SEM.

Experiment 3
The findings from Experiment 1 and Experiment 2 provide promising support for the
claim that preschoolers are sensitive to possibility concepts. In Experiment 3, we investigate an
alternative hypothesis-- that children’s successes on our previous tasks resulted from a difference
in strength of representation between the two test trials. With the transparent tube, children were
allowed direct visual access to the target object as it fell from the tube. In this condition,

children’s representation of necessity was reached via direct observation. Contrastingly, children



did not have visual access to the object in the opaque trial. Here, children’s representation of
possibility was reached via inference. Previous work suggests that direct visual perception leads
to a greater strength of representation (Call & Carpenter 2001). Therefore, it is plausible that
children searched longer in the first box in the transparent trial due to this difference in
representation. In Experiment 3, we address this potential limitation of the previous two
experiments by matching the representation strength across the two test trials. We replace the
fully transparent y-shaped tube with a half-transparent, half-opaque tube. Here, the target object
always falls down the opaque side of the tube, not the transparent one, and children must infer its
location as opposed to merely observing it. With this modification, children must use inference
in order to guide their search behavior in both trials, thus representation strength is matched
across conditions. We hypothesized if children’s search behaviors in Experiment 1 and
Experiment 2 are guided by representations of necessity and possibility respectively, children
should perform identically to Experiment 1 and Experiment 2. In other words, performance on
the half transparent, half opaque tube and the fully opaque set of tubes should be significantly
different.

Experiment 3 Methods
Participants

The planned sample is 48 preschool aged children (data collection is ongoing with N= 12
3 year-olds and N= 12 4 year-olds). Children were recruited from the Early Learning and
Cognition Lab’s existing database and preschools in the greater San Diego area. All other
participant criteria were the same as in Experiment 2.
Materials

Materials for Experiment 3 were identical to Experiment 2.
Procedure

The procedure was mostly identical to Experiment 2, however included several
modifications to better scaffold children’s understanding.

Warm-up Phase: The Warm-up phase was identical to that of Experiment 2, however the
transparent singular machine was removed from training such that children only saw two

transparent machines followed by a singular occluded machine (See Figure 6).
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Machines presented during warm-up phase

Familiarization I: The procedure was identical to that of Experiment 2’s Familiarization
1, however The yellow square was hidden in the right machine and was dispensed on the 4th
press.

Familiarization 2: Familiarization 2 followed the same procedure as Familiarization 1,
but the yellow square was instead hidden inside the left machine and was dispensed on the 5th
press.

Familiarization 3: Familiarization 2 followed the same procedure as the first two
familiarizations, but the yellow square was hidden inside of the left machine and was dispensed
on the 5th press. This trial also introduced a 31 second musical timer. Protocol for feedback in
this trial was the same as Experiment 2’s Familiarization 2.

Familiarization 4: Familiarization 4 followed the same procedure as Familiarization 3,
but the yellow square was instead hidden inside the right machine and was dispensed on the 6th
press.

Tube Familiarization: This familiarization followed the same procedure as in Experiment
2, however children were introduced to three different y-shaped tubes: a fully transparent set, a
fully opaque set, and a half-transparent, half-opaque set (Figure 7). With the fully transparent
tubes, target object drops followed the pattern LRRL, the opaque tubes followed the pattern
LRLR, and the half-transparent, half-opaque followed the pattern RLLR. The yellow square also

made a musical noise as it fell down the tubes to better scaffold children’s understanding.
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Order of Tube Familiarization

Test Trials: Protocol for test trials was identical to that of Experiment 2, however instead
of seeing a fully transparent tube, children were presented with the half-transparent, half-opaque
tube. Performance with the half-transparent tube was compared with children’s performance with

the fully opaque tube (See Figure 8).

Figure 8
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Tubes presented during Test 1 and Test 2

As in Experiment 2, data were coded with Datavyu (datavyu.org), a software that allows
for frame-by-frame behaviorally coding. Children’s first location searches were reliability coded,
and coders reached a reliability score of 99.99%. Eight 3-year-olds and three 4-year-old began
searching in the incorrect search location in the transparent trial (See General Discussion for
potential explanations for this increased number). Children who began searching in the incorrect

location were excluded from our preliminary analyses.

Experiment 3 Preliminary Results
Data was analyzed using R (version 4.1.1). For both 3- and 4-year-olds, we examined
whether there was a significant difference in children’s search time between the first location

they approached in the half-opaque trial (3-year-olds: M = 24.10, SD = 11.94; 4-year-olds:



M =18.14, SD = 11.09), compared to the fully-opaque trial (3-year-olds: M = 10.63,
SD =10.01; 4-year-olds: M = 9.22, SD = 6.66 ), t(6) = 2.55, p <.05 and t(8) = 2.41, p <.05,
respectively. (See Figure 9). These results suggest that the previous two experiments may reflect
a true effect-- we see a significant difference in children’s search behavior across the half-opaque
and fully opaque trials.

Figure 9
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Three- and four-year-olds’ search time in the first location they approached on

transparent and opaque trials in Experiment 3. Error bars represent SEM.

General Discussion

Across three separate experiments, we examine 3- and 4-year-olds' possibility reasoning
through a novel search paradigm. In Experiment 1, we find that both 3- and 4-year-olds searched
significantly longer in the first location they approached in the transparent trial, compared to the
opaque one. Children also switched search locations significantly more in the opaque trial,
relative to the transparent one, and there were no significant differences in search behavior
between the two age groups. In Experiment 2, we replicate these same findings in a digital
paradigm that does not require children’s manual search and provides less sensory feedback. In
Experiment 3, we investigate whether children’s successful performance in Experiments 1 and 2
were a result of the low-level visual cues provided to children during the transparent tube test

trial. By replacing the transparent tube with a half-opaque, half-transparent tube children had to



infer the target object’s location instead of directly observing it. Preliminary results replicate the
findings from Experiments 1 and 2, however it is important to note that more 3- and 4-year-olds
began searching in the incorrect search location in the half-opaque tube test trial, compared to the
previous two experiments. Despite this difference, children’s search patterns remained relatively
the same as in the first two experiments, suggesting that younger children may struggle more
with the principle of negation (Nordmeyer et al., 2016). This is something that we plan to
address in future work. Taken together, these three experiments provide preliminary evidence
against the claim that children are minimal representers of possibility, and that children as young
as three are capable of discriminating between a necessary and merely possible outcome.

In both Experiments 1 and 2, we find main effects at the group level, however not at the
individual level for both 3-and 4-year-olds. A select group of children exhibited the correct
search pattern across test trials, suggesting that there is a variance in 3- and 4-year-olds’ ability to
understand modal concepts, and the capacity is early emerging within the preschool years. Future
work may replicate these findings with larger sample sizes in order to better understand the
developmental trajectory of acquiring possibility concepts at the individual level.

According to the minimal account, children simulate a single outcome and will treat that
simulation as truth when presented with multiple possibilities (see Leahy & Carey 2020 for a full
discussion). Children’s failures on previous modal reasoning tasks have been taken as evidence
for the claim that children are minimal representers of possibility. However, before fully
accepting the minimal account, it is crucial to ensure that previous failures were due to children’s
lack of competence, not performance. Across our three experiments, we control for children’s
impulsiveness to explore. If children were truly unable to discriminate between necessary and
merely possible outcomes, we should not see a difference between children’s search behavior
with an opaque tube versus a transparent tube (children will simulate necessary outcomes in both
test trials). Instead, we find that children’s search behavior between the transparent and opaque
trials differ significantly in our tasks: children switched locations significantly faster in the
opaque trial when there were two possible locations for the target object, compared to the
transparent trial where there was only one necessary location. These findings suggest that
children’s previous failures on modal reasoning tasks may not be due to a lack of understanding

possibility concepts, but rather due to the nature of the tasks themselves.



References

Alderete, S., & Xu, F. (2023). Three-year-old children's reasoning about possibilities. Cognition,
237, 105472. DOI: 10.1016/j.cognition.2023.105472

Beck, S. R., Robinson, E. J., Carroll, D. J., & Apperly, I. A. (2006). Children's thinking about
counterfactuals and hypotheticals as possibilities. Child Development, 77(2), 413—423.
DOI: 10.1111/5.1467-8624.2006.00879.x

Call, J., Carpenter, M. (2001). Do apes and children know what they have seen?. Animal
Cognition. 3, 207-220. https://doi.org/10.1007/s100710100078

Cesana-Arlotti, N., Martin, A., Téglas, E., Vorobyova, L., Cetnarski, R., & Bonatti, L. L. (2018).
Precursors of logical reasoning in preverbal human infants. Science, 359(6381),
1263-1266. DOI: 10.1126/science.aa03539

Cesana-Arlotti, N., Varga, B., & Téglas, E. (2022). The pupillometry of the possible: an
investigation of infants’ representation of alternative possibilities. Journal of Child
Development, 15(3), 102-115. DOI: 10.1098/rstb.2021.0343

Denison, S., Xu, F. (2010). Integrating Physical Constraints in Statistical Inference by
11-Month-Old Infants. Cognitive Science, 34(5), 885-908. DOI:
10.1111/5.1551-6709.2010.01111.x

Denison, S., Reed, C., & Xu, F. (2013). The emergence of probabilistic reasoning in very young
infants: Evidence from 4.5- and 6-month-olds. Developmental Psychology, 49(2),
243-249. DOI: 10.1037/a0028278

Denison, S., & Xu, F. (2014). The origins of probabilistic inference in human infants. Cognition,
130(3), 335-347. DOI: 10.1016/j.cognition.2013.12.001

Denison, S., & Xu, F. (2019). Infant Statisticians: The Origins of Reasoning Under Uncertainty.
Perspectives on Psychological Science, 14(4), 499-509. DOI:
10.1177/1745691619847201

Gopnik, A., & Wellman, H. M. (1994). The theory theory. In L. A. Hirschfeld & S. A. Gelman
(Eds.), Mapping the mind: Domain specificity in cognition and culture (pp. 257-293).
Cambridge University Press. DOI: 10.1017/CB0O9780511752902.011

Gopnik, A., & Meltzoff, A. N. (1997). Words, thoughts, and theories. The MIT Press.

Gopnik, A., Meltzoff, A. N., & Kuhl, P. K. 1. (1999). The scientist in the crib: minds, brains, and

how children learn. New York, William Morrow & Co.



Gopnik, A., Sobel, D. M., Schulz, L. E., & Glymour, C. (2001). Causal learning mechanisms
in very young children: two-, three-, and four-year-olds infer causal relations from
patterns of variation and covariation. Developmental Psychology, 37(5), 620. DOI:
10.1037/0012-1649.37.5.620

Gopnik, A., Glymour, C., Sobel, D. M., Schulz, L. E., Kushnir, T., & Danks, D. (2004). A
Theory of Causal Learning in Children: Causal Maps and Bayes Nets. Psychological
Review, 111(1), 3-32. DOI: 10.1037/0033-295X.111.1.3

Gopnik, A., & Tenenbaum, J. B. (2007). Bayesian networks, Bayesian learning and cognitive
development. Developmental science, 10(3), 281-287. DOI:
10.1111/5.1467-7687.2007.00584.x

Gopnik, A., & Wellman, H. M. (2012). Reconstructing constructivism: Causal models, Bayesian
learning mechanisms, and the theory theory. Psychological Bulletin, 138(6), 1085—-1108.
DOI: 10.1037/a0028044

Gweon, H., Schulz, L. (2011). 16-Month-Olds Rationally Infer Causes of Failed Actions.
Science, 332(6037), 1524. DOI: 10.1126/science.1204493

Johnson-Laird, P. N., Byrne, R. M., & Schaeken, W. (1992). Propositional reasoning by model.
Psychological Review, 99(3), 418-439. DOI: 10.1037/0033-295X.99.3.418

Lapidow, E., Killeen, I., & Walker, C. M. (2022). Learning to recognize uncertainty vs.
recognizing uncertainty to learn: Confidence judgments and exploration decisions in
preschoolers. Developmental Science, 25(2), e13178. DOI: 10.1111/desc.13178

Lapidow, E., & Walker, C. M. (2020). Informative experimentation in intuitive science: Children
select and learn from their own causal interventions. Cognition, 201, Article 104315.
DOI: 10.1016/j.cognition.2020.104315

Leahy, B. P. (2023). Don’t you see the possibilities? Young preschoolers may lack possibility
concepts. Developmental Science, 26(6), DOI: 10.1111/desc.13400

Leahy, B. P., & Carey, S. E. (2020). The acquisition of modal concepts. Trends in Cognitive
Sciences, 24(1), 65-78. DOI: 10.1016/j.tics.2019.11.004

Leahy, B. P., Huemer, M., Steele, M., Alderete, S., & Carey, S. (2022). Minimal representations
of possibility at age 3. PNAS, 119(52), DOI: 10.1073/pnas.2207499119

Liquin, E. G., & Lombrozo, T. (2020). Explanation-seeking curiosity in childhood. Current
Opinion in Behavioral Sciences, 35, 14-20. DOI: 10.1016/j.cobeha.2020.05.012



Liquin, E. G., & Gopnik, A. (2022). Children are more exploratory and learn more than adults in
an approach-avoid task. Cognition, 218, 104940. DOI: 10.1016/j.cognition.2021.104940

Mody, S., & Carey, S. (2016). The emergence of reasoning by the disjunctive syllogism in early
childhood. Cognition, 154, 40-48. DOI: 10.1016/j.cognition.2016.05.012

Meltzoff, A. N., Waismeyer, A., & Gopnik, A. (2012). Learning about causes from people:
Observational causal learning in 24-month-old infants. Developmental Psychology,
48(5), 1215-1228. DOI: 10.1037/a0027440

Nordmeyer, A., Yoon, E. J., & Frank, M. (2016). Distinguishing processing difficulties in
inhibition, implicature, and negation. In CogSci.

Perfors, A., Tenenbaum, J. B., Griffiths, T. L., & Xu, F. (2011). A tutorial introduction to
Bayesian models of cognitive development. Cognition, 120(3), 302-321. DOI:
10.1016/j.cognition.2010.11.015

Redshaw, J., & Suddendorf, T. (2016). Children's and Apes' Preparatory Responses to Two
Mutually Exclusive Possibilities. Current biology : CB, 26(13), 1758-1762. DOL:
0.1016/j.cub.2016.04.062

Saffran, J. R., Aslin, R. N., & Newport, E. L. (1996). Statistical learning by 8-month-old infants.
Science, 274(5294), 1926-1928. DOI: 10.1126/science.274.5294.1926

Schulz, L. E., & Bonawitz, E. B. (2007). Serious fun: Preschoolers engage in more exploratory
play when evidence is confounded. Developmental Psychology, 43(4), 1045-1050. DOLI:
10.1037/0012-1649.43.4.1045

Téglas, E., Vul, E., Girotto, V., Gonzalez, M., Tenenbaum, J. B., & Bonatti, L. L. (2011). Pure
reasoning in 12-month-old infants as probabilistic inference. Science, 332(6033),
1054-1059. DOI: 10.1126/science.1196404

Téglas, E., & Bonatti, L. L. (2016). Infants anticipate probabilistic but not deterministic
outcomes. Cognition, 157, 227-236. DOI: 10.1016/j.cognition.2016.09.003

Turan-Kiigiik, E. N., & Kibbe, M. M. (2024). Three-year-olds' ability to plan for mutually
exclusive future possibilities is limited primarily by their representations of possible
plans, not possible events. Cognition, 244, 105712. DOI:
10.1016/j.cognition.2023.105712

Tversky, A., & Kahneman, D. (1981). The framing of decisions and the psychology of choice.
Science, 211(4481), 453—458. DOI: 10.1126/science.7455683



Tversky, A., & Kahneman, D. (1988). Rational choice and the framing of decisions. Decision
making: Descriptive, normative, and prescriptive interactions, 167-192.

Xu, Fei & Griffiths, Thomas L. (2011). Probabilistic models of cognitive development: Towards
a rational constructivist approach to the study of learning and development. Cognition
120 (3):299-301. DOI: 10.1016/j.cognition.2011.06.008

Xu, F., & Kushnir, T. (2013). Infants Are Rational Constructivist Learners. Current Directions in
Psychological Science, 22(1), 28-32. DOI: 10.1177/0963721412469396

Xu, Fei (2019). Towards a rational constructivist theory of cognitive development. Psychological

Review, 126(6):841-864. DOI: 10.1037/rev0000153



