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Significance Statement
Tool-use understanding is classically thought to involve reasoning about the causal mechanisms that relate
tools and their effects (e.g., moving food closer). Through cultural evolution and accumulated innovations,
however, humans have developed tools that became causally opaque (e.g., touch screens). We show that
cultural transmission remains possible because even young infants are equipped with the fundamental
capacity to represent arbitrary causal events where an agent acts on the world with a tool. Infants attributed
to a ball the power to cause an arbitrary state change but only if that ball was itself launched by an agent.
Infants thus consider that the power to cause arbitrary events ultimately belongs to intentional agents but
agents can transfer this power to tools.
Abstract

Tools are objects that are manipulated by agents with the intention to cause an effect in the world. We show
that the cognitive capacity to understand tools is present in young infants, even if these tools produce
arbitrary, causally opaque effects. In Experiments 1-2, we used pupillometry to show that 8-month-old
infants infer an invisible causal contact to account for the —otherwise unexplained— motion of a ball. In
Experiments 3, we probed 8-month-old infants’ account of a state change event (flickering of a cube) that
lies outside of the explanatory power of intuitive physics. Infants repeatedly watched an intentional agent
launch a ball behind an occluder. After a short delay, a cube, positioned at the other end of the occluder
began flickering. Rare unoccluded events served to probe infants’ representation of what happened behind
the occluder. Infants exhibited larger pupil dilation, signaling more surprise, when the ball stopped before
touching the cube, than when it contacted the cube, suggesting that infants inferred that the cause of the
state change was contact between the ball and the cube. This effect was canceled in Experiment 4, when an
inanimate sphere replaced the intentional agent. Altogether, results suggest that, in the infants’ eyes, a ball
(an inanimate object) has the power to cause an arbitrary state change, but only if it inherits this power from
an intentional agent. Eight-month-olds are thus capable of representing complex event structures, involving

an intentional agent causing a change with a tool.



Introduction

Tools are objects that are manipulated by agents with the intention to cause an effect in the world.
Early tools in primate and human evolution, as in nowadays wild animals, were used to acquire food, groom
conspecifics, or for self-defense [1]. In these situations, the causal mechanisms that relate tool use and their
effects (e.g., moving food closer, removing parasites) are largely transparent and can be accounted for by
intuitive theories [2-6]. But modern humans show a unique flexibility and versality in their use of tools.
Through cultural evolution, each generation improved the previous generation’s tools, so much that
underlying causal mechanisms have become opaque. The spectrum of possible effects of modern tools is
virtually infinite, from switching on the light, to playing music or having Granma appear on a computer
screen. This opacity may constitute a learning problem for children, especially if one considers that tool
use requires reasoning about the causal mechanisms relating the tool and its effects [7]. In the present study,
we propose that cultural transmission of tools is made possible by infants’ disregard of causal opacity and
an early understanding of the large causal power of agents and tools.

We asked whether infants understand that an intentional agent can cause an arbitrary state change
on a third object through the use of an intermediary object, the tool. This understanding involves the
integration, in a complex structure, of a chain of causal relations and three thematic roles: the agent acts on

the tool (or instrument), which in turn affects the patient’s state.
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Fig. 1 — Schematic representation of the stimuli used in Experiments 1-4. In Experiments 1, 3 and 4, infants saw 60%

of occluded events, 20% of contact events and 20% of gap events. Experiment 1 (A) tested causal inference for direct
launching events. In Experiment 2 (not depicted), infants only saw the contact (50%) and gap (50%) events from
Experiment 1. Experiments 3 (B) and 4 (C) tested causal inference for indirect state change events. The yellow object

had face features and was introduced as a self-propelled intentional agent in Experiment 3 but not in Experiment 4.



Before addressing the issue of tool use, Experiment 1 introduced a method relying on pupillometry
to replicate classic findings showing that infants infer a causal interaction, the contact between two objects,
to account for the visible motion of a ball [8-11]. The inference of contact and temporal contiguity is taken
as a signature of understanding the causal relationship between two events [12-14]. In contrast to classic
looking time studies, pupillometry provides timing information, which can improve the interpretation of
the results [15]. Eight-month-old infants (N = 20) watched repeated movies where, shortly after a yellow
ball went behind an occluder, from the left, a second ball initially positioned at the right boundary of the
occluder began to move (Fig. 1A). Rare interleaved unoccluded events served to probe infants’
representation of what happened behind the occluder. Previous research showed that unexpected events
trigger pupil dilation in infants, indicating surprise [15-16]. If infants inferred a contact between the two
balls behind the occluder, they should be more surprised — exhibiting larger pupil dilation — by rare
unoccluded Gap movies, in which the first ball did not contact the second ball, than by rare unoccluded
Contact movies, in which the first ball contacted the second. To confirm that responses to uncoccluded
movies related to the interpretation of occluded movies, and not to the mere visual properties of Gap and
Contact movies, a second group of infants (Experiment 2, N = 21) only watched the Contact and Gap
movies. If Gap movies elicit more pupil dilation than Contact movies, independently from the processing
of occluded movies, the same results should be obtained in Experiment 2 as in Experiment 1. Instead, we
predicted larger pupil dilation for Gap compared to Contact events in Experiment 1 than in Experiment 2.

Next, in Experiment 3, we studied infants’ interpretation of a tool-use event, where an agent used
a ball to trigger the flickering of a cube. A prior study concluded that infant cognition does not encompass
the notion that a mere contact between two inanimate objects could instigate a state change such as
flickering [11]. This finding suggests that state-changes lie beyond the explanatory power of intuitive
physics, which seems primarily focused on elucidating object motions. In contrast, infants consider that an
intentional agent — e.g. a human hand — can elicit a state-change upon direct contact [11,17]. Here, we tested
whether infants consider that agents can elicit state-change with a tool. Eight-month-old infants (N = 40)
were first introduced with a self-propelled intentional agent [18]. Next, they watched occluded movies in
which the agent launched a ball, which went behind an occluder, from the left (Fig. 1B). On the other end
of the occluder, a partly occluded cube began flickering after a short delay. Again, interleaved unoccluded
events served to probe infants’ representation of what happened behind the occluder. In rare unoccluded
Contact movies, infants watched the agent launching the ball that then contacted the cube, which
immediately began flickering. In rare unoccluded Gap movies, infants watched the agent launching the ball,
which stopped before contacting the cube. The cube began flickering with a delay. If infants conceived that

the ball is the proximate cause of the cube’s flickering, they should have inferred a contact between the ball



and the cube behind the occluder, and temporal contiguity between that contact and flickering. In
consequence, Gap movies should be more surprising and elicit larger pupil dilation than Contact movies.
Finally, tools are defined as objects that are manipulated by agents with the intention to cause an effect.
Following this definition, we predict that the representation of a tool-use event necessitates the involvement
of an intentional agent. In Experiment 4, infants (N = 40) watched the same sequence of movies as in
Experiment 3, except that a yellow sphere, with no indication of agency, replaced the intentional agent

(Fig., 1C). We predicted weaker or null effects in this group.

Results
Pupil dilation results are displayed in Fig. 2.
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Fig. 2 —Pupil dilation for the Contact (blue) and Gap (red) events in Experiments 1-4. The baseline is taken in the last
500 ms before the two types of events differ (i.e., when the ball stops in Gap events). Shaded gray areas indicate the
time window of interest in which cluster mass permutation tests were performed. For Experiments 1 and 2, this time
window extended from the end of the baseline (0 ms) to the end of the trial. For Experiments 3 and 4, the time window
of interest was restricted to the period where significant effects were observed in Experiments 1-2. Horizontal black
bars indicate periods of significant larger pupil dilation for Gap vs Contact events in each Experimental Group,
analyzed individually. Horizontal magenta bars indicate periods of significant interaction between Experimental

Group and Trial Type. Light color areas indicate standard errors from the mean.



Experiments 1-2 — In Experiment 1, 8-month-old infants (N=20) watched repeated launching events
involving two balls. Contact events (20%), when the first ball contacted the second, and Gap events (20%),
when the first ball stopped before touching the second, were intermixed with a majority of Occluded events
(60%) that were compatible with both the Contact and Gap events, as the fate of the first ball was hidden
by an occluder (Fig. 1). Infants exhibited larger pupil dilation for Gap events than for Contact events
between 3050 and 5233 ms (cluster mass permutation test, P = .01 one-tail). In Experiment 2, 8-month-old
infants (N=21) only saw unoccluded Gap (50%) and Contact (50%) events. There was no significant
difference of pupil dilation in response to the two types of events.

Analyzing Experiments 1 and 2 together, infants overall exhibited larger pupil dilation for Gap than
for Contact events between 3700 and 5200 ms (cluster mass permutation test, P = .02 one-tail). In addition,
the interaction between Experimental Group (Experiment 1, Experiment 2) and Trial Type (Gap, Contact)
was significant between 4333 and 5233 ms (cluster mass permutation test, P = .04 one-tail); i.e., the
difference of pupil dilation between Gap and Contact events was larger in Experiment 1 than in Experiment
2. In fact, in that time window, pupil dilation for Gap relative to Contact events was significant in

Experiment 1 (t(19) = 2.46; P = .012 one-tail) but not in Experiment 2 (t(20) = .06, P = .47 one-tail).

Experiments 3-4 — In Experiment 3, 8-month-old infants (N=40) watched repeated state change events,
involving an intentional agent, a ball and a flickering cube. All events began with the agent launching the
ball. Unoccluded Contact events (20%), when the ball contacted the cube, and Gap events (20%), when the
ball stopped before contacting the cube, were intermixed with a majority of Occluded events (60%) that
were compatible with both the Contact and Gap events, as the fate of the ball was hidden by an occluder
(Fig. 1). The analysis was restricted to the time window of interest defined by the effects observed in
Experiments 1-2 between 3700 after the gap onset and the end of the trial. Infants exhibited larger pupil
dilation for Gap events than for Contact events between 3767 and 4766 ms (cluster mass permutation test,
P = .01 one-tail). In Experiment 4 (N=40), instead of an intentional agent, an inanimate yellow sphere
launched the ball. There was no significant difference of pupil dilation in response to Contact and Gap
events.

Analyzing Experiments 3 and 4 together, infants overall exhibited larger pupil dilation for Gap than
for Contact events between 3983 and 4600 ms (cluster mass permutation test, P = .03 one-tail). In addition,
the interaction between Experimental Group (Experiment 3, Experiment 4) and Trial Type (Gap, Contact)
was significant between 4083 and 4583 (cluster mass permutation test, P = .04 one-tail); i.e. the difference
of pupil dilation between Gap and Contact events was larger in Experiment 3 than in Experiment 4. In fact,
in that time window, pupil dilation for Gap relative to Contact events was significant in Experiment 3 (t(39)

= 2.8; P =.004 one-tail) but not in Experiment 4 (t(39) = .04; P = .48 one-tail).



Trial Number analysis — The pupil dilation effects reported in the above analyses are thought to be
equivalent to longer looking times in traditional violation of expectation paradigms. In the current
paradigm, trials had a fixed duration, making cumulative looking time analyses uninformative.
Nevertheless, we explored the equivalence between pupil dilation and increased looking time by analyzing
differences in the number of Gap and Contact trials included in the final analysis of the pupil data. Indeed,
each trial was only included if the infant looked long enough at the screen (i.e., more than 65% of the time
window of interest, see Analysis section). A higher number of included Gap trials would thus suggest that
infants tended to look longer in Gap trials than in Contact trials. Table 1 summarizes the number of Gap
and Contact trials infants contributed to the final analyses. For each participant, we computed a difference
score (#good Gap trials - #good Contact trials) / (#good Gap trials + #good Contact trials); a positive score
indicated more Gap trials; a negative score indicated more Contact trials. We then compared the distribution
of this score to chance (0). This analysis showed that infants contributed significantly more Gap than
Contact trials in Experiment 1 (t(19) = 2.6; P = .009) and in Experiment 3 (t(39) = 2.7; P = .006), while
there was no difference in Experiment 2 (t(20) =.1; P =.46) and in Experiment 4 (t(39) = .3; P =.36). The
effects in Experiments 1 and 3 cannot result from a trial order effect, as Gap and Contact trials were
intermixed. Rather, we propose that these effects reflect a tendency to look longer at Gap trials. In keeping
with the interpretation of traditional violation of expectation paradigms, longer looking times indicate
surprise. The trial number analysis thus converges with the pupillometry analysis, suggesting that infants

are surprised by Gap trials in Experiments 1 and 3, but not in Experiments 2 and 4.

Table 1 - Average number of Contact and Gap trials that infants saw, and average number of good trials (see

Analysis), included in the final analyses.

Experiment #Contact trials #good Contact trials #Gap trials #good Gap trials
Experiment 1 8.4 (2.6) 2.9 (2.1) 8.5(22.4) 3.8 (2.5)
(Direct launching)

Experiment 2 9.5(1L.3) 52 (2.8) 9.4 (L.5) 5.3(2.8)
(Control)

Experiment 3 8.5(1.9) 5.4 (2.6) 8.8 (1.8) 5.8(2.1)
(Indirect state change with Agent)

Experiment 4 7.6 (2.3) 5.0(2.3) 7.7(2.2) 5.0 (2.6)

(Indirect state change without Agent)
Standard deviations from the mean are indicated in parentheses.
Discussion
The present studies explored how infants conceive the causal power of agents, objects and tools.
Experiments 1-2 showed that 8-month-old infants spontaneously attribute to a ball the power to cause

another object’s motion through contact, respecting the laws of intuitive physics. In addition, these



experiments validated our pupillometry methods. Next, Experiments 3-4 showed that 8-month-old infants
attribute to a ball the power of causing an arbitrary (not explained by any obvious laws of physics) state
change to a cube, but only if the ball was itself launched by an intentional agent. In other words, the
inference of the final causal interaction between the ball and the cube depended on the causal launching
between the agent and the ball. This fact suggests that the two causal interactions were not represented as
two independent sequential events, but were rather integrated into one complex structure: the agent caused
the final state change with the ball. The ultimate cause of the state change is thus the agent, who transmitted
their causal power to the ball.

The distinction between inanimate objects and intentional agents is a core structure of the mind
[3,19]. Infants expect inanimate objects to be moved by causal external forces [9-10, 20], while intentional
agents exert self-propelled motion and rational actions [21] guided by internal goals [22], create order [23-
26] and are prone to social affiliation [27-31] and moral evaluation [32-34]. Our results further support an
additional fundamental conceptual distinction between intentional agents and objects: their respective
causal powers (see also [11, 17-18]). While the causal power of objects is limited to intuitive physics and
possibly to direct actions (Experiments 1 and 4), the power of intentional agents extends to arbitrary state
changes and indirect instrumental actions (Experiment 3). In addition, we show that an inanimate object
can inherit the agent’s causal power, when it acquires the role of a tool, mediating between an agent and a
final effect. This suggests that, conceptually, tools occupy a zone of contact between the core domains of
inanimate objects and that of intentional agents.

However, our results should not be interpreted as meaning that the causal power of agents and tools
is fully unconstrained. In particular, the results reported here and elsewhere [11] suggest that young infants
still expect agents to act by contact, whether directly or through a tool, and the effect to be immediate
(temporal contiguity). The primacy of contact and temporal contiguity suggests that the schematic
representation of causal interactions involving agents may be derived from those of intuitive physics,
maintaining some of their constraints, while opening up the spectrum of possible effects (not just motion).
How (and when) infants come to understand contactless tools, such as the TV remote control, is a question
for future studies. Note however, that in our experiments, contact and temporal contiguity covaried. It
remains possible that infants would accept contactless causal actions in presence of temporal contiguity,
and if a goal is clearly apparent [35]. More generally, future work is needed to describe the spectrum of
agents’ possible actions and circumscribe their causal power.

A long tradition in developmental psychology has argued that understanding instrumental actions,
including those involving a tool, develops towards the end of the first year of life and consolidates in the
second year of life, in parallel with children’s first-person motor behavior (e.g., [36-38]). Those results have

been used to support views of action understanding as relying on motor simulation [39-40]. In contrast,



converging with observations that object function supports early object individuation [41-42], our results
show that 8-month-old infants already possess the cognitive capacities to understand instrumental actions.
Far from constituting a learning problem, the opacity of the causal mechanism that relates contact with the
state change may have allowed infants to by-pass simulation mechanisms and demonstrate their early
understanding of tools. In sum, the notion of a tool appears to be a basic element of the mind, present early
in infancy, prior to children’s production of instrumental actions. Incidentally, our results further suggest
that the representation of a thematic role instrument precedes the acquisition of explicit morphosyntactic
markers of that role [43-44].

Humans are in effect the only species to have developed complex causally-opaque tools. Even so,
we cannot exclude that the capacities observed here in young infants are shared with other species,
especially non-human primates. Wild chimps, for instance, have demonstrated an understanding of cooking
devices [45], and laboratory monkeys are capable to acquire modern tools such as joysticks and
touchscreens, albeit after extended trainings periods [46]. Yet, subtle differences may exist between species
regarding their resilience to causal opacity, and their need for a detailed understanding of the causal
mechanisms involved in tool use. The phenomenon known as over-imitation — i.e., the assumption that all
elements in an observed action sequence play a causal (even if opaque) role in fulfilling the artifacts’
function — was proposed as a mechanism that allows children to learn the use of novel tools, even when
causal mechanisms are not readily apparent [47-50]. Empirical studies found that over-imitation is weaker
in non-human primates than in 3- and 5-year-old human children, suggesting reduced resilience to causal
opacity [51-52], hence possibly higher difficulty in representing arbitrary causal events. Further
comparative studies are needed to progress on these issues.

Finally, our results highlight the potential interest of the timing information provided by
pupillometry in investigating infants’ reasoning. It holds the promise to lift (in part) the ambiguity held in
the interpretation of classical looking-time measures in the violation of expectation paradigm. The name
itself of that paradigm implies that infants expect a precise event and are surprised when something else
happens; here, they would predict a contact between the ball and the cube, and be surprised when seeing a
gap between the two objects. Increased looking time would thus signal the detection of a prediction error.
Nevertheless, the same effects are also generally compatible with a posteriori evaluations of observed
events, in which infants do not predict what will happen but only detect incongruencies between events a
posteriori. In Experiment 3, the incongruency could be the observation of flickering without an apparent
cause in gap events. When pupil dilation is triggered by perceptual changes and/or the violations of well-
defined predictions, the effects are registered around 1000-1500 ms in infants [15-16,53-54]. In comparison,
the pupil responses observed here occurred late — i.e., starting more than 3000 or 4000 ms after the ball

stopped in Gap events, that is about 2000 ms later than what simple perceptual predictions would elicit.



Such late effects make it unlikely that infants reacted to the gap because they formed a detailed prediction
of a contact between the ball and the cube. A possible scenario is that the state-change in occluded events
triggered curiosity, asking “why is the cube flickering?”, and unoccluded events provided alternative
answers that infants were capable of evaluating. In this scenario, pupil dilation shows that infants considered
a contact between the ball and the cube a better explanation for the flickering than a spatiotemporal gap,
provided the ball was launched by an agent. The inference of a contact as the cause of flickering may result
from these a posteriori evaluations.

In conclusion, along cultural evolution, humans have produced tools, whose power transcends the
limits of intuitive physics, to the point of causing apparently arbitrary effects. Our results suggest that the
abilities to create and understand these tools are rooted in an early capacity to understand and represent
even arbitrary and opaque causal effects, as long as an intentional agent can be conceived as the ultimate

causc.

Material and Methods
Participants: Sample size in Experiment 1 followed a power analysis of the results of [11] (Experiment 1)
conducted on G*Power. That experiment replicated a previous study [8], with a sample size of 20 infants.
An effect size of d = 1.11 was computed from a t-value of 2.42 and degree of freedom of 19. To obtain a
similar effect a sample size of N > 11 is necessary. We thus kept the sample size of N = 20 participants for
Experiments 1 and 2.
Previous studies reported no significant effect when an inanimate object caused a state change [11].
Moreover, an instrumental action is intuitively more complex than a direct action, as it involves three
objects instead of two, and two relations instead of one. Therefore, we considered that the task in
Experiment 3 could be more difficult than in Experiment 1, possibly yielding a smaller effect. We thus
doubled the sample size to N = 40 participants for Experiments 3 and 4.
Experiment 1 - Twenty infants participated in Experiment 1 (mean age = 8 months 11 days, range: 7 months
29 days to 8 months 22 days). Four additional infants were tested but excluded from the final analysis for
not providing good data for at least one Contact movie and one Gap movie. One additional infant was
excluded because of parental interference with the procedure.
Experiment 2 - Twenty-one infants participated in Experiment 2 (mean age = 8 months 11 days, range: 8
months 1 day to 8 months 28 days). One additional infant was tested but excluded from the final analysis
for not providing good data for at least one Contact movie and one Gap movie.
Experiment 3 - Forty infants participated in Experiment 3 (mean age = 8 month 12 days, range: 8 months
0 day to 9 months 0 day). Two additional infants were tested but excluded from the final analysis for not

providing good data for at least one Contact movie and one Gap movie.



Experiment 4 - Forty infants participated in Experiment 4 (mean age = 8 months 13 days, range: 8 months
1 day to 9 months 0 day). Two additional infants were tested but excluded from the final analysis for not
providing good data for at least one Contact movie and one Gap movie.

All participants were recruited through the consultation of birth records at the local city halls. This study
was approved by the local ethics committee “Comité de Protection des Personnes Sud Est I1”. Parents gave
an informed consent before participating in the study and were informed that they could withdraw their
consent at any time without any consequence.

Stimuli: Short movies for Experiments 1-4 were created using Keynote software. Stimuli in Experiments
1-2 are adapted from [11]. Three movies were created. At the beginning of the Occluded movie, a red ball
was visible on the screen, positioned at the right end of and partly occluded by an occluder. A yellow ball,
initially placed on the left of the screen began moving at 1600 ms and went behind the occluder at 2030
ms. At 2400 ms, the red ball began moving rightward and left the screen at 3060 ms. The movie ended at
4400 ms. The Contact and Gap movies showed the same sequence of events, except that the occluder was
removed, and each movie showed a different scenario of what happened behind the occluder. In the Contact
movie, the yellow ball stopped when contacting the red ball at 2400 ms. The red ball began moving
immediately. In the Gap movie, the yellow ball stopped short of touching the red ball at 2100 ms. The red
ball began moving at 2400 ms. Contact and Gaps movies ended at 7333 ms

Four movies were created for Experiment 3. In the Introduction movie, a yellow agent taking the shape of
a sphere with two eyes and a mouth entered the screen from the left. It paused at 1700 ms, turned to face
the participant and jumped. Then it moved right ward. It repeated the same actions again at 4330 and 6930
ms. The Introduction movie lasted 11860 ms. At the beginning of the Occluded movie, a red ball was placed
at the left of an occluder, which partly occluded a blue cube on its right end. The yellow agent entered the
screen from the left. It stopped at 1760 ms, when contacting the red ball, which began moving immediately.
The red ball went behind the occluder at 1800 ms. The cube began alternating between blue and yellow at
2530 ms until 3330 ms. This color alternation was accompanied by a repeated glass sound. The Contact
and Gap movies showed the same sequence of events, except that the occluder was removed, and each
movie showed a different scenario of what happened behind the occluder. In the Contact movie, the red
ball stopped when contacting the cube at 2530 ms. The cube began changing color immediately until 3330.
In the Gap movie, the red ball stopped short of touching the cube at 2200 ms. The cube began changing
color at 2530 ms until 3330. Contact and Gap movies ended at 7383 ms.

Three movies were created for Experiment 4. They had the exact same structure as respectively the
Occluded, Contact and Gap movies of Experiment 3, except that the yellow agent was replaced by a yellow

sphere that had no face feature.
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Procedure: Presentation of the stimuli as well as data recordings were controlled by PsyScope X
(http://psy.cns.sissa.it). Each trial in the experiment consisted in the presentation of one movie. Two trials
were separated by an animation of colorful rotating arrows to attract the attention of participants toward the
center of the screen. Each trial began when participants gazed toward the center of the screen for at least
100 ms.

Experiment 1 consisted in a maximum of 52 trials. Movies were shown in a pseudo-random order, with
60% of Occluded movies, 20% of Contact movies and 20% of Gap movies. The first 5 trials always showed
Occluded movies; two Gap or two Contact movies never directly followed each other.

Experiment 2 consisted in 10 contact and 10 Gap movies showed in a pseudo-random order, avoiding more
than two repetitions of the same movie.

Experiment 3 began with the Introductory movie, followed by up to 52 trials. Movies were shown in a
pseudo-random order, with 60% of Occluded movies, 20% of Contact movies and 20% of Gap movies. The
first 5 trials always showed Occluded movies; two Gap or two Contact movies never directly followed each
other.

Experiment 4 consisted in a maximum of 52 trials. Movies were shown in a pseudo-random order, with
60% of Occluded movies, 20% of Contact movies and 20% of Gap movies. The first 5 trials always showed
Occluded movies; two Gap or two Contact movies never directly followed each other.

Analysis:

All data and codes for analyses are shared publicly at osf.io/4caht/.

The pupil diameter for both eyes was recorded for gazes on the screen. For each trial, we considered a
baseline time window lasting 500 ms and ending at the moment the Contact and Gap movies began to differ,
that is when the ball stopped in the Gap movies (2100 ms after the trial onset in Experiments 1-2; 2200 ms
after the trial onset in Experiments 3-4). The end of the baseline was then considered time O.

We excluded trials with less than 65%" of pupil diameter information over the period that begins with the
gap onset in Gap events and ends with the trial — i.e., 0-5233 ms in Experiments 1-2, 0-5183 ms in
Experiments 3-4 — and/or less than 100 ms of pupil diameter information in the baseline time window. Only
the Contact and Gap trials were analyzed. Infants with at least one included trial of each type (Contact and
Gap) were included in the final analyses. The average number of good trials per infant is reported in Table
1 for each experiment. Missing data points for good trials were linearly interpolated.

Non-parametrical cluster mass permutation tests [53,55] were implemented to probe the variation of pupil

dilation in response to Contact and Gap movies and the effect of Experimental Group (Experiment 1 vs.

# The choice of this parameter was set for the analysis of Experiment 1 and maintained for the other experiments. In
Supplementary Materials, we report a multiverse analysis, demonstrating the solidity of our results when varying this
criterion between 50% and 80%.
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Experiment 2; Experiments 3 vs. Experiment 4). To test the effect of Trial Type (Gap, Contact), we
compared the pupil dilation for Gap vs Contact trials at each timepoint with a paired-sample t-test.
Neighboring timepoints showing an effect with a t-value larger than a threshold corresponding to (p<0.05)
were clustered and tested for significance using a permutation test, with 1000 random permutations of the
trial-type labels on the original data. The significance probability of the original clusters was computed as
the number of times the shuffled data produced clusters with higher summed t values than the real data. To
test the interaction of Experimental Group (Experiment 1 vs. Experiment 2; Experiment 3 vs. Experiment
4) and Trial Type (Gap vs. Contact), we computed the time-course of the difference of pupil dilation
between Gap and Contact trials for each infant. We then compared these values at each timepoint using 2-
sample t-tests. Neighboring timepoints showing an effect with a t-value larger than a threshold
corresponding to (p<0.05) were clustered and tested for significance using a permutation test, with 1000
random permutations of the Experimental Group labels on the original data. The significance probability
of the original clusters was computed as the number of times the shuffled data produced clusters with higher
summed t values than the real data. The time window where effects were observed in Experiments 1 and 2
served to highlight a window of interest to constrain the analyses in Experiments 3 and 4.

All t-tests reported in the paper are one-tail, as we had strong predictions for each of the tests that we ran.
We predicted that Gap trials should elicit larger pupil dilation than Contact trials in Experiments 1 and 3;
we predicted larger differences between Gap and Contact trials in Experiment 1 than in Experiment 2,
because we hypothesized that the effect observed in Experiment 1 is due to the interpretation of occluded
events that are absent in Experiment 2; we predicted larger differences between Gap and Contact trials in
Experiment 3 than in Experiment 4, because we hypothesized that infants consider that the ultimate cause
of the state change in Experiment 3 is the Agent, which is absent in Experiment 4.

We also compared the number of Gap vs Contact trials included in each Experiment. This analysis is

detailed in Trial Number analysis in the result section.
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Supplementary materials
Multiverse Analysis

In order to assess the robustness of our results, we conducted a multiverse analysis, varying the arbitrary
criterion for selecting good trials between 50% and 80%. While 50% is probably too lenient, including trials
for which infants are not much attentive, 80% resulted in too high an attrition rate in Experiment 1 (about
50%). The chosen value of 65%, as reported in the main text, constitutes a trade-off between these two
values for Experiment 1 (a conceptual replication of several looking-time studies [1-4]). It was set for the
analysis Experiment 1 and maintained for the other experiments.

For each value of the exclusion criterion, for Experiments 1-4, Table S1 reports the results of a cluster mass
permutation test assessing larger pupil dilation for Gap vs. Contact events, and Table S2 reports the results
of the analysis of the number of contributed Gap and Contact trials. These analyses show that the results —
especially those of Experiments 3-4 — are largely independent from the choice for the value of the exclusion
criterion. This multiverse analysis thus supports the main conclusions presented in the main text.

Table S1 — Summary results of a multiverse analysis of the pupil dilation. The criterion for trial exclusion is a
minimal percentage of pupil data required to include a trial in the final analysis. For each experiment and each
value of the criterion for trial exclusion, we report the result of a cluster mass permutation test assessing larger
pupil dilation in Gap vs. Contact events. The time window where the effect is observed is indicated when the P-
value is significant (P <.05) or when it shows a trend (P <.10). n.s.: not significant; i.e., P >.10. *P <.05

Criterion for trial exclusion

50% 55% 60% 65% 70% 5%  80%
Experiment 1 N=23 N=21 N=21 N=20 N=17 N=13 N=12
P=ns. P=.07 P=.07 P=.01* P=.08 P=.06 P=n.s.
4333-5000 ms  4333-5000 ms  3050-5233 3600-4233 ms  3566-4300 ms
Experiment 2 N=22 N=22 N=21 N=21 N=20 N=18 N=16
P=ns. P=ns. P=ns. P=ns. P=ns. P=ns. P=n.s.
Experiment3 N=40 N=40 N=40 N=40 N=40 N=38 N=36
P=.01%* P=.005* P=.01% P=.01* P=.008* P =.004* P=.003*

3700-4916 ms  3700-4950 ms  3700-4700 ms  3766-4766 ms  3700-4966 ms  3766-5150 ms  3866-5150 ms

Experiment4 N=41 N=40 N=40 N=40 N=39 N=38 N=36
P=ns. P=ns. P=ns. P=ns. P=ns. P=ns. P=ns.

Table S2 — Summary results of a multiverse analysis of the number of trial for each Trial Type. The criterion
for trial exclusion is a minimal percentage of pupil data required to include a trial in the final analysis. For
each experiment and each value of the criterion for trial exclusion, we report the result of an one-sample t-test
assessing whether infants contributed more trials in the Gap condition than in the Contact condition. *P < .05

Criterion for trial exclusion

50% 55% 60% 65% 70% 75% 80%
Experiment 1 N=23 N=21 N=21 N=20 N=17 N=13 N=12
P=24 P =16 P=.12 P =.009* P =.042* P=.22 P=.19
Experiment 2 N=22 N=22 N=21 N=21 N=20 N=18 N=16
P=.63 P=.78 P=.71 P=.46 P=.40 P=.52 P=.82
Experiment3 N=40 N=40 N=40 N=40 N=40 N=38 N=36
P=27 P=.19 P=.017* P =.006* P =.042* P=.036* P=.08
Experiment4 N=41 N=40 N=40 N=40 N=39 N=38 N=36
P=.12 P=24. P=232 P=236 P=231 P=15 P=231
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