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This paper argues that human infants address the challenges of optimizing, recognizing, and interpreting collaborative behaviors by assessing their collective efficiency. This hypothesis was tested by using a looking-time study. Fourteen-month-olds (N = 32) were familiarized with agents performing a collaborative action in computer animations. During the test phase, the looking times were measured while the agents acted with various efficiency parameters. In the critical condition, the agents' actions were individually efficient, but their combination was either collectively efficient or inefficient. Infants looked longer at test events that violated expectations of collective efficiency (p = .006, d = 0.79). Thus, preverbal infants apply expectations of collective efficiency to actions involving multiple agents.

Infants Expect Agents to Minimize the Collective Costs of Collaborative Actions

Humans are unique in the extent to which they willfully collaborate, i.e., act together to achieve shared goals. Essentially, if humans were unable to act collectively efficiently, collaboration would be of little benefit 1 . Moreover, since collaboration is so central to human life, being able to predict and interpret the unfolding of others' collaborative behavior is crucial. In this paper, we describe one cognitive mechanism that allows humans to plan, predict, and interpret collaborative actions: the capacity to compute collective efficiency. Previous studies have shown that from infancy onwards, humans expect agents to be efficient, i.e., to minimize the costs of their individual actions [2][3][4][5][6][7][8] . Here we report a study that investigated whether infants' expectation of efficiency generalizes to collective actions. Throughout this paper, we assume that a collaborative action is collectively efficient if it achieves its intended effect while minimizing the aggregate costs to each of the individual collaborators.

Computations of collective efficiency are likely to play a central role in the interpretation of collaboration. One can infer that two people are collaborating not only when they have committed, verbally, or non-verbally, to achieve a goal together [START_REF] Butterfill | Joint action and development[END_REF][START_REF] Fawcett | Infants use social context to bind actions into a collaborative sequence[END_REF] , but also from attending to their actions. For instance, when watching firefighters forming a human chain, whereby individuals would pass buckets to each other to extinguish a fire, the relations between their actions reveal that they are aiming at achieving a shared goal together [START_REF] Butterfill | Joint action and development[END_REF][START_REF] Bratman | Shared cooperative activity[END_REF][START_REF] Gilbert | Joint commitment: How we make the social world[END_REF][START_REF] Pacherie | Intentional joint agency: shared intention lite[END_REF] .

Conventional wisdom holds that collaborative behaviors can be identified by recognizing fixed spatio-temporal relations between individual actions, such as synchronicity, contingent reactivity, or similarity. However, these cues are not always present, nor they are sufficient for the interpretation of collaborative actions. For example, similarity between two individuals' behaviors is rarely an appropriate cue for identifying instances of collaboration, and in many cases, collaborative actions require that partners act in markedly different ways [START_REF] Sebanz | Joint action: bodies and minds moving together[END_REF][START_REF] Pacherie | From mirror neurons to joint actions[END_REF] . Furthermore, two competing (e.g., fighting) individuals may act in synchrony and react to each other, even though they are certainly not collaborating [START_REF] Bratman | Shared cooperative activity[END_REF] . And, perhaps most importantly, using fixed spatial-temporal cues to detect instances of collaboration does not allow one to identify shared goals. Even if an observer detects, using simple spatio-temporal cues, that two people are collaborating, she would still not know what shared goal the individuals are trying to achieve, or how they might attempt to achieve it.

We propose that the recognition and interpretation of collaborative actions can be achieved by assessing collective efficiency. According to this view, the representation of collaborative actions builds on mechanisms that are recruited to interpret individual actions. The prediction and interpretation of individual actions can be achieved by assuming that agents are rationali.e., they aim to maximize the benefits while minimizing the costs of their actions [2][3][4][6][7][8] . These expectations of rationality guide humans' representation of individual actions and goals from infancy onwards 2,4,5,8,[START_REF] Liu | Origins of the concepts cause, cost, and goal in prereaching infants[END_REF][START_REF] Liu | Ten-month-old infants infer the value of goals from the costs of actions[END_REF] .

Rationality expectations can also be used to assess collaborative actions. The recognition and interpretation of collaborative behaviors can be achieved by assuming that collaborators tend to be collectively efficient, i.e., to minimize collective costs invested to achieve a certain goal. Collective costs can be computed by aggregating the costs to each of the individual collaborators. This notion of collective efficiency applies to all kinds of collaborations, including sequential ones, where the collaborators do not act simultaneously (for instance, when A and B collaborate to displace objects, such that A first passes objects to B, before B places the objects in their final location). Indeed, collaborative actions are often collectively efficient, such that each individual action reduces the collective costs of collaboration [START_REF] Cohen | Where grasps are made reveals how grasps are planned: generation and recall of motor plans[END_REF][START_REF] Rosenbaum | Cognition, action, and object manipulation[END_REF] . For example, adults seem to take into account the costs of their partners' actions when holding the door for someone [START_REF] Santamaria | Etiquette and effort: holding doors for others[END_REF] , or when passing an object for someone to place it in a specific location [START_REF] Gonzalez | Extending end-state comfort effect: Do we consider the beginning state comfort of another?[END_REF][START_REF] Meyer | Higher-order action planning for individual and joint object manipulations[END_REF][START_REF] Scharoun | How working with a helpful versus less helpful confederate influences joint-action in a pegboard task[END_REF][START_REF] Ray | Response selection during a joint action task[END_REF] . People also transfer objects in a collectively efficient manner by selecting paths that minimize the aggregate costs of movement for the dyad [START_REF] Strachan | Efficiency is prioritised over fairness when distributing joint actions[END_REF][START_REF] Török | Rationality in joint action: maximizing coefficiency in coordination[END_REF] .

Unlike relying on spatio-temporal cues, the assumption of collective efficiency of collaborative actions can be used to evaluate hypotheses about shared goals by inverting computations that plan collectively efficient actions [START_REF] Baker | Action understanding as inverse planning[END_REF] . The expectation of collective efficiency can also support action predictions (by assuming that given a set of constraints, agents aim to achieve their shared goal in a collectively efficient manner). In short, we propose that by applying the expectation of efficiency at the collective level, it is possible to recognize, predict, and interpret collaborative actions.

In this study, we tested whether infants expect agents to minimize the collective costs of collaborations. This project builds on infants' capacity to identify the goals of individual actions 6,[START_REF] Hernik | Nine-months-old infants do not need to know what the agent prefers in order to reason about its goals: On the role of preference and persistence in infants' goal-attribution[END_REF][START_REF] Luo | Three-month-old infants attribute goals to a non-human agent[END_REF][START_REF] Luo | Can a self-propelled box have a goal? Psychological reasoning in 5-month-old infants[END_REF][START_REF] Southgate | Infants attribute goals even to biomechanically impossible actions[END_REF][START_REF] Wagner | 12-month-old infants represent probable endings of motion events[END_REF][START_REF] Woodward | Infants selectively encode the goal object of an actor's reach[END_REF] and collaborations [START_REF] Fawcett | Infants use social context to bind actions into a collaborative sequence[END_REF][START_REF] Begus | Infants understand collaboration: Neural evidence for 9month-olds' attribution of shared goals to coordinated joint actions[END_REF][START_REF] Fawcett | Observation and initiation of joint action in infants[END_REF][START_REF] Henderson | Let's work together": What do infants understand about collaborative goals?[END_REF][START_REF] Henderson | Active experience shapes 10-month-old infants' understanding of collaborative goals[END_REF][START_REF] Krogh-Jespersen | Let's get it together: Infants generate visual predictions based on collaborative goals[END_REF] . To clarify: our aim was not to assess whether infants can encode shared goalsthis question has already been addressed successfully by multiple studies [START_REF] Fawcett | Infants use social context to bind actions into a collaborative sequence[END_REF][START_REF] Begus | Infants understand collaboration: Neural evidence for 9month-olds' attribution of shared goals to coordinated joint actions[END_REF][START_REF] Fawcett | Observation and initiation of joint action in infants[END_REF][START_REF] Henderson | Let's work together": What do infants understand about collaborative goals?[END_REF][START_REF] Henderson | Active experience shapes 10-month-old infants' understanding of collaborative goals[END_REF][START_REF] Krogh-Jespersen | Let's get it together: Infants generate visual predictions based on collaborative goals[END_REF] . Rather, we assessed whether infants apply expectations of efficiency to collaborative interactions between multiple agents.

We used a violation-of-expectation paradigm, a method capitalizing on infants 'tendency to look longer at events that they find unexpected or hard to process [START_REF] Baillargeon | Where's the rabbit? 5.5-month-old infants' representation of the height of a hidden object[END_REF][START_REF] Baillargeon | Object permanence in five-month-old infants[END_REF] . Our study used self-propelled geometrical shapes to represent agents -just like in 2,[START_REF] Hernik | Nine-months-old infants do not need to know what the agent prefers in order to reason about its goals: On the role of preference and persistence in infants' goal-attribution[END_REF][START_REF] Luo | Three-month-old infants attribute goals to a non-human agent[END_REF][START_REF] Luo | Can a self-propelled box have a goal? Psychological reasoning in 5-month-old infants[END_REF][START_REF] Wagner | 12-month-old infants represent probable endings of motion events[END_REF] . Simplified stimuli depart from infants 'daily experiences, yet, they have key benefits. Naturalistic stimuli contain extraneous information that may divert infants 'attention or generate experimental confounds. By contrast, if properly built, simplified stimuli can tap precisely into the specific cognitive mechanisms that they are designed to test [START_REF] Kominsky | Simplicity and validity in infant research[END_REF] . Whether the fruitful exploitation of simplified stimuli in infant research is due to the fact that they generate illusions in infants (i.e., infants think that they watch real agents acting in front of them) or to the fact that they are interpreted as representations of fictional events on a screen 42 is a further concern, which, however, is orthogonal to the question addressed by this study.

During familiarization, the participants observed two agents performing a sequential collective action. The agents transferred a ball from one location to another (videos S1, S2).

This collaboration was composed of two individual actions. First, an agent collected a ball and pushed it through a gap in a wall. Next, a second agent picked up the ball and pushed it towards its final location (Figure 1A). Thus, our stimuli depicted actions that have analogs outside the lab. Many instances of collaboration encountered in daily life involve two agents displacing objects from one location to anothersuch as, for instance, people forming a human chain, or passing objects to each other. To perform their actions, the agents in our stimuli had to bypass one of four barriers whose length varied across familiarization movies (from 1 to 3 identical blocks). Each of the two agents bypassed the barrier in half of the familiarization movies (Figure 1, A.1-2). During the test, infants saw the agents achieve the same goal while acting in an efficient manner (coherent test event), or in an inefficient manner (incoherent test events). We manipulated across conditions whether expectations of efficiency were violated at the indi-vidual or collective level. To manipulate the relative efficiency of actions, we operationalized individual costs as the path length travelled by each individual agent 2,4 . Accordingly, we operationalized collective costs as the sum of the path length travelled by all individuals participating in a collaborative action.

In the incoherent test of the individual efficiency condition, one of the agents made an unnecessary detour to reach the gap through which the ball was transferred (Figure 1B, first row, second column, video S3). In the coherent test of the individual efficiency condition, the agent's detour was necessary to bypass a barrier and reach the gap through which the ball was transferred (Figure 1B, first row, first column, video S4). In the incoherent test of the collective efficiency condition, the agents' individual actions were efficient with respect to their own subgoals, when the two agents' actions were considered separately (Figure 1B, second row, second column, video S5). One of the agents made a detour that was necessary to bypass a barrier and reach the gap through which the ball was transferred. The other agent used the shortest available route to transfer the ball. However, the combination of these individually efficient actions was suboptimal with respect to the overarching goal because there was an alternative route available with a shorter total path length. In the coherent test of the collective efficiency condition, there was no available alternative that would make the total path length of the agents shorter (Figure 1B, second row, first column, video S6). At the end of each test movie, the image froze from the moment the agents had completed their actions. We measured the looking time from this time point until the infant looked away for 2 s or more, or after 30 s had elapsed, at which point the test trial ended.

The individual efficiency condition served to validate our stimuli and data analysis procedure. Previous studies have shown that infants look longer when their expectations of individual efficiency are violated, for instance when agents take an unnecessarily long path rather than the shortest available route to achieve their goal [2][3][4]4,5,7 . Thus, we hypothesized that in the individual efficiency condition, infants would look longer at the incoherent than at the coherent test. Similarly, for the collective efficiency condition, we assumed that if infants detect violations of collective efficiency, they would look longer at the incoherent test than at the coherent test.

We tested 14-month-olds because, by this age, infants' capacity to identify joint goals and complex individual actions composed of several steps is well-established [START_REF] Henderson | Let's work together": What do infants understand about collaborative goals?[END_REF][START_REF] Biro | Evidence for a unitary goal concept in 12-month-old infants[END_REF][START_REF] Sommerville | Pulling out the intentional structure of action: the relation between action processing and action production in infancy[END_REF][START_REF] Woodward | Twelve-month-old infants interpret action in context[END_REF] . In a complementary study, we also tested younger infants' capacity to assess the collective efficiency of collaborative actions, but the results were inconclusive (see the Supplementary Materials). A first analysis confirmed that condition (individual vs. collective efficiency) had no effect on looking times at familiarization videos (M = 61.31; SD = 4.15 vs. M = 60.09; SD = 5.82, t(30)= .74, p = .465; independent sample t-test). This first analysis was performed at the request of an anonymous reviewer. The further analyses reported below focused on looking at test events, and they were all planned.

Results

We ran a mixed-model ANOVA on looking times at test events with Test coherence (coherent vs. incoherent test) as a within-subject factor, and with Order of test trials (coherent vs. incoherent test first) and Condition (individual efficiency vs. collective efficiency) as between-subject factors. This ANOVA revealed a main effect of Condition (F(1, 24.13) = 4.78, p = .039), indicating that the looking times at test events were longer in the individual efficiency condition than in the collective efficiency condition. The ANOVA also revealed a main effect of Test coherence (F(1, 23.68) = 18.11, p < .001), indicating that 14-month-olds looked longer at incoherent test events than at coherent test events. Moreover, we found a two-way interaction between Order of test trial and Test coherence (F(1, 23.68) = 8.49, p = .008), showing that 14-month-olds' tendency to look longer at incoherent test trials was stronger when incoherent test trials were presented first. This interaction was due to the fact that looking times tended to be longer in the first than in the second test trialan effect not unprecedented in infancy research 2 .

Planned comparisons confirmed that infants' looking times were longer for incoherent test events than for coherent test events both in the individual and collective efficiency conditions (see Figure 2 and Table 1).

Table 1

Means and standard deviations of looking times to test events and their statistical comparisons across conditions

Discussion

We have found that infants assess the collective efficiency of collaborations and use this competence to form expectations about the way agents perform collaborative actions. In our study, infants discriminated between coherent and incoherent test events in the collective efficiency condition. They did so not by expecting one of the individual agents to minimize its own individual efforts or the efforts of the other agent. Rather, to succeed in the task, infants needed to perform computations that took into account the path lengths of both agents. Had infants considered the agents' actions separately, they would not have produced the looking patterns we obtained because the two agents performed identical, and individually efficient, actions in the coherent and incoherent tests of the collective efficiency condition (see Figure 1, Panel B). Only if they considered the first agent's action in relation to the action that the second agent was forced to perform as its consequence could infants realize that this sequence of actions was suboptimal in the given situation.

Several explanations may account for the 14-month-olds' expectations of collective efficiency. In our view, the most plausible explanation is that infants assess the efficiency of a collective action by processing it as a complex action composed of sub-parts that are achieved by physically distinct effectors (Note, though, that adults' collaborative actions tend to be also collectively efficient when they cannot be divided into components this way [START_REF] Török | Computing joint action costs: co-actors minimize the aggregate individual costs in an action sequence[END_REF] ). This view is consistent with theories of team reasoning [START_REF] Bacharach | Beyond individual choice: teams and frames in game theory[END_REF][START_REF] Colman | Team reasoning and collective rationality: Piercing the veil of obviousness[END_REF][START_REF] Gold | Collective intentions and team agency[END_REF][START_REF] Smerilli | We-thinking and vacillation between frames: filling a gap in acharach's theory[END_REF] , and shared-effort models [START_REF] Santamaria | Etiquette and effort: holding doors for others[END_REF] , and postulates that infants perform efficiency computation on the aggregate of the costs of the two agents' actions. Our data do not tell whether infants' sensitivity to the collective efficiency of collaborations result from more complex forms of recursive reasoning involving representations of each agent's inferences about their partners' strategies, costs, and benefits [START_REF] Acevedo | Evidential reasoning in the prisoner's dilemma[END_REF][START_REF] Camerer | A cognitive hierarchy model of games[END_REF][START_REF] Colman | Payoff dominance and the Stackelberg heuristic[END_REF][START_REF] Fehr | Why social preferences matter-the impact of non-selfish motives on competition, cooperation and incentives[END_REF][START_REF] Misyak | Virtual bargaining: a theory of social decision-making[END_REF] . Thus, the level of strategic reasoning that infants would attribute to agents engaging in collaborative actions, and whether infants assume that agents consider the efforts of their partners at all await future research. Similarly, our data do not clarify whether infants would expect agents to act in a collectively efficient manner even in the absence of previous evidence for collaboration, or whether they would cease to show this expectation when the two agents appear to be competing instead of collaborating. Thus, future research could investigate the factors that trigger or limit infants' expectations of collective efficiency.

Nevertheless, our data suggest that 14-month-old infants apply expectations of efficiency over actions involving several distinct agents, thereby showing that assumptions of collective efficiency develop early. We suspect that infants use overlappingif not identical mechanisms to assess the efficiency of collaborations involving several distinct agents and to assess the efficiency of complex individual actions composed of subparts. In other words, our results suggest that humans can process collaborative behaviors by extending their capacity to reason about the efficiency of individual actions to sets of agents.

It should be noted that in our framework, expectations of rationality are used to assess goal hypotheses, not to generate them. Thus, our data do not say much about how infants form the hypothesis that agents might collaborate to achieve a shared goal. However, our data suggest that once infants generate a hypothesis about agents collaborating to achieve a specific shared goal, they can use collective efficiency computations to form expectations about agents' actions. By comparing these expectations to the agents' actual behaviors, infants can confirm or deny the hypothesis that agents are collaborating to achieve the hypothesized shared goal.

It has been argued that infants could infer affiliation relationships by assessing whether agents incorporate a social partner's utility into their own utility function [START_REF] Powell | Adopted utility calculus: Origins of a concept of social affiliation[END_REF] . Our results provide indirect support for this hypothesis by showing that, by their second year of life, infants can determine whether collaborating agents take into account their partners' costs. Whether, in addition to this, infants expect agents who minimize the collective costs of their collective actions to be affiliated with each other is an important question for future research.

Our movies in the collective efficiency condition presented actions that were always efficient individually while their combination was optimal or sub-optimal at the collective level. Thus, our results highlight that assessments of efficiency are always relative to a specific frame of reference within which rationality is expected to apply [START_REF] Bacharach | Beyond individual choice: teams and frames in game theory[END_REF] . By showing that human infants can evaluate the efficiency of collaborative actions, our results open many novel questions about how humans combine the costs and benefits of multiple agents, how infants (and adults) determine the frame of reference within which rationality is expected to apply, and how they compute the respective contributions of agents engaging in collaborative actions. 

Method

Setup

Infants were tested in a dimly lit soundproof room. They were seated on their caregiv-er's lap 100 cm from a 40-inch LCD monitor on which the stimuli were presented. A hidden camera (temporal resolution: 25 frames/s) recorded the infants' looking behavior. The caregivers were instructed to close their eyes during the entire procedure.

Procedure

Infants were presented with movies generated by stop-motion animations showing agents represented by self-propelled geometrical figures. The agents engaged in a collaborative action (transferring small balls from one location to another). First, infants were presented with six familiarization trials to familiarize them with the agents' collaboration. We used a fixed number of familiarization trials, drawing on past studies of infants' processing of goaldirected actions [START_REF] Liu | Ten-month-old infants infer the value of goals from the costs of actions[END_REF][START_REF] Hernik | Nine-months-old infants do not need to know what the agent prefers in order to reason about its goals: On the role of preference and persistence in infants' goal-attribution[END_REF][START_REF] Luo | Can a self-propelled box have a goal? Psychological reasoning in 5-month-old infants[END_REF][START_REF] Biro | Infants' perception of goal-directed actions: development through cue-based bootstrapping[END_REF] . The familiarization phase was followed by two test trials. During each familiarization and test trial, the participants were shown a single movie while a soft tune was played in the background. The trials were interspersed with a looming stimulus on a black background to attract attention to the screen.

Familiarization Trials

Familiarization movies were the same under all conditions. In each of them, two selfpropelled agents (3D geometrical shapes) collaborated to transfer a small ball from one location to another. First, an agent (a yellow cone) collected the small ball, transported it to a gap between wooden blocks, and pushed it through the gap. On the other side of the gap, another agent (a red cylinder attached to a cubic base) took the ball and placed it on a stack of balls.

To perform their actions, the agents had to bypass one of four barriers whose length varied across familiarization movies (Figure 1, A.1,2). These barriers could measure one, two, or three identical wooden blocks, and the duration of the familiarization movies varied accordingly (one block: 9 s, two blocks: 11 s, three blocks: 13 s). For each barrier length, the agent by-passing the barrier was the yellow agent once (Figure 1,A 

Test Trials

After the familiarization phase, infants were presented consecutively with a coherent and an incoherent test movie (order of presentation counterbalanced across participants). The test movies were identical to the familiarization movies in which all barriers had a length of three blocks, but we changed the constraints on the agents' actions by editing out one of the four barriers from the scene (see Figure 1B). In all conditions, for each participant, the agents followed the same path in the two test movies; thus, coherent and incoherent test trials differed not in the action they depicted but in the environments in which those actions were performed. We counterbalanced across participants whether, during the test, agents transferred the ball using the gap that was closest to the yellow agent's initial position, or the gap that was closest to the red agent's initial position.

Coding and Data Analysis

We coded the video recordings frame-by-frame to determine whether infants looked at the screen or looked away. Details about our coding procedure and inter-rater agreement are reported in the Supplementary Materials. Prior to analysis, the looking-time data were logtransformed [START_REF] Csibra | Statistical treatment of looking-time data[END_REF] . We performed parametric analyses on transformed data, and, when appropriate, equivalent non-parametric analyses were performed on untransformed data. For ease of reading, we report only the means and standard deviations of the untransformed data along with these analyses. Transformed and untransformed data are available in the Supplementary Materials. Due to violations of assumptions of homoscedasticity, we used the Welch-James approximate degrees of freedom (ADF) to evaluate the significance of F values when running ANOVAs [START_REF] Keselman | A generally robust approach to hypothesis testing in independent and correlated groups designs[END_REF][START_REF] Welch | On the comparison of several mean values: an alternative approach[END_REF] . These analyses were conducted in R using the package 'welchADF' [START_REF] Villacorta | The welchADF Package for Robust Hypothesis Testing in Unbalanced Multivariate Mixed Models with Heteroscedastic and Non-normal Data[END_REF] . All statistics reported in this paper are two-tailed. 

Tables Table 1

Means and standard deviations of looking times to test events and their statistical comparisons across conditions

Procedure: Counterbalanced Factors

Familiarization trials were presented in one of two orders counterbalanced across participants: 1Y-3R-2R-2Y-1R-3Y or 1R-3Y-2Y-2R-1Y-3R, where numbers stand for the length of the barrier (1, 2 or 3 blocks), Y stands for transferring the ball through the gap closest to the yellow agent's initial position, and R stands for transferring the ball through the gap closest to the red agent's initial position. We also counterbalanced across participants whether the initial position of the balls and of the agents was on top or at the bottom of the screen, or on the right or left side of the vertical wall. The movements of the agents varied accordingly.

Coding procedure

We coded frame-by-frame from the video recordings whether infants looked at the screen or looked away. Blinks were considered as looks away if they lasted for more than 0.2 s. Infants looking for less than 75% of the duration of familiarization movies or not looking at all at the outcome of the event in either test trial were considered inattentive and were excluded from analysis.

The data were coded by the first author, and 50% of the data was also randomly selected and recoded by a second coder unaware of the hypothesis of the study. The correlations between the coders' measures of looking times were high for each combination of condition (individual vs. joint) and test coherence (coherent vs. incoherent) (average r = .99, range = .96-1.00). When the difference between the values from the first and the second coder exceeded 20% of the first coder's value, the discrepancy was resolved by discussion.

Supplementary Study

Background

In a complementary study, we also tested 9-month-old infants' capacity to assess the collective efficiency of collaborative actions. We wanted to determine whether below a cer-tain age, children might track the efficiency of individual actions, without assessing yet the collective efficiency of collaborative actions. Nine-month-olds appeared to be an appropriate age group to test this possibility. When they observe agents acting, 10-month-olds appear to have difficulties processing novel actions composed of several stepsunless they receive additional information by performing the action themselves, or by observing the overarching goal of the action being achieved directly [4][5][6] ; see 7 for a counterexample. These data make it plausible that 9-month-olds might react to violations of individual efficiency, but not necessarily to violations of collective efficiency, which require them to fuse two sequential actions as means towards a single outcome.

Method

Participants

Two groups of 16 9-month-old infants participated (individual efficiency condition: M age = 268 days, range = 250-292 days; individual efficiency condition: M age = 270 days, range = 258-288 days). The recruitment procedure was the same as for the study reported in the main text. Twenty-one additional infants participated but were excluded from analyses because of inattentiveness, i.e., looking for less than 75% of the duration of familiarization movies or not looking at the outcome of the agents 'actions during the test (11), crying or unwillingness to complete the experiment (4), parental interference (1), technical failure (2), and experimental error (3). time at familiarization movies, with Age (9-vs. 14-month-old) and Condition (individual vs. collective efficiency) as between-subject factors, This analysis revealed no significant effect, in particular no effect of Age (9-vs. 14-month-old) on infants' looking times at familiarization videos (F(1, 60) = .87, p = .354), and no interaction between Age and Condition (F(1, 60) = .42, p = .521). The analyses reported below focused on looking at test events, and they were all planned.

The ANOVA ran on the 9-month-olds' data revealed a main effect of Test coherence (F(1, 25.92) = 5.48, p = .027), indicating that the average looking times at test events were longer for coherent than for incoherent test events. The ANOVA also revealed a two-way interaction between Condition and Test coherence (F(1, 25.92) = 5.09, p = .033), suggesting that 9-month-olds' tendency to look longer at coherent test trials was stronger in the individual efficiency condition. Moreover, we found a two-way interaction between Order of test trial and Test coherence (F(1, 25.92) = 15.58, p < .001) and a three-way interaction between Order of test trial, Test coherence, and Condition (F(1, 25.92) = 18.77, p < .001). We have no definitive account for these interactions with Order of test trial. Importantly, they bear no consequences for the interpretation of our results.

Planned comparisons revealed that in the individual efficiency condition 9-montholds' average looking times were significantly larger for coherent test events (10.94 s, SD = 6.72 s) than for incoherent test events (5.77 s, SD = 5.06 s; see Figure S1, andTable 1). In contrast, in the collective efficiency condition, there was no significant effect of Test coherence on looking times (see Table S1).

Table S1

Means and standard deviations of looking times to test events and statistical comparisons across conditions for the Supplementary Study
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 1 Figure 1. Schematic illustration of familiarization (A) and test (B) movies. The grey solid arrows represent the path taken by agents in the videos. The numbers (in black) indicate the order of actions. The dotted line arrows represent available alternative shorter paths that were not taken by the agents. The arrows are used for illustrative purposes onlythey did not appear in the movies shown to the participants.

Figure 2 .

 2 Figure 2. Boxplot of untransformed looking times to test events as a function of Condition and Test coherence (Coherent vs. Incoherent). Dots represent individual data points; grey lines connect repeated measures from individuals. * p < .05 by Wilcoxon signed-rank test.

Participants

  Data collection took place between May and December 2013. Two groups of 16 14month-old infants participated (individual efficiency condition: M age = 441 days, range = 426-455 days; collective efficiency condition: M age = 443 days, range = 431-450 days). Details about our recruitment procedure, the way we set sample sizes, and exclusion criteria are reported in the supplementary materials.

  .1), and the red agent once (Figure 1, A.2). In each familiarization movie, the agents transferred only one ball. At the end of each familiarization movie, the agents froze for a fixed duration of 3 s. The factors that were counterbalanced during the familiarization trials are reported in the Supplementary Materials.
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Supplementary Materials Supplementary Methods For the Main Study

Participants

Participants were recruited by sending letters to a randomly selected sample of children born in the Budapest area. Our sample sizes (n = 16 per condition) were set after comparable looking time studies testing 14-month-old infants' understanding of collaborative actions, which reported positive results with an effect size equal to 0.76 1 . Assuming comparable effect sizes in our studies, a sample size of 16 was sufficient to reach a power equal to .81 for evaluating the effect of Condition on looking times by two-tailed paired t-tests with α = .05 (analysis performed with G*Power (v.3.1)) 2 .

In addition to the 32 fourteen-month-old participants retained in the analysis, thirteen additional infants participated but were excluded from analyses because of inattentiveness, i.e., looking for less than 75% of the duration of familiarization movies or not looking at the outcome of the agents 'actions during the test (5), crying or unwillingness to complete the experiment (5), parental interference (2), and impossibility to code the participants' gaze behaviors (1).

Apparatus, Procedure, Coding and Data Analysis

The apparatus, procedure, coding and data analysis pipeline were identical to those used in the Study reported in the main text. joint) had no effect on nine-month-old infants' looking times at familiarization videos (M = 61.61; SD = 3.92 vs. M = 61.86; SD = 4.54, p = .91; two-sample t-test). In a second analysis requested by an anonymous reviewer, we also compared looking at familiarization across age groups -pooling data from joint and individual conditions. We ran an ANOVA on looking

Results

Discussion

In our Supplementary Study, 9-month-olds reacted to violations of individual efficiency only, but not to violations of collective efficiency. This result dovetails with studies showing that, before 10 months of age, infants often find it hard to infer the overarching goal of novel actions composed of several steps [4][5][6] . Importantly, the effect of coherence on 9-montholds' looking time in the individual efficiency condition was due to longer looking at coherent than at incoherent test movies (i.e., the opposite of what we anticipated). In light of infants' well-established tendency to look longer at events in which agents act inefficiently rather than efficiently 8 , this is a surprising finding. We do not have a definitive explanation for this reverse effect, which calls for caution when interpreting the results of our Supplementary Study.