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For adults, successful joint actions with others are part of their everyday life. Their performance during joint temporal coordination can thereby be as accurate as during individual action performance. The ability to interact successfully, however, is not present from birth on. To date, it is unclear how young children develop joint action capabilities and in which way this development relates to the emergence of intrapersonal coordination. The aim of the current study was thus to investigate how young children coordinate and time their actions when acting alone or together with a joint action partner and how this develops during early childhood. Elements of joint temporal coordination and the ability to distinguish between joint and parallel actions were found previously in young children around the age of 2½- to 3-years. Therefore, we expected a strong improvement in children’s temporal coordination in joint action performance within this age range. For individual coordination our assumption was to find only marginal changes because development of intrapersonal coordination is observed already in younger children. By means of a computer game, playable alone as well as jointly, we tested 2½- and 3-year-old children’s temporal coordination performance with respect to variability and error. As expected, behavioural results indicate a clear improvement of temporal coordination in joint action for 3-year-olds compared to 2½-year-old children whereas their individual performance did not differ. In contrast to the younger age group, the joint performance of 3-year-olds approximated their performance level during individual actions. These findings suggest that joint coordination abilities emerge later in development than temporal coordination in individual actions. We can further conclude that joint coordination abilities for the given task approached the level of intrapersonal coordination abilities around the age of 3 years.
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Introduction
Acting jointly with fellow human beings is part of an adult’s everyday life. Moving a table together, cooking a meal with friends, making music with others or jointly paddling a canoe only give a few examples of the ubiquitous role joint actions play in our lives. In a seemingly easy manner we coordinate our own actions with those of our joint action partner. Taking into account the other’s actions can facilitate this coordination such that the joint action performance reaches the same level as performance in individual actions (Knoblich & Jordan, 2003). The ability to effectively coordinate one’s own actions with those of others, however, is not present from birth on. Joint action behaviour emerges during the course of early childhood (cf Warneken, Chen & Tomasello, 2006). Though already 18-month-olds can coordinate their own feet (Clark, Whitall & Phillips, 1988) and hands to carry out rather complicated actions (see Getchell, 2006 for an overview), it is only by the age of 2 years or older that young children are observed to engage in joint cooperation and rhythmic coordination with others (Kirschner & Tomasello, 2008; Warneken et al., 2006). Before the age of 2 years, children rarely show indications of acting jointly (Brownell & Carriger, 1990), but tend to engage in parallel actions or parallel play instead of joint actions (Gräfenhain, Behne, Carpenter & Tomasello, in press; Smith, 1978). Yet, how young children develop the ability to coordinate their own actions with a joint action partner is unclear. In particular, knowledge about joint action development in relation to emergence of individual action coordination is sparse.

It is essential to clarify what is meant by joint action as referred to in this paper, before delving further into this topic. In the following, I will adopt the definition by Sebanz, Bekkering and Knoblich (2006) who defined joint action as “any form of social interaction whereby two or more individuals coordinate their actions in space and time to bring about a change in the environment” (p.70). By definition, accurate temporal coordination thus plays a crucial role for joint interaction. Consequently, the focus of this paper will be on early development of temporal coordination in joint and individual actions. Using a button-pressing task, it is compared how young children coordinate and time their actions when acting alone or together with an action partner and how this develops during early childhood. 

Research with children has shown that individual action coordination emerges early in childhood (see von Hofsten, 2007 for a review). One of the first developmental studies to address bimanual coordination in children below the age of 4 was recently conducted by Brakke and colleagues (2007). They provided 12-, 18- and 24-month-olds with a drum and two drumsticks in order to measure children’s spontaneous drumming behaviour. By the age of 2 years, young children preferred bimanual over unimanual drumming and at the same age anti-phase drumming became more frequent and equally important compared to in-phase movements. Furthermore, both coordination patterns were found to be highly stable in their spatial and temporal execution (Brakke, Fragaszy, Simpson, Hoy & Cummins-Sebree, 2007). Moreover, variability in bouts decreased between the 18- and 24-month-olds which is in line with findings of general decrease in children’s performance variability and amount of errors with growing age as reported for various perceptual-motor tasks (see Deutsch & Newell, 2005 for a review). These results indicate an early development of intrapersonal coordination as investigated in individuals.

However, in daily life we are acting frequently together with others. Social context adds a new dimension to actions that cannot be captured by studying isolated actions alone. During the last years, behavioural and neurocognitive processes of joint action in adults have become the focus of an increasing body of literature (see Sebanz et al., 2006 for a review). As part of this growing research area, the topic of temporal coordination during joint actions was addressed by Knoblich and Jordan in 2003. They conducted a behavioural experiment with a task requiring accurate timing coordination between two adults. Interestingly, when provided with feedback about the other’s timing, participants were found to reach the same level of performance when interacting with their action partner as when they were acting on their own (Knoblich & Jordan, 2003). Hence, temporal coordination in adults can be as accurate in interaction with another person as during individual actions. It is unknown, however, around which age young children reach this performance proficiency. Research on joint action processes has mainly investigated adolescents and adults (see Bekkering et al., 2009; Sebanz et al., 2006 for a review). Still, we lack an understanding of the ontogenetic emergence of joint action capabilities, especially with respect to temporal coordination. 

Up to now, the few existing developmental studies in the domain of joint action have focused on describing the emergence of cooperative or prosocial behaviour in general (e.g. Warneken et al., 2006). In this regard, Brownell and Carriger (1990) found that only children aged 2 years or older reliably solved a simple cooperation task with peers, whereas 12- and 18-month-olds did not cooperate effectively (Brownell & Carriger, 1990). In addition, results indicate that only by the end of the second year of life young children develop the ability to cooperate with peers by taking into account the other’s actions (Brownell, Ramani & Zerwas, 2006). Similar findings were observed for young children in interaction with adults, as 14-month-olds showed only rudimentary forms of prosocial behaviour in helping tasks compared to 18- or 24-month-olds (Warneken et al., 2006). Although most prerequisites such as the motivation to engage in joint actions can be seen from the age of 1 year on (see Carpenter, 2009 for a review), only by the age of 3 years children were found to understand and act according to the obligations and commitments involved in joint actions (Gräfenhain et al., in press). In accordance with this, it was observed that not until 3 years of age young children are able to distinguish between parallel and joint play (Gräfenhain et al., in press). Further, a recent study investigated temporal coordination of actions in 2½- to 4½-year-olds (Kirschner & Tomasello, 2008). In their experiment Kirschner and Tomasello (2008) measured the timing of children’s actions in a social drumming setting and compared it to their timing in non-social settings. Children’s task was to drum along with another person, a visible drumming machine or a mere drum sound. Results demonstrate that all children synchronized their movements more accurately in the social condition than in non-social conditions (Kirschner & Tomasello, 2008). In particular, 2½-year-olds adjusted their movement tempo only to their human drumming partner but not to non-social drumming devices when the driving rhythm was outside their spontaneous movement tempo.

 Though the experiment of Kirschner and Tomasello (2008) gives interesting insights in children’s ability to synchronize their movements during social as opposed to non-social conditions, the joint coordination character of their task was limited. In the social setting the actions of the experimenter were independent of the child’s actions (i.e. constant drumming of the experimenter was non-contingent to the child’s drumming) creating a parallel rather than joint situation without apparent common goal. No interactive coordination between the two action partners was necessary but a unidirectional coupling of actions sufficed to fulfill the task. Besides this, children had to coordinate to an external beat in the non-social conditions which rendered their individual action performance dependent on a stimulus. Thus, the focus of the study was directed at children’s coordination to an external stimulus (either produced by a social partner or a non-human device) rather than at children’s spontaneous intrapersonal coordination in comparison to their interactive coordination with another person. All in all, it remains unclear how the emergence of successful coordination in joint actions relates to children’s development of intrapersonal coordination. The aim of the current study was to investigate the ontogenetic emergence of joint action coordination in relation to individual coordination in young children. For this purpose, we combined the approaches of intrapersonal coordination experiments such as conducted by Brakke and colleagues (2007) with the social interaction account of Kirschner and Tomasello (2008), all of them investigating temporal coordination in young children. By means of a computer game, which could be played alone as well as jointly, we tested 2½- and 3-year-old’s temporal coordination performance.
Elements of joint temporal coordination and commitments to joint action were found in young children around the age of 2½- to 3-years (Gräfenhain et al., in press; Kirschner & Tomasello, 2008). Thus, we expected a clear improvement in children’s temporal coordination in the joint action task within this age range. In line with Deutsch and Newell (2005) such an improvement was assumed to be represented by less variability in response timing and less conducted errors with growing age. In addition, we hypothesized that children’s performance in temporal coordination of an individual action would improve only marginally since children acquire good intrapersonal coordination already earlier in life (see Brakke et al., 2007; Clark & Phillips, 1993; Clark et al., 1988). To sum up, we predicted a significant development of coordination abilities in joint action for young children between 2½- to 3-years but only minor improvement in their yet more proficient intrapersonal coordination.

Method
Participants
Twenty-two young children (12 girls) were included in the final sample. They were recruited from a database of families who volunteered to participate in children studies. The total sample of 22 participants consisted of two age groups: nine 2-½-year-olds (mean age = 30 months 2 days, range = 29 months 22 days to 30 months 11 days; 6 female) and thirteen 3-year-olds (mean age = 36 months 1 day, range = 35 months 22 days to 36 months 9 days; 6 female). All children were accompanied to the testing session by a parent who gave written consent for the restricted use of video recordings obtained during the experiment. Another 19 participants were tested but excluded from the analysis due to incomplete task demonstration caused by interference of the child (n = 5) or a procedural error (n = 1). Further criteria for exclusion were engagement of the parent (n = 9) or lack of at least one valid trial per condition (n = 4).
Design
A 2 x 2 mixed design with one between-subjects factor (age group) and one within-subjects factor (condition) was used in the current study. Each child played a computer game individually (single condition) and together with an experimenter (joint condition). The order of conditions within a session was counterbalanced across participants such that four out of nine 2½-year-old children as well as six out of thirteen 3-year-olds started with the single condition. All data were collected by the same first experimenter (E1) who was the joint action partner of the children.

Materials and Stimuli
We designed a simple computer game playable with two buttons which were positioned in front of a computer screen (see Figure 1a). The buttons used in this set-up were interconnected by a tilt mechanism: As illustrated in Figure 1b, pushing one button automatically lifted up the other button. When a button was pushed, it sank to the surface level of the box (width = 30 cm; height = 8 cm; depth = 16 cm) in which the buttons were installed. In this manner the timing of button presses was registered for each button. Down on the surface level, the mechanism still registered further button presses, but the lower button could only be lifted again when the opposite button was pushed. We used interconnected buttons to create a situation in which both buttons had to be pressed alternately to play the game. The functionality of each button thus depended on the status of the opposite button. In the single condition, children had to coordinate the button-pressing bimanually. In the joint condition, two action partners were each responsible for one of the buttons. Due to the construction of the buttons the joint action partners had to coordinate their button-pressing responses. Though constant pushing of one button was possible, it hindered the other person to push his own button and thereby disturbed the course of the game. To make the buttons more distinct they had different colours (left button: black; right button: red).
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The computer game was programmed in Python (Version 2.5, Python Software Foundation; http://www.python.org). It combined the presentation of partly animated visual stimuli and auditory stimuli which were triggered by button pushes. Visual stimuli consisted of a stable background scene and an animated cartoon figure of a frog in the foreground (see Figure 1a). The background scene showed a ladder in front of a natural landscape and a cartoon figure of a piglet on a cloud at the upper right corner next to the ladder’s top end. All visual stimuli were presented on a wide-screen which was rotated by 90° to the left (1200 x 1920 pixels). During the computer game the two buttons had to be pushed in an alternating fashion to move the frog up the ladder step by step. More precisely, pushing the left button resulted in displaying a frog picture which showed the frog lifting its left leg to reach out for the next higher ladder step and vice versa. The rotation of the computer screen increased the number of ladder steps and thereby the amount of button presses in a trial. Each trial (i.e. moving up the frog from the lowermost point of the ladder to the top) consisted of 42 alternating button pushes. The goal of the game was to make the frog climb up the steps until it reached the piglet at the top. A final picture displaying the animated frog next to the cartoon figure of the piglet indicated that the goal was achieved. In order to emphasize the successful accomplishment of the goal, a goal tune of about 2 seconds was presented simultaneously with the displayed final picture. Moreover, each correct button press elicited a clap tone (duration: 60 ms) which was unique for each button. In addition to the registration of button presses video recordings were made throughout the experiment. A digital video camera (Sony Handycam, DCR-SR190E) was placed in the corner of the room, diagonally opposite to the position of the child to record children’s behaviour during the testing sessions. 
Procedure
The experiment was conducted in a quiet testing room. Before child and parent were introduced to this room, they were invited to stay for a short period (< 10 min) in a playroom located next to the testing room. During this warming-up period parents were informed about the general course of the experiment and the child got accustomed to experimenters E1 and E2 by spontaneous play. The warming-up phase was included to facilitate children’s engagement in social contact with E1 during the actual testing phase. 

After the short warming-up period child and parent were accompanied by E1 and E2 to the testing room. There, the parent was instructed to sit down at a table on which the set-up was installed. The caregiver was asked to take the child on his lap such that the child could comfortably reach the buttons. E1 then took a seat at the left side of child and parent while E2 remained in the background. By this means, E2 could easily join to demonstrate the joint condition but did not distract the child from the interaction with E1. Parents were asked not to interfere throughout the testing phase. To start the experiment, E1 first pointed once to the moving character on the screen (the frog), once to the ladder and once to the goal (the piglet on the cloud). Simultaneously, E1 explained that the frog wanted to climb up the ladder in order to reach the piglet on the cloud. Thereby, the general idea of the game was introduced. Then, each child was asked to engage in two consecutive conditions, a single and a joint condition. Both conditions were preceded by a demonstration trial. 
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The child’s task in the single condition was to push the two buttons in turns using both hands to move the frog from the bottom of the screen to the goal position at the top (see Figure 2a). E1 demonstrated this task by completing one trial on her own. During demonstration, E1 pointed at least two times to the buttons and the effects elicited on the screen which the button presses to clarify the task. Moreover, a verbal instruction of the task was given. After demonstration, the frog was reset to its starting position and the children were invited to play on their own. The experimenter encouraged the children to play individually for several, but maximally four times. The amount of accomplished trials varied between children, but except for one child all participants engaged in the single condition. 

In the joint condition, children were instructed to play together with E1. In this setting, the child was asked to use only the right button whereas E1 had control over the left button. The task was to accomplish the goal of the game by pushing the buttons in turns (see Figure 2b). Analogue to the single condition, a demonstration trial preceded the actual test trials. For this purpose, E2 joined and sat down left to E1 in a position visible for the child. In the demonstration trial E1 and E2 carried out the task together by pushing the buttons in turns until they reached the goal jointly. Consistent with the single condition the experimenters pointed to the buttons and the moving frog at least two times and gave a verbal explanation of the task while playing. After one demonstration trial, E2 left the table again and the game was reset to the start. Then, the test trial was started by inviting the child to play together with E1. Again, children were allowed to play several times up to a maximum of four trials. Except for two participants, all children got involved in the joint condition. Via an earphone, E1 was presented with a metronome feedback locked to the child’s response throughout the joint play. Pressing the right button elicited a metronome tone consisting of three consecutive beep tones with the last beep presented exactly 1 second after the right (i.e. the child’s) button was pressed. This button-locked metronome feedback was only audible for E1. It allowed E1 to respond to the child’s button presses in a consistent and predictable manner by pressing her own button approximately 1 second after the child’s response.
 The change of conditions was introduced by saying “Now we are playing something else, since you can also play the game together/on your own!”. To sum it up, the child had to coordinate his right hand either to the own left hand (single condition) or the joint partner’s hand (joint action) in order to play the game.
Data Processing

For the data analysis, the first two button presses of each trial were excluded to prevent a bias of large outliers due to cautiousness and hesitancy of the children in initiating an action in the new environment. To avoid learning effects, only the first two trials that fulfilled the following criteria were included in the analysis. During the single condition only trials which were executed bimanually were taken into the final data set. For the joint condition, video recordings showed that some children pushed the button of E1 in addition to their own or pulled their own button up which caused E1’s button to sink down. Since these described errors are of interest as such but do not belong to the scope of this paper and would bias the analysis of E1’s performance, they were excluded. More precisely, these errors were summed and trials in which they contaminated more than half of E1’s button presses were excluded entirely. Errors in trials that were not discarded were eliminated before proceeding with further analysis steps. This was done by deleting the actual false button press on the experimenter’s side (e.g. caused by the child pushing E1’s button) and the next following press of the child. Consequently, the amount of button presses included in the analysis differed slightly between participants. Only relative values were processed to account for this difference. Children also conducted another type of error by pressing a button more than once in a row. The average amount of these registered errors was determined for each participant, separately for the two conditions. Before assessing mean interval length between button presses and variability in interval length (see below) all registered errors were excluded. Consistent with error removal described above, all button presses following an erroneous response were discarded as well. Thereby, only button presses following a correct button press remained for further analysis. For all comparisons between single and joint conditions exclusively recordings from the right button were taken into account for both conditions. This allowed a comparison of children’s right hand coordination to either their own left hand or their joint action partner. 

Preliminary tests for order effects were conducted by including the order of conditions (single first; joint first) as within-participants factor in each mixed analysis of variance (ANOVA) which was calculated for testing overall timing variability and errors. Since in no case the order of conditions yielded any significant differences (all p’s > .05) this factor was omitted in the subsequent analysis. All data processing steps were calculated using Matlab (Version 7.0, TheMathWorks, Inc.) and statistical tests were computed with SPSS 15.0. 
Dependent Measures: Tempo, Timing Variability, and Errors

In the analyses we focused on timing variability and the amount of registered errors as indicators of temporal coordination performance. The average tempo of button presses was also taken into account to serve as basis for variability measures, however, we did not make predictions about changes in tempo. To determine the timing variability of children’s performance we first calculated the time it took children to press the right button after the left one had been pressed (either by their own left hand or by E1). This time interval reflects the tempo of children’s button presses and provides the basis for the variability measures. In a next step, the standard deviation of interval length was determined. As the standard deviation of the intervals is sensitive to differences in children’s mean tempo we accounted for this possible bias by computing the coefficient of variation in addition (cf. van Geert & van Dijk, 2002). The coefficient of variation is calculated by dividing the standard deviation by the mean (SD/M). As such it offers a solution to the problem which arises when standard deviations are compared between samples that have different means. Variability in performance as reflected by the standard deviation or the coefficient of variation is used as a measure by numerous developmental studies (see Deutsch & Newell, 2005 for a review). In particular, a decrease in variability with growing age illustrates an improvement in performance (Haywood & Getchell, 2001). The same holds for the amount of errors conducted during the experiment because its age-related decrease is usually associated with development in performance (e.g. Keogh & Sugden, 1985). 
To provide a detailed description of children’s temporal coordination we analyzed the tempo and timing variability in two ways: on trial basis and within the course of trials. Averaging over all intervals of trials that belonged to a child allows for identifying a general effect. Using a mixed ANOVA with age group (2½-year olds; 3-year-olds) as between-participant variable and condition (single; joint) as within-participant variable we tested for differences in tempo and timing variability. Dividing the trials into averages of four parts (collapsing maximally 6 intervals per time span) provides a more fine-grained indication of the nature inherent in such a general effect. Further it gives insights into children’s behavioural stability during the course of a trial. In both, the trial based analysis and the analysis testing the course within trials, we used the measures of variability and inference statistics as described above with addition of time parts as a within-participants variable for the latter analysis.

Similar to timing variability, the amount of errors conducted during a task reflects the accuracy of temporal coordination performance (see e.g., Drewing, Li & Aschersleben, 2006). A mixed ANOVA was used with age group and condition as between-participant and within-participants variables, respectively, to test for age-related differences in the amount of errors.

Stability of Experimenter’s Performance

Though E1 was provided with metronome tones to achieve a standardized performance, children’s behaviour such as the conduction of errors (see above) could have introduced additional variability to E1’s performance. To ensure that no systematic difference in the performance of E1 occurred between age groups, we tested the mean interval length, representing the average time it took E1 to push the button after the child’s response, against age groups. No significant difference was found in the mean tempo of E1 for interacting with 2½- and 3-year-olds, t(20) = 1.685, p > .10. Also E1’s variability in interval timing reflected by the average standard deviation of interval length did not differ significantly between age groups, t(20)= .892, p > .10. Thus, E1 was not found to behave significantly different across age groups. 
Results
Tempo and Timing Variability on Trial Basis

Average Tempo

First, we examined children’s average tempo of button presses. The average tempo of pushing reflected by the mean interval time to the previous button press was found to be different between age groups, F(1,20) = 9.796, p < .01 and conditions, F(1,20) = 27.289, p < .001. With an average interval length of around 850 ms children of the younger age group were significantly slower than 3-year-olds who pushed the right button on average after approximately 650 ms. Note that longer interval length reflects longer time to push a button which is equal to slower tempo. Moreover, children of both age groups were faster in the single condition (M = .573 seconds, SD = .172 seconds) than in the joint condition (M = .889 seconds, SD = .276 seconds). No significant differences were found for the interaction of age group and condition, F(1,20) = 2.318, p > .05.
Timing Variability

For quantifying children’s deviations from their mean tempo we considered the standard deviation as well as the coefficient of variation as variability measures (see Method). 

Standard deviation. Figure 3 illustrates differences in the standard deviation of the average interval length for button presses between the factors age group and condition. A two-way ANOVA confirmed both main effects of age group, F(1, 20) = 9.639, p < .01 and condition, F(1, 20) = 17.014, p < .01 as well as the interaction effect of age group x condition, F(1, 20) = 8.34, p < .01 to be significant. Overall, 2½-year-olds’ average standard deviation of 550 ms constituted a larger deviation from mean pushing tempo than 3-year-olds’ average deviation of 332 ms. Furthermore, all children were more variable in their action timing when they engaged in the joint condition (M = .527 seconds, SD = .312 seconds) than when playing on their own (M = .315 seconds, SD = .161 seconds). Further comparisons revealed that in the joint condition 2½-year-olds were significantly more variable (M = .756 seconds, SD = .334 seconds) than 3-year-olds (M = .369 seconds, SD = .170 seconds), t(20) = 3.58, p < .01. Standard deviations of interval length compared between age groups in the single condition, however, were not found to differ significantly, t(20) = .511, p = .511. The 3-year-olds did not differ in their variability between the joint and single condition, t(12) = 1.484, p > .05, but the 2½-year-olds deviated on average significantly more in their tempo when interacting with another person than when acting individually, t(8) = 3.342, p = .01 (see Figure 3). Note that for all reported post-hoc t tests Bonferroni-corrections were made to account for multiple comparisons and in cases of unequal variances adjustments were made, respectively.
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Coefficient of variation. Though young children’s standard deviation from their mean tempo was confirmed to be higher for 2½-year-olds in the joint compared to the single condition while 3-year-olds did not differ in their standard deviation, we also found differences in children’s mean tempo. To account for the differences in mean interval timing we used the coefficient of variation as dependent variable. This contrast revealed the results depicted in Figure 4. Neither of the main effects (age group; condition) reached significance (both p’s > .15). The two-way ANOVA used to test the effects of age and condition solely confirmed an interaction effect between both factors, F(1,20) = 4.539, p < .05. One-tailed post-hoc t tests revealed that children of the younger age group were more variable in their action timing when interacting jointly (M = .709, SD = .211) than 3-year-olds in the joint condition (M = .475, SD = .189), t(20) = 2.714, p < .01. While 2½-year-olds were confirmed to be more variable in the joint condition than 3-year-olds, the coefficient of variation did not differ between age groups in the single condition, t(20) = .015, p = .49. Regarding the coefficient of variation of 3-year-olds, no difference was found between conditions (single condition: M = .559, SD = .285; joint condition: M = .475 SD = .189), t(12) = -1.139, p = .14. However, comparing variability of 2½-year-old children across conditions resulted in a p-value of .043 (t(8) = 1.957). Although the adjusted error-level (α = .0125) for multiple comparisons defines this result as non-significant, it nevertheless indicates a clear trend for the younger age group towards higher variability for the joint condition (M = .709, SD = .211) compared to the single condition (M = .561, SD = .154).

[image: image4.png]Average interval time (sec)

0.9

0.8

0.7

0.6

05

-a~2%-year-olds
~6-3-year-olds

first second third fourth
Time parts of unfolding trial




Tempo and Timing Variability within the Course of Trials
Average Tempo

To determine the course of children’s tempo and variability as unfolding during a trial, the four level factor time parts (see Method) was added as third independent variable to a mixed ANOVA. Consistent with results found for overall trial tempo, the main effects of age group and condition became significant also in this detailed analysis. Older children were generally faster than younger ones, F(1,20) = 25.481, p < .001, and the tempo of all children decreased in the joint condition compared to the single condition, F(1,20) = 9.92, p < .01. Additionally, the third main effect of time parts showed significant results, F(1.662, 33.238) = 3.538, p < .05. An overall quadratic trend was detected for the four time parts, F(1,20) = 6.338, p = .02, indicating an increase in tempo during the second and third measuring spans after a slow start. This is followed by another decrease in tempo at the last time part. The trend described here seems to be dominated by the behaviour of the younger age group as can be seen in Figure 5. Further, none of the two-way interaction effects yielded significant outcomes. Yet, the interaction between all three factors (age group x condition x time parts) turned out to be significant, F(3,60) = 4.036, p = .011. 
Figure 6 illustrates children’s average interval length throughout the course of the trial separately for the single and the joint condition. For the single condition it can be seen that 2½-year-olds seem to keep their tempo over the four time spans of interest (see Figure 6a). In line with this observation, post hoc t tests did not confirm significant differences between any of the time parts within the single condition of the younger age group (all p’s > .05). Furthermore, Figure 6a shows a linear trend for 3-year-olds in the same condition indicating an increase in tempo (i.e. represented by a decrease in interval length). This indication was substantiated by results of post hoc comparisons which show a significant increase in tempo from the first to the last time part, t(12) = 4.687, p = .001. Overall, children of the two age groups were not found to differ in their tempo when they played on their own (all p’s > .01). Notably, contrasting the last two time spans across age groups indicated results that approached significance (third time part: t(20) = 2.146, p = .044; fourth time part: t(20) = 2.140, p = .045) reflecting the linear increase in tempo shown for the older children.

With respect to the joint condition, clear differences in mean tempo between the age groups were observed at the beginning and the end of a trial rather than in the middle of the interaction (compare Figure 6b). The older children started out with a significantly higher tempo represented by a lower interval time (M = .760 seconds, SD = .213 seconds) than the 2½-year-olds (M = 1.264 seconds, SD = .407 seconds), t(20) = 3.794, p = .001. The average interval length of the second and third time span, on the contrary, did not differ between age groups (second time part: t(20) = 1.065, p = .30, third time part: t(20) = .968, p = .344). During the last part of the interaction 2½-year-olds again became slower (M = 1.147 seconds, SD = .746 seconds) while 3-year-olds kept their tempo (M = .716 seconds, SD = .180 seconds). This contrast, however, is only marginally significant, t(8.653) = 1.696, p = .062 (corrected for unequal variances). All in all, when acting individually younger children seem to be able to keep their tempo on a level similar to the initial tempo of 3-year-old children, though 3-year-olds show a trend to increase their speed over time. In interaction with another person, 2½-year-olds began with a slower average tempo than the 3-year-olds but approached the older children’s average interval time in the middle of the game. Only at the end of a trial, the data show indications of the younger children slowing down again.
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Timing Variability

Standard deviation. Regarding variability of tempo, we compared children’s standard deviation of interval length between the within-participant factors condition and time parts and the between-participant factor age group. The results of the mixed ANOVA for the main effects age group and condition were in line with the outcome of differences in standard deviation that we found by collapsing all data on a trial basis (see Tempo and Timing Variability on Trial Basis). In other words, variability was overall higher for younger children than for older children, F(1,20) = 8.195 , p = .01 and was in general lower in the single than in the joint condition, F(1,20) = 14.242, p = .001 (see Figure 7). The main effect of time parts did not become significant, F(1.639, 32.777) = 2.784, p = .086. Moreover, both two-way interaction effects involving time parts as factor did not reveal significant results (both p’s > .05). The interaction effect of age group x condition which was found to be significant in the two-way ANOVA of our previous analysis part only approached significance in this test, F(1,20) = 4.046, p = .058. Besides this, the interaction effect between all three independent variables (age group x condition x time parts) was confirmed to be significant, F(1.851, 37.021) = 3.475, p < .05. As visualized in Figure 8a and confirmed by post hoc t tests, the average standard deviation from children’s tempo did not differ between the two age groups in the single condition (all p’s > .05). Both, the 2½-year-olds and the 3-year-olds kept the same level of deviation from their average tempo within the single condition as revealed by post hoc comparisons (all p’s > .01). Note that only the contrast between the first and last time span showed a trend towards variability decrease over time in 3-year-olds’ individual performance, t(12) = 1.852, p = .044 (one-tailed). 
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Figure 8b depicts the evolving variability of children when interacting with an adult in the joint condition. Comparisons (using one-tailed post hoc t tests) revealed that deviations from the average tempo in the middle of the joint trials were clearly similar for children of both age groups (second time part: t(20) = 1.222, p = 0.236; third time part: t(20) = -.174, p = .863). Higher variability of 2½-year-olds in the beginning (2½-year-olds: M = .820 seconds; 3-year-olds: M = .270 seconds) and the end of the joint trials (2½-year-olds: M = .748 seconds; 3-year-olds: M = .352 seconds) as prominent in Figure 8b could solely be indicated by test results reaching for significance (first time part: t(9.105) = 2.979, p = .0075; fourth time part: t(9.607) = 1.921, p = .0425). Thus, when engaging in the joint condition younger children showed the tendency to deviate more in their average tempo when starting and ending the interaction trial while in the middle of the joint action they kept their variability on the same level as the 3-year-olds. The older age group, however, maintained their mean deviation from tempo throughout the entire joint action trials (all p’s > .27).
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Coefficient of variation. When accounting for the differences in mean tempo by testing the coefficient of variation as dependent variable in a three-way ANOVA (age group x condition x time parts), none of the main or interaction effects was shown to be significant (all p’s > .05). This result indicates that the observed findings in children’s mean tempo during the course of single and joint trials (divided into four time parts) appeared to influence children’s mean deviation from their tempo.

Errors

The average amount of errors conducted in the two conditions by 2½-year-old and 3-year-old children is illustrated in Figure 9. Results of the mixed ANOVA with factors age group as between-participant variable and condition as within-participant variable revealed a main effect of age group, F(1, 20) = 10.303, p < .01. Younger children conducted significantly more errors (M = 3.03) than children of the older age group (M = 1.44) indicating an overall decrease in the average amount of errors with growing age. The main effect of condition was not found to be significant, F(1, 20) = 3.807, p =.065. Though the interaction effect of age group x condition did also not become significant, a clear trend is present, F(1, 20) = 4.011, p =.059. Due to possible interpretational problems arising as both, the main effect of condition and the interaction effect of age group x condition were approaching significance, further comparisons were made to clarify the findings (cf Clauss & Ebner, 1979; Graefenhain et al., in press). Additional tests confirmed that the average error rate of 3-year-olds did not differ between conditions (single condition: M = 1.46, SD = 1.59; joint condition: M =1.42, SD = 1.27), t(12) = -.059, p = .954. In contrast, a post hoc t test revealed that 2½-year-olds tended to conduct more errors in the joint condition (M = 4.5, SD = 2.93) than in the single condition (M = 1.55, SD = 2.54), t(8) = 1.921, p = .045. For the single condition 2½-year-old children’s average amount of errors (M = 1.55) did not differ from the mean error rate shown by the 3-year-old’s performance in the same condition (M = 1.46), t(20) = .107, p = .916. In the joint condition, on the other hand, children of the younger age group conducted significantly more errors than the older children, t(20) = 3.384, p < .01.
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Discussion

In the current study we investigated the development of young children’s ability to coordinate their own actions intrapersonally as well as with a joint action partner. Within a simple button-pressing task, we tested the temporal coordination of 2½-year-olds and 3-year-olds in a single compared to a joint action task with respect to children’s variability and accuracy. 

In line with our assumptions the behavioural results indicate an age-related decrease in timing variability and the amount of errors when children were coordinating their actions with a joint action partner. When jointly playing a game, 3-year-old children showed less variability in their tempo and higher accuracy in performance than 2½-year-olds. The decrease in error rate and variability reflects an improvement of performance proficiency as supported by other developmental studies investigating perceptual-motor tasks (see Deutsch & Newell, 2005 for a review). Additional analyses suggest that younger children deviated more in the beginning and at the end of a joint trial while their standard deviations did not differ from 3-year-olds’ performance in the middle of an interaction. Notably, variability during the course of the interaction seems to be driven by differences in the average tempo of the two age groups. This is reflected by non-significant findings for age-related differences in the coefficient of variation during the course of a trial. Although we did not have any predictions about children’s average tempo in the different conditions, children were observed to be overall slower in the joint condition compared to playing individually. E1 who interacted with the children had a standardized tempo that turned out to be lower than the children’s spontaneous tempo. Therefore, a slowing down during the joint condition might indicate an adjustment to the action partner’s tempo (cf Kirschner & Tomasello, 2008). Interestingly, this overall decrease in tempo was found for both age groups. An alternative explanation for the lower tempo in the joint condition might be higher coordination demands which could be imposed by the second actor. Howsoever, we consider the mean tempo to be less relevant than tempo variability and accuracy for successful joint interaction as investigated in this study. The quality of the joint coordination was not determined exclusively by how fast the action partner was acting but rather by how stable and accurate the partner could keep his or her tempo. High variability in tempo would introduce less predictability of the other’s next action and could thereby impede the joint coordination. The same holds for a high error rate which hinders an establishment of stable coordination with the joint action partner. As such, evidence for differences in variability and accuracy between 2½-year-old and 3-year-old children was considered to lend most support for developmental changes in the joint condition. 
Besides the age-related improvement of children’s temporal coordination when acting jointly with another person, we expected only marginal changes in coordination abilities for individual actions. In accord with our expectation, no differences in variability or accuracy were found between age groups in the single condition. More precisely, 2½-year-olds conducted a similar amount of errors and maintained the same level of variability throughout the trials as 3-year-old children in the single condition. Stable bimanual coordination can be observed as early as 24-months of age (Brakke et al., 2007), and therefore seems to develop earlier than during the age ranges that were of interest in the current study. This provides a possible explanation why young children by the age of 2½-years had already reached an intrapersonal coordination level comparable to that of 3-year-olds. Although bimanual coordination skills still improve with age beyond the third year of life up to adulthood (Robertson, 2001), changes in variability seem to take place over longer time periods (on the scale of years) rather than within 6 months. 

Comparing results for the single and joint condition shows clear differences in the development of intrapersonal coordination skills and joint coordination abilities for the same motor task (regarding children’s right hand movement coordination). Most importantly, it is evident from our findings that by the age of 3 years children’s coordination performance during joint interaction approached the level of their individual coordination skills. Both, deviation from their mean tempo and the amount of errors conducted by the older children were similar between conditions. In contrast to this, 2½-year-olds had higher error rates and standard deviations from their average tempo when they coordinated their actions with a grown-up joint action partner. A trend found for their mean variability reflected by the coefficient of variation is also in line with results of these measures. Consequently, between the age of 2½ and 3 years children show signs of developing joint coordination abilities which allow them by the beginning of their third birthday to approach the same level of performance in coordinating their actions with another person as when they act individually. This stage of comparable coordination performance during single and joint actions is consistent with findings of Knoblich and Jordan (2003) for adults.
Interestingly, even though the motivation and prerequisite skills to engage in joint actions (see Carpenter, 2009 for a review) and the participation in joint attention (Liszkowski, Carpenter, Henning, Striano & Tomasello, 2004) seem to be present in infancy, our results suggest that 2½-year-old children still have difficulties coordinating their actions in time with a joint action partner even in a simple button-pressing task and that it is only around 3 years of age that children become as proficient during joint as during individual actions. Research by Gräfenhain et al. (in press) and Hamann, Warneken and Tomasello (2009) about children’s understanding of joint action commitment support the importance of this age period (i.e. the end of the third year of life) for children’s active, accurate and reliable contribution to successful joint actions with adults and peers. Notably, our findings were not intended to inform about the question when children are at all capable of mastering a task together with another person. Also 2½-year-olds in our experiment reached the goal together with an adult in the joint condition, however, they were less skilled when they coordinated their actions. Instead, we focused more on the precise nature of children’s coordination during joint actions as this can inform us about how well young children of different age groups manage joint actions. As such, the present results confirm that only young children as old as 3 years could perform a stable and accurate joint coordination by even reaching the degree of proficiency observed in intrapersonal coordination. Thereby, the current findings add rather than oppose to observations of previous studies showing general collaboration of 2-year-old children with peers and adults (Brownell & Carriger, 1990; Brownell et al., 2006; Warneken et al., 2006).

To sum up, we found evidence for enhancement of joint coordination abilities in 3-year-old children compared to 2½-year-olds while children of both age groups performed equally well when they acted individually. In particular, 3-year-old children reached their individual performance level when coordinating their actions with a joint action partner. Coordination performance of 2½-year-old children, on the contrary, was more variable and less accurate in joint interaction than when acting on their own. We can conclude that for the current task joint coordination abilities approached the level of individual coordination abilities around the age of 3 years. The findings further suggest that joint coordination abilities emerge later in development than temporal coordination skills of individual actions.
A crucial question arising from our findings is which mechanisms are underlying the observed developmental changes. Future studies are required to investigate the underlying basis of development in joint action behaviour. A promising approach to study these underlying mechanisms is the integration of neuroimaging and behavioural measures. This methodological combination allows unravelling the relation between changes in neurocognitive processing and overt behaviour. Further, to address the question of underlying mechanisms conceptually, it is essential to focus on abilities which are required to perform successful joint actions. According to Sebanz, Bekkering and Knoblich (2006) successful joint actions depend on the ability “to share representations” (p. 70) and “to predict [others’] actions” (p. 70). Anticipating what our joint action partner will do next facilitates our coordination with the other person and allows for a successful interaction (see Sebanz & Knoblich, 2009 for a review). An important neurocognitive mechanism for predicting others’ actions is action simulation. In neuroimaging studies, adults were found to simulate the other person’s actions through their own neural motor system (Caetano, Jousmäki & Hari, 2007; Kilner, Vargas, Duval, Blakemore & Sirigu, 2004). By doing so, they are able to predict their action partner’s next action. While behavioural measures are limited in studying anticipation (apart from indications by eye-tracking), neuroimaging data can reveal anticipatory processes. In a follow-up study we are using this knowledge for testing the degree to which even young children show brain-related indications of anticipating their joint partner’s action and for determining in how far this neural processing of anticipation is related to children’s performance in joint actions. In the follow-up experiment we will make use of the experimental design utilized in the current study. By adding control conditions for mere action and stimulus observation to the single and joint condition, brain signals simultaneously to performance of young children is going to be measured. Electroencephalographic (EEG) recordings of brain oscillations will then be analyzed with respect to motor-related brain activity prior to the child’s own and prior to observing the joint action partner’s button press. Similarities in such pre-movement signals would indicate simulation processes on a neurocognitive level. Comparing the behavioural performance with the degree of detected anticipatory simulation activation in children of different age groups would serve to clarify whether anticipation processes on a neural level could underlie age-related improvement in temporal joint action coordination. Unravelling essential abilities such as anticipation and their ontogenetic emergence required to coordinate actions successfully with another person might then serve as a starting point for research on disorders characterized by impaired social interaction (e.g. autism spectrum disorders).
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Figure 1. a) The experimental set-up consisting of a computer game playable alone as well as together. b) Schematic construction of the buttons used as control devices for the computer game.
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Figure 2. a) Single condition: child sits next to the experimenter and plays bimanually on its own. b) Joint condition: child and experimenter play together in turns. 
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Figure 3. Average standard deviation of interval length as a function of age group (2½-year-olds; 3-year-olds) and condition (single; joint).





Figure 4. Average coefficient of variation (SD/M) of interval length as a function of age group (2½-year-olds; 3-year-olds) and condition (single; joint).





Figure 5. Average interval length as a function of age group and time parts of progressing trials when collapsing over conditions.
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Figure 7. Average standard deviation of interval length as a function of age group and time parts of progressing trials collapsed over conditions.





Figure 8. a) Average standard deviation of interval length as a function of age group and time parts of progressing trials in the single condition. b) Average standard deviation of interval length as a function of age group and time parts of progressing trials in the joint condition.
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Figure 6. a) Average interval length in seconds as a function of age group and time parts of progressing trials in the single condition. b) Average interval length in seconds as a function of age group and time parts of progressing trials in the joint condition.
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Figure 9. Average amount of errors conducted by children of two age groups (2½-year-olds; 3-year-olds) in the two conditions (single; joint). 














� An� additional motive for standardizing the E1’s button presses was to ensure that a putative joint action between child and experimenter did not just emerge because E1 is adjusting its response behaviour to the child. The adult could easily establish an alternating pattern of button presses with the child by simply pushing its button fast enough after the child’s response. In this case the child would not need to take into account the other’s actions nor would the goal be a common one. This situation would not reflect a joint action but rather an interaction in which the adult serves as a social tool to guarantee the success of the temporal coordination. Still the introduction of a metronome allowed for interactive rather than unidirectional coupling as the feedback was dependent on the child’s response and not on an external pace.
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