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ABSTRACT 

 

What enables individuals to act together? Recent discoveries suggest that a variety of 

mechanisms are involved. But something fundamental is yet to be investigated. In joint 

action, agents represent a collective goal, or so it is often assumed. But how, if at all, are 

collective goals represented in joint action and how do such representations impact 

performance? To investigate this question we adapted a bimanual paradigm, the circle-

line drawing paradigm, to contrast two agents acting in parallel with two agents performing 

a joint action. Participants were required to draw lines or circles while observing circles or 

lines being drawn. The findings indicate that interpersonal motor coupling may occur in 

joint but not parallel action. This suggests that participants in joint actions can represent 

collective goals motorically. 
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1. INTRODUCTION 

 

What enables individuals to act together? People walk, play games and draw together. 

Joint actions such as these are thought to involve a variety of mechanisms (Knoblich et 

al, 2011). For instance, walking together, as well as joint actions involving music or dance, 

may be achieved in part thanks to entrainment, the process of synchronizing two or more 

rhythmic behaviours with respect to phase (Nessler and Gilliland 2009). Entrainment can 

occur without any intention to coordinate (Varlet et al. 2015) or even despite individuals 

attempting not to coordinate their actions (Issartel, Marin and Cadopi 2007; Ulzen et al. 

2008).   

Nonrhythmic joint actions can be coordinated by representations concerning 

others’ tasks which can modulate performance of one’s own task, facilitating or impairing 

it (Sebanz et al, 2003; Sebanz et al, 2005). For instance, which flankers distract a subject 

can depend not only on her own task but also on her co-actor’s task (Atmaca et al, 2011). 

Likewise, how stimuli such as words are processed can also depend on their relevance 

to a co-actor’s task (Baus et al, 2014). Many joint actions have rhythmic and nonrhythmic 

aspects; coordination of such actions may involve both entrainment and representations 

concerning others’ tasks (Wel and Fu, 2015). 

While these mechanisms are plausibly critical for enabling individuals to act 

together, something fundamental is missing from this picture of joint action. In joint action, 

agents represent not only each individual’s tasks but also a collective goal; or so it is often 

held (Searle, 1990; Bratman, 2014; Vesper et al, 2010).  A collective goal is an outcome 

to which two or more actions are directed where this is not, or not only, a matter of each 

action individually being directed to that outcome (Butterfill, 2016). But how, if at all, are 

collective goals represented in joint action? And, if they are, how do such representations 

impact performance in joint action? To date little research has directly addressed these 

questions. The aim of the present paper is to begin filling this gap. 

Previous findings indicate that in joint actions such as playing a piano duet, clinking 

glasses, jumping together and moving an object, agents’ motor representations and 

processes take into account relations between their own actions and others’ in preparing 

and monitoring their actions (Loehr et al, 2013; Kourtis et al., 2014; Vesper et al., 2013; 



Meyer et al, 2013; Tsai et al, 2011). These findings motivated us to conjecture that 

participants in joint actions can represent collective goals motorically. Because 

representing a collective goal (or any goal) triggers motor processes concerning actions 

that should bring the goal about, representing a collective goal would mean that in each 

participant there are motor processes concerning not only actions she will perform but 

also actions another will perform. This could facilitate prediction of, and coordination with, 

another’s actions; but it could also create interference. 

Testing the conjecture that participants in joint actions can represent collective 

goals motorically requires a pair of situations which differ in that one involves a collective 

goal whereas the other does not. To create a minimally different pair of situations we 

adapted a bimanual paradigm, the circle-line drawing paradigm, which has been 

extensively employed for investigating bimanual interference (Franz et al, 1991). When 

people have to simultaneously perform incongruent movements, such as drawing lines 

with one hand while drawing circles with the other hand, each movement interferes with 

the other and line trajectories tend to become ovalized. This “ovalization” has been 

described as a bimanual coupling effect, suggesting that motor representations for 

drawing circles can affect motor representations for drawing lines (Garbarini et al. 2012; 

2013a; 2015a; 2015b; Garbarini and Pia 2013; Piedimonte et al. 2014). Importantly, 

merely observing another drawing a circle while drawing a line oneself does not typically 

result in ovalization and there are no indicators of interpersonal coupling between mere 

observers drawing in parallel (Garbarini et al., 2013b; 2016). Our question was therefore 

what happens when two people are acting together rather than merely in parallel.  Would 

this result in ovalization indicative of interpersonal coupling? 

To answer this question, we adapted the circle-line drawing paradigm. Participants 

were first asked to act bimanually by continuously drawing lines with the right hand and 

lines or circles with the left hand. This bimanual task was taken as a baseline 

measurement in order to rule out subjective differences in bimanual coupling, which could 

have an influence on the experimental manipulation. Participants were then asked to act 

unimanually by drawing either circles or lines with their right hands while observing either 

lines or circles being unimanually drawn by a confederate (Garbarini et al, 2013b; 

Garbarini et al, 2016). We contrasted a Parallel Action condition with a Joint Action 



condition. These conditions differed only in the instructions given. In the Joint Action 

condition participants were instructed to perform the task together with the confederate, 

as if their two drawing hands gave shape to a single design. In the Parallel Action 

condition, participants were given no such instruction so that they could draw in parallel, 

observing each other but not acting together. If participants were to follow our instructions, 

their actions would have the collective goal of drawing a circle and a line in the Joint 

Action condition but not in the Parallel Action condition. If the collective goal were 

represented motorically in the Joint Action condition, then, from the point of view of each 

participant’s motor system, it would be almost as if she were representing the whole action 

bimanually. Accordingly, we predicted that there should be an interpersonal motor 

coupling effect. This would result in greater ovalization of the lines drawn in the Joint 

Action condition than in the Parallel Action condition.   

 

 

2. METHOD  

  

2.1 Participants 

Thirty-six healthy graduate and undergraduate volunteer students from the University of 

Milan took part in the experiment (16 males and 20 females; mean age ± sd: 25 ± 3 years; 

mean educational level: 15 years). All participants were naïve to the purpose of the study 

and screened to exclude a family history of psychiatric, neurological or medical disease. 

All of them gave informed consent before the experiment in accordance with the ethical 

standards of the 1964 Declaration of Helsinki. 

 

2.2 Experimental design 

All participants (36) first completed a bimanual baseline experiment. In this experiment, 

participants individually took part in a version of the standard bimanual circle-line drawing 

paradigm (Franz et al., 1991) with the following two tasks: 

1. Congruent bimanual lines-lines (B-LL): participants were asked to simultaneously 

draw lines with both hands; 



2. Incongruent bimanual circles-lines (B-CL): participants were asked to 

simultaneously draw lines with the right hand and circles with the left hand. 

In both tasks, participants drew on two digitizer tablets, one for each hand, while 

observing a cross presented on the computer screen (Fig. 1A). The experimenter 

specified online what they had to draw, either lines with both hands (B-LL task) or circles 

with the left hand and lines with the right hand (B-CL task). The drawing tasks were 

presented in a random order. Participants completed twenty trials (10 for each task) with 

4 seconds of rest between each trial; this took around 6 minutes in total. 

For the unimanual main experiment, all female (20) and male subjects (16) were 

randomly assigned to one of two experimental conditions, either the Parallel Action 

condition or the Joint Action condition (18 participants for each group, 8 males and 10 

females). In both conditions, participants performed four unimanual drawing tasks with 

the same confederate: 

1. Congruent Observation Lines: drawing lines while observing lines (O-LL); 

2. Congruent Observation Circles: drawing circles while observing circles (O-CC); 

3. Incongruent Observation Lines: drawing lines while observing circles (O-CL); 

4. Incongruent Observation Circles: drawing circles while observing lines (O-LC). 

 

In both Parallel Action and Joint Action conditions, participants drew circles or lines with 

their right hands while observing on the screen the circles or lines that were 

simultaneously drawn by the confederate. The drawing tasks (O-CC; O-LL; O-LC; O-CL) 

were presented in a random order. Participants completed forty trials (10 for each 

condition) with 4 seconds of rest between each trial; this took around 12 minutes in total. 

Irrespective of the condition, subjects always performed the same four tasks. The only 

difference between the Parallel Action and Joint Action conditions concerned the 

instructions given in advance. 

 In the Parallel Action condition, participants were instructed: “Look at the screen in 

front of you. You will see either circles or lines drawn by the confederate sitting across 

from you. Look at them while drawing either a circle or a line. While drawing, please do 

not lift the pen from the tablet and try to take advantage of the whole drawing area.” 

[Italian: “Guarda attentamente lo schermo di fronte a te. Vedrai apparire dei cerchi o delle 



righe disegnate dallo sperimentatore. Osservali mentre disegni a tua volta dei cerchi o 

delle righe. Per favore, non alzare mai la penna dal tablet e cerca di sfruttare tutta l'area 

disegnabile.”]  In the Joint Action condition, participants were instructed: “You and 

Gabriele [name of confederate] are old friends who have the collective goal of drawing 

lines and circles together in order to produce a single design. Look at the screen in front 

of you. You will see either circles or lines drawn by Gabriele. Look at them while drawing 

either a circle or a line together with him. While drawing, please do not lift your pens from 

the tablet and try to take advantage of the whole drawing area.” [Italian: “Tu e Gabriele 

siete due vecchi amici e avete come obiettivo comune di disegnare insieme cerchi e linee 

in modo da creare un unico disegno. Guarda attentamente lo schermo di fronte a te. Al 

centro appariranno i cerchi o le righe disegnate da Gabriele. Quello che dovrai fare è 

disegnare insieme con lui cerchi o righe, rispettivamente. Per favore, non alzate mai la 

penna dal tablet e cercate di sfruttare tutta l'area disegnabile.”] 

 

2.3 Experimental setup and procedure  

The experimental setup is shown in Figure 1. Participants sat at a table on a comfortable 

chair in front of a computer screen with a resolution of 1280x1024 pixels, at a distance of 

45 cm.  They drew circles and lines on Wacom Bamboo Pen Graphics digitizer tablets 

(30cmx20cm) using a magnetic pen that did not leave a visible trace. In the main, 

unimanual experimental conditions, a screen displaying the confederate’s drawing was 

positioned on the opposite side of the table in front of the participant and a confederate 

sat at the table diagonally across from the participant with another PC computer and 

another digitizer tablet (Fig. 1B-C). The two digitizer tablets and computer screens were 

controlled by purpose written software. This software, written in Visual Basic (Microsoft, 

USA), presents a white screen on which the pen contact leaves a blue trace. The software 

writes a text file containing a sequence of X and Y coordinates and times, thereby 

recording the pen tip’s trajectory. Pen strokes confined to the upper or lower part of the 

tablet are dropped and ovalization is computed exclusively on strokes which cover the 

most part of the tablet surface. 

The tablets were calibrated at the start of each testing session. A general 

instruction sheet was read aloud by the participant and they were given a chance to ask 



any questions before signing an informed consent form. The experimenter then showed 

the instructions for the task that the participant was to perform and instructed them to 

maintain a comfort-mode position within and across trials. Once the participant had 

indicated that they understood the task, they performed a pre-training task phase (60 

secs) in which they were familiarized with the task. They then completed the bimanual 

baseline experiment and the unimanual main experiment. At the end of the experiment, 

each participant was informally debriefed in order to determine (1) if they noticed whether 

their movements were influenced by the visual stimulus and (2) if they guessed the 

purpose of the study. None of the participants guessed the purpose of the study. 

Nevertheless, 18 of 36 participants reported that their movements were somehow 

influenced by the visual stimulus. They all indicated that this was not intentional. There 

was no difference between the Joint Action and Parallel Action conditions in the number 

of participants who reported an influence on their movements (8 and 10 subjects, 

respectively). Interestingly, one of the participants, who had been in the Parallel Action 

condition, reported trying to resist the influence of the visual stimulus: “Although I did not 

want to follow the rhythm of the stimulus observed, I found myself unwittingly going at the 

same tempo as my partner”.  

 

 

2.4 Scoring 

An Ovalization Index (OI) was calculated, following previous studies (see Garbarini et al., 

2012; 2013b, 2015b; Piedimonte et al., 2014), as the standard deviation of the pentip 

trajectories drawn by the right hand from an absolute vertical axis. (For a thorough 

description of the steps involved in calculating the OI refer to Garbarini et al., 2012). The 

OI index ranges between a value of zero for straight trajectories without any sign of 

ovalization and a value of 100 for circular trajectories.  

The average drawing frequency was quantified for each trial as the number of 

drawing cycles per second (measured in Hz). For the bimanual baseline experiment, the 

Synchronization Index (SI) was calculated, for each trial, as the absolute difference 

between the frequency value of line/circle drawing performed by the subject’s left hand 

and the frequency value of line drawing performed by the subject’s right hand. For the 



unimanual main experiment, the SI was calculated, for each trial, as the absolute 

difference between the frequency value of line/circle drawing trial by the confederate and 

the frequency value of line/circle drawing performed by the subject’s right hand. 

Furthermore, for each participant, the obtained SI values were averaged across repeated 

trials and used as dependent variable. Thus, concerning the SI index, a zero value 

indicates full synchronization, while the larger the values the less synchronized are the 

compared drawing performances. 

 

  

3. RESULTS 

3.1 Ovalization Index  

3.1.1 Bimanual baseline experiment 

In the bimanual baseline experiment, the OI mean values for lines drawn with the right 

hand were entered in a 2*2 ANOVA, with one between-subject factor (Condition, two 

levels: “Joint”; “Parallel”) and one within-subject factor (Task, two levels: “Incongruent”; 

“Congruent”). As residuals in the incongruent task (B-CL) were not normally distributed 

(Shapiro-Wilk p = 0.00450), we adopted two separate nonparametric analyses for the 

congruent (B-LL) and incongruent (B-CL) tasks. First, in order to detect any powerful 

effect of the between-subject factor, the differences between incongruent (B-CL) and 

congruent (B-LL) tasks for all subjects were obtained; this difference was used as the 

dependent variable and the values entered in a Mann-Whitney U-test. The Mann-Whitney 

U-Test showed no significant effect of the between-subject factor Condition (Parallel vs 

Joint = mean ± sd: 12.35 ± 5.28 vs 13.27 ± 7.11; Z = -0.031; p = 0.975), meaning that the 

bimanual coupling effect did not differ between the two conditions. We therefore directly 

compared the incongruent (B-CL) and congruent (B-LL) values for all subjects using a 

Wilcoxon signed-rank test for pairwise comparisons with Bonferroni correction for each 

pairwise comparison (value/number of comparisons: 0.05/2 = 0.025). The Wilcoxon 

signed-rank test revealed a powerful effect of the within-subject factor Task, showing a 

significant difference between the incongruent task (B-CL) and the congruent task (B-LL) 

(mean ± sd = 17.10 ± 6.35 vs 4.29 ± 0.72; Z = 5.23; p < 0.005; dz = 2.5). The significant 

OI increase for the right hand drawing lines in the incongruent (B-CL) compared to 

congruent (B-LL) task is characteristic of bimanual coupling. 



3.1.2 Unimanual main experiment 

Two separate analyses were performed, one for the circle-drawing tasks (O-CC and O-

LC) and one for the line-drawing tasks (O-LL and O-CL). In each analysis, the OI mean 

values were entered into a 2*2 ANOVA, with one between-subject factor (Condition, two 

levels: Joint; Parallel) and one within-subject factor (Task, two levels: Incongruent; 

Congruent).  

For the circle-drawing tasks, residual errors in both incongruent (O-CL) and 

congruent (O-LL) tasks were normally distributed (Shapiro-Wilk p = 0.09069 and p = 

0.14675). The ANOVA showed no significant effects: the between-subject factor 

Condition (F(1, 34) = 0.543; p = 0.466), the within-subject factor Task (F(1, 34) = 0.279; 

p = 0.600), and the interaction of these (F(1, 34) = 0.055; p = 0.815) were all 

nonsignificant. 

For the line-drawing tasks, residual errors in both incongruent (O-CL) and 

congruent (O-LL) tasks were not normally distributed (Shapiro-Wilk p = 0.01219 and p = 

0.00336). We therefore adopted nonparametric analyses. In order to detect any powerful 

effect in the between-subject factor, the differences between incongruent (O-CL) and 

congruent (O-LL) tasks for all subjects were obtained; this difference was used as the 

dependent variable and the values entered in a Mann-Whitney U-test. The Mann-Whitney 

U-Test showed a significant effect of the between-subject factor Condition (Parallel vs 

Joint = mean ± sd: 0.03 ± 0.2 vs 0.4 ± 0.3; Z = -4.113; p < 0.0005). In the Joint Action 

condition, Wilcoxon matched-pairs tests with Bonferroni correction revealed a significant 

OI increase for the right hand drawing lines in the incongruent (O-CL) compared to the 

congruent (O-LL) task (mean ± sd = 4.57 ± 1.09 vs 4.12 ± 0.96; Z = 3.680; p < 0.0005; dz 

= 1.08). By contrast, in the Parallel Action condition, no significant difference was found 

between incongruent (O-CL) and congruent (O-LL) tasks (mean ± sd = 3.96 ± 0.64 vs 

3.94 ± 0.66; Z = 0.566; p = 0.571). This indicates that, for the right hand drawing lines, OI 

was larger in the incongruent (O-CL) compared to congruent (O-LL) task in the Joint 

Action condition only (see Figure 2A).  

Finally, the variances of the OI values obtained from line-drawing tasks and circle-

drawing tasks were compared by means of an F test. This showed significantly greater 

variance in circle drawings than in line drawings for both Congruent and Incongruent tasks 



(Congruent comparison: Lines-Lines Var = 0.66 vs Circles-Circles Var = 55.37; p < 0.001; 

Incongruent comparison: Lines-Circles Var = 0.87 vs Circles-Lines Var = 61.87; p < 

0.001). 

 

3.2 Synchronization index  

In both the bimanual baseline experiment and the unimanual main experiment, the SI 

value was entered in an ANOVA, with one between-subject factor (Condition, two levels: 

“Joint”; “Parallel”) and one within-subject factor (Task, two levels: “Incongruent”; 

“Congruent”). Post hoc comparisons were performed by using Duncan’s test.  

3.2.1 Bimanual baseline experiment 

In the bimanual baseline experiment, for both congruent (B-LL) and incongruent (B-CL) 

tasks, residuals were not normally distributed (Shapiro-Wilk p = 0.00000 and p = 

0.00022). We therefore adopted two separate nonparametric analyses. In order to detect 

any powerful effect of the between-subject factor Condition (Parallel vs Joint), the 

differences between incongruent (B-CL) and congruent (B-LL) values for all subjects were 

obtained; this difference was used as the dependent variable and entered in a Mann-

Whitney U-Test. The Mann-Whitney U-Test showed no significant effect of the between-

subject factor Condition (Parallel vs Joint = mean ± sd: 0.07 ± 0.075 vs 0.09 ± 0.091; Z = 

-0.648; p = 0.517. We therefore directly compared the values from incongruent (B-CL) 

and congruent (B-LL) tasks for all subjects using a Wilcoxon signed-rank test for pairwise 

comparisons in order to detect any powerful effect of the within-subject factor. Bonferroni 

correction was applied for both pairwise comparisons (with value/number of comparisons: 

0.05/2 = 0.025). Wilcoxon matched pairs tests, after Bonferroni correction, revealed a 

powerful effect of the within-subject factor Task, showing a significant difference between 

the incongruent (B-CL) and the congruent (B-LL) task (mean ± sd = 0.08 ± 0.083 vs 0.039 

± 0.057; Z = 2.584; p = 0.009). For all participants, SI was larger in the incongruent (B-

CL) than the congruent (B-LL) task. This indicates that, in the bimanual baseline task, the 

participants assigned to the two Conditions (Joint vs Parallel) did not differ from each 

other in terms of synchronization.  

3.2.2 Unimanual main experiment 



In the unimanual main experiment, for line drawing condition, residual errors were not 

normally distributed in both incongruent (O-CL) and congruent (O-LL) tasks (Shapiro-Wilk 

p = 0.00284 and p = 0.0001). We therefore adopted two separate nonparametric 

analyses. In order to detect any powerful effect of the between-subject factor Condition 

(Parallel vs Joint), the differences between incongruent (O-CL) and congruent (O-LL) 

values for all subjects were obtained; this difference was used as the dependent variable 

and entered in a Mann-Whitney U-Test. The Mann-Whitney U-Test showed no significant 

effect of the between-subject factor Condition (Parallel vs Joint = mean ± sd: 0.07 ± 0.12 

vs 0.07 ± 0.09; Z = 0.126; p = 0.9). We therefore directly compared the values from 

incongruent (O-CL) and congruent (O-LL) tasks for all subjects using a Wilcoxon signed-

rank test for pairwise comparisons in order to detect any powerful effect of the within-

subject factor. Bonferroni correction was applied for both pairwise comparisons (with 

value/number of comparisons: 0.05/2 = 0.025). Wilcoxon matched pairs tests, after 

Bonferroni correction, revealed a powerful effect of the within-subject factor Task, 

showing a significant difference between the incongruent (O-CL) and the congruent (O-

LL) task (mean ± sd = 0.167 ± 0.127 vs 0.095 ± 0.122; Z = 3.425; p < 0.005). For all 

participants, SI was larger in the incongruent (O-CL) than in the congruent (O-LL) task. 

This indicates that, in the unimanual main experiment, the participants assigned to the 

two Conditions (Joint vs Parallel) did not differ from each other in terms of synchronization 

(see Figure 2B). 

For the circle drawing tasks, residual errors were not normally distributed in both 

incongruent (O-CL) and congruent (O-LL) tasks (Shapiro-Wilk p = 0.01642 and p = 

0.00011). We therefore adopted two separate nonparametric analyses. In order to detect 

any powerful effect of the between-subject factor Condition (Parallel vs Joint), the 

differences between incongruent (O-CL) and congruent (O-LL) values for all subjects 

were obtained; this difference was used as the dependent variable and entered in a Mann-

Whitney U-Test. The Mann-Whitney U-Test showed no significant effect of the between-

subject factor Condition (Parallel vs Joint = mean ± sd: 0.048 ± 0.09 vs 0.003 ± 0.06; Z = 

-1.55; p = 0.126). We therefore directly compared the values from incongruent (O-CL) 

and congruent (O-LL) tasks for all subjects using a Wilcoxon signed-rank test for pairwise 

comparisons in order to detect any powerful effect of the within-subject factor. Bonferroni 



correction was applied for both pairwise comparisons (with value/number of comparisons: 

0.05/2 = 0.025). Wilcoxon matched pairs tests, after Bonferroni correction, revealed no 

powerful effect of the within-subject factor Task, showing no significant difference 

between the incongruent (O-CL) and the congruent (O-LL) task (mean ± sd = 0.152 ± 

0.145 vs 0.177 ± 0.152; Z = 1.657; p = 0.097). This indicates that, for all participants, SI 

was equal in the incongruent (O-CL) and in the congruent (O-LL) tasks and that the 

participants assigned to the two Conditions (Joint vs Parallel) did not differ from each 

other in terms of synchronization. 

 

 

4. DISCUSSION 

 

The aim of the present study was to directly investigate, for the first time, how performing 

a joint action might differ from performing parallel but merely individual actions with 

respect to what is represented motorically. Can participants in joint actions represent 

collective goals motorically? We asked participants to draw lines or circles while 

observing circles or lines being drawn by a confederate; we manipulated whether each 

participant conceived of herself as acting jointly with, or in parallel with, the confederate. 

The visual feedback and the basic action required were the same in both Joint and 

Parallel Action conditions: only the instructions varied. 

The main finding was that lines drawn by participants observing the confederate 

draw circles were ovalized by those acting jointly with the confederate but not by those 

acting in parallel with the confederate. How can this difference in ovalization be 

explained? The lack of ovalization in the Parallel Action condition is consistent with 

previous studies investigating whether and how visual feedback can induce spatial 

interference during unimanual action. These studies clearly indicate that observing a 

confederate’s hand drawing circles does not affect the trajectory of the observer’s own 

hand when she is drawing lines (Garbarini et al., 2013b; 2016). This would seem to 

exclude the possibility of explaining our findings as a consequence merely of imitative or 

counter-imitative effects (e.g. Brass et al, 2000; Heyes, 2011). But in that case, why did 

we find ovalization in the Joint Action condition? 



When an individual is bimanually drawing lines and circles, the line drawing hand 

tends to ovalize its trajectories, as in our bimanual baseline experiment. (This experiment 

also demonstrated that there was no difference between participants assigned to the two 

conditions, ruling out the possibility of relevant individual differences in susceptibility to 

ovalization.) The bimanual interference we observed is a highly reproducible effect, and 

one present across different ages (Piedimonte et al., 2014). It has been interpreted as a 

motor coupling effect as it is more tightly linked to action representation than to movement 

execution (Swinnen et al., 2003). The link to action representation is also evident at the 

neuronal level. Indeed, bimanual coupling has been shown to involve a parieto-frontal 

network centred on the pre-supplementary motor area (pre-SMA) and the posterior 

parietal cortex, which is more closely linked to action representation than to movement 

execution (e.g., Sadato et al., 1997; Wenderoth et al., 2004; Garbarini et al., 2013a). We 

suggest that ovalization in the Joint Action condition has fundamentally the same source 

as ovalization in individual performance of a bimanual action: it is a consequence of 

representing the goal of drawing both a circle and a line.  Our hypothesis is that individuals 

performing a joint action (unlike those who are merely acting in parallel) can represent 

the collective goal of their joint action motorically. If so, participants in the Joint Action 

condition may have represented the collective goal of drawing both a circle and a line 

even while actually only drawing a line.  Representing this goal would trigger motor 

processes in the participant concerning both circle and line drawing actions, somewhat 

like those which would occur were the participant performing both drawing actions herself. 

These motor processes should interfere with each other, somewhat as they do in 

bimanual action. Of course, in joint action the hands belong to different individuals: this 

may explain why the interference is stronger in bimanual action than in unimanual joint 

action. But the critical point for us is that in both cases, bimanual action and joint action, 

interference is a consequence of representing motorically the goal of drawing both a circle 

and a line. 

Given our hypothesis that collective goals are represented motorically in joint 

action, why did we find a difference between joint action and parallel action in the line-

drawing task but not in the circle-drawing task? No such difference was reported in the 

previous study of bimanual action (Franz et al, 1991), which found effects on ovalization 



for both circles and lines. Further, the explanation we have offered implies that collective 

goals should be represented motorically in both line- and circle-drawing tasks. We 

therefore compared the variance of the OI values obtained from drawings of lines and 

drawings of circles. There was significantly greater variance in drawings of circles than in 

drawings of lines. This greater variance together with the fact that the joint action effect 

is smaller than the bimanual effect may explain the apparent difference between the line-

drawing and the circle-drawing tasks. Greater variability in drawing circles may mask the 

effect of joint action on ovalization. Indeed, other researchers have relied on line drawing 

rather than circle drawing to detect interference effects for just this reason (e.g. Garbarini 

et al, 2012, 2013a, 2013b).  

One might wonder whether a simpler explanation of the difference in ovalization 

between acting jointly and acting in parallel might be given by appeal to attention.  

Manipulating whether participants were instructed to act jointly or in parallel may have 

induced an attentional bias. In performing joint actions, participants may have been 

biased to attend more to the other’s drawing than when acting in parallel. However, 

although attention could play some role, we regard it as implausible that differences in 

attention are sufficient to fully explain the observed differences in ovalization. Why? First, 

in all conditions of all tasks, the instructions explicitly required participants to focus on the 

confederate’s drawings. Second, if attention fully explained the difference in ovalization, 

we would expect it also to result in greater synchronization when acting jointly than when 

acting in parallel. In fact we missed this observation: when participants were drawing 

lines, the actions of participant and confederate were equally synchronized when they 

were acting in parallel than when they were acting jointly, with a not significant trend 

toward a slightly less synchronized outcome in the joint condition, which is opposite to the 

expected if attention would play a role.  

Alternative hypotheses about about the difference in ovalization between acting 

jointly and acting in parallel might somehow invoke entrainment. Such an alternative is 

initially attractive because our task, unlike some others (e.g. Jung et al, 2011), involved 

rhythmic movements. One might suppose that stronger entrainment would indicate closer 

coupling between participant and confederate, and that this coupling might somehow 

result in greater ovalization. But there is a clear obstacle to offering any such explanation 



of our findings: as already noted, participants were no less synchronized with the 

confederate when acting in parallel than when acting jointly. This indicates that if there 

was any difference with respect to entrainment, there was more entrainment in the parallel 

condition than in the joint action condition. So to explain our findings by invoking 

entrainment, it would be necessary to discover a theoretical link between lesser 

entrainment and greater ovalization. 

A related challenge would face an attempt to explain the difference in ovalization 

between acting jointly and acting in parallel by appeal to temporal adaptation, a 

mechanism whereby individuals speed up or slow down their actions to match observed 

actions (Keller, 2008; Konvalinka et al, 2010). It has recently been suggested that 

coordination effects which were held to be a consequence of how actions are represented 

motorically are in fact due merely to temporal adaptation (e.g. Lelonkiewicz & Gambi, 

2016). Could our findings similarly be explained merely by temporal adaptation and so 

not support the hypothesis that collective goals can be represented motorically? To show 

that they could it would be necessary, first, to link temporal adaptation to ovalization; and, 

second, to link the lower temporal adaptation observed in performing joint actions with 

greater ovalization. 

While our aim was not to investigate entrainment or temporal adaptation, the 

observation that actions are no less synchronized when acting in parallel than when 

performing a joint action suggests that the extent to which actions are entrained, and the 

extent to which temporal adaptation occurs, can be dissociated from the extent to which 

motor representations of collective goals influence actions (compare van der Wl & Fu, 

2015). This is a topic for further investigation. 

A higher-level alternative to our hypothesis about motor representations of 

collective goals might involve task co-representation, which has been invoked to explain 

how people coordinate joint actions (e.g. Sebanz et al, 2006; Baus et al, 2014). As it is 

typically understood, task co-representation would involve participants representing the 

confederate’s task in addition to representing their own task. Although this may occur in 

our experiment, the existing literature suggests that task co-representation can occur 

when agents are merely acting in parallel (e.g. Atmaca et al, 2011; Boeckler et al, 2012). 

If we think that ovalization can be explained by invoking task co-representation, we would 



therefore need some way of explaining why task co-representation is less likely to occur 

in when acting in parallel than when performing joint actions. An alternative possibility 

would be to eschew the idea that participants represent the confederate’s task in favour 

of the view that in performing joint actions they represent the larger task of drawing circles 

and lines (compare Vesper et al, 2013). On this view, participants performing a joint action 

would have a task representation specifying a collective goal. But how could that task 

representation affect the drawing actions? One possibility is that it does so by triggering 

a motor representation of the collective goal. When understood in this way, appeal to task 

co-representation is an elaboration of, rather than a competitor to, our hypothesis that 

collective goals can be represented motorically. 

 Even if alternatives involving attention, entrainment or temporal adaptation cannot 

fully explain our findings, there may still seem to be reason to resist our hypothesis. It 

may seem bizarre to suggest that participants represented actions which no individual 

performed and which would have required two hands to perform. After all, when 

performing joint actions, participants were only ever drawing with their right hands. But 

however bizarre it may seem, it is a natural extension of earlier studies which indicate 

that effects characteristic of motor coupling, such as an increase in the ovalization of a 

straight line, can occur even when an individual is actually acting unimanually. Such 

effects have been observed in hemiplegic patients affected by anosognosia for 

hemiplegia (Garbarini et al., 2012). Although they did not actually move both hands when 

asked to draw circles and lines simultaneously, these patients did claim to move their 

paralyzed hands and their lines were clearly ovalized. Relatedly, amputees with phantom 

limb experiences were also found to ovalize straight lines (Franz and Ramachandran, 

1998), as were patients with hemisomatoagnosia who misidentify other's limbs as their 

own (Garbarini et al., 2013b). All three cases suggest that the execution of a bimanual 

action is unnecessary for effects characteristic of motor coupling to occur: it is sufficient 

that the goal of drawing circles and lines is represented motorically. This has been 

strongly corroborated by a version of the task involving motor imagery in healthy subjects 

who were either actually drawing circles and lines with two hands or actually drawing lines 

with just one hand while merely imagining drawing circles with the other hand (Garbarini 

et al, 2013a; Pedimonte et al, 2014). The results showed clear ovalization in both 



conditions, suggesting that effects characteristic of motor coupling can also be a 

consequence of motor representation and do not require that one individual is actually 

using both hands. Our study takes the further step from individual to joint action and 

provides evidence that there can be interpersonal motor coupling.  

Others have taken a related step in providing evidence that an individual may take 

into account relations between her own actions and another’s in preparing and monitoring 

her actions (e.g. Meyer et al, 2013; Kourtis et al., 2014; Vesper et al., 2013; Tsai et al, 

2011). For example, Loehr et al (2013) showed that pianists playing chords together 

distinguish errors which affect a pianist’s own part only from errors which affect the 

harmony of the chord and so result in failure to achieve a collective goal. Richardson et 

al (2007) showed that acting together with another rather than alone can modulate how 

an individual grasps an object.  And Novembre et al (2013) showed that momentarily 

disrupting motor processes by means of double-pulse transcranial magnetic stimulation 

impairs a pianist’s ability to appropriately adjust tempo to match her (recorded) partner’s 

performance independently of impairing other aspects of her performance. Taken 

together, these findings suggest that an individual may take into account relations 

between her own actions and another’s in preparing, performing and anticipating actions. 

But does doing so involve representing collective goals? To answer this question a new 

approach was needed.  Earlier studies all compare one individual’s performance with 

multiple individuals’ performances. But to isolate indicators that a collective goal is 

represented, it is necessary to compare multiple individuals acting in parallel with multiple 

individuals acting jointly (Gilbert, 1990; Searle, 1990). By doing this in the present study 

we show, for the first time, that participants in joint actions can indeed represent collective 

goals motorically. 

Motor representations of collective goals matter for the coordination of actions. 

Coordinating a bimanual action often involves representing motorically an outcome to be 

realised by the movements of two hands. If we are right, coordinating a joint action may 

sometimes be similar insofar as it involves a motor representation of an outcome to be 

realised by the movements of two (or more) agents. Of course, not all coordination 

challenges can be met by invoking motor representations---many joint actions involve 

collective goals that cannot be represented motorically, goals such as meeting at an 



airport or celebrating a birthday. But for small scale joint actions involving passing objects, 

playing chords or drawing together, collective goals represented motorically may be 

indispensable. And these are the foundations of all joint action. 
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CAPTIONS 
 
FIGURE 1.  Experimental setting. Schematic view of the Bimanual Baseline (A), Parallel Action 
(B) and Joint Action Conditions (C). 
 
 
FIGURE 2. Unimanual main experiment results of all subjects for the right hand performing lines. 
Error bars indicate s.e.m. Asterisks indicate significance difference (** p < 0.005; *** p < 0.0005). 
In A, all subject’s Ovalization Index (OI) mean values are plotted: a significant OI increase was 
found only for the Joint Action task group in the incongruent condition. In B, all subject’s 
Synchronization Index (SI) mean values are plotted: no difference between group was found; for 
all participants SI was larger in the incongruent (O-CL) compared to the congruent (O-LL) tasks.   
 
 
 
 
 

  



FIGURE 1 
 
 
 

 
 
FIGURE 2 
 

 
 


