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Socio-motor improvisation is defined as the creative action of two or more people without
a script or anticipated preparation. It is evaluated through two main parameters: move-
ment synchronization and movement richness. Experts in art (e.g., dance, theater or music)
are known to exhibit higher synchronization and to perform richer movements during
interpersonal improvisation, but how these competences evolve over time is largely
unknown. In the present study, we investigated whether performing more synchronized
and richer movements over time can promote the acquisition of improvisation. Pairs of
novice participants were instructed to play an improvisation mirror game in three different
sessions. Between sessions, they performed an unintended interpersonal coordination task
in which synchronization and richness were manipulated, resulting in four different groups
of dyads. Our results demonstrate that synchronization during improvisation improved
for all groups whereas movement richness only enhanced for dyads that performed
synchronized movements during unintended coordination tasks. Our findings suggest that
movement synchrony contributes more than movement richness to the acquisition of
socio-motor improvisation in the mirror game.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Improvisation plays a critical role during our life span – ‘‘Life is a continual improvisation” (Agre & Chapman, 1987). Even
in our social interactions, we constantly improvise by spontaneously coordinating our speeches and movements to those of
our interactant (Nachmanovitch, 1990; Shockley, Richardson, & Dale, 2009). We call this phenomenon socio-motor improvi-
sation (or joint motion improvisation), and define it as the creative action of two or more people without a script or antic-
ipated preparation (Noy, Dekel, & Alon, 2011). This phenomenon occurs when we walk with someone (Sawyer, 2001), or
when we are engaged in a joint action, such as lifting together a wooden plank (Richardson, Marsh, & Baron, 2007). During
these interactions, no scenario is usually prepared in advance. Instead, we continually adapt our own verbal and non-verbal
behaviors to the environment, including other people, in order to maintain a successful interaction (Ekman & Friesen, 1969).
This continuous adaptation is fundamental and conveys relevant aspects of our interactions, such as our intentions and
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feelings (Goldin-Meadow, 1999; Krauss, Chen, & Chawla, 1996; Schmidt & Richardson, 2008). The aim of this study is to bet-
ter understand the mechanisms underlying the improvement of socio-motor improvisation competences over time.

Improvisation is often observed in artistic endeavors such as music, theater or dance, when people interact with each
other in complex and emotional ways (Johnstone, 1987; Limb & Braun, 2008). In a jam play-band, musicians have to adapt
their music in order to stay synchronized with each other (Berliner, 1994; Walton, Richardson, Langland-Hassan, & Chemero,
2015). When two dancers improvise together, they have to synchronize their behaviors while individually performing com-
plex and rich movements. Thus, the capacity to improvise could be captured and evaluated by two complementary param-
eters: (i) the synchronization between the participants’ movements, and (ii) the richness of their movements performed
while improvising. For synchronization, Noy et al. (2011) showed in dyads performing joint motor improvisation that
experts in art are able to perform moments of creativity with a high level of synchronization and with no specific leader
or follower. They called this phenomenon moment of togetherness (Noy, Alon, & Friedman, 2015), which relates to ‘‘a state
of unselfconscious awareness in which every individual action seems to be the right one and the group works apparently
in perfect synchrony” (Seham, 2001). For richness, the literature suggests that this concept is intertwined with the notion
of creativity, which is a key component of improvisation (Blom & Chaplin, 1988). Indeed in art performance, coaches or
choreographers often report that the ability to improvise is expressed through the capacity of artists to be creative. In the
context of socio-motor improvisation, the ability to improvise corresponds to the richness of movements performed during
the interaction. In music for instance, the quality of improvisation is judged through the ability of musicians to perform rich
and complex sequences (Badino, D’Ausilio, Glowinski, Camurri, & Fadiga, 2014; Berliner, 1994). In joint motor improvisation,
performance richness is also measured through an index of complexity (e.g., Noy et al., 2011).

We believe that evaluating socio-motor improvisation through these two parameters – synchronization and richness – is
also relevant in the context of our daily dyadic interactions. First, synchronization between our movements and those of our
interactant occurs spontaneously when visual coupling is available. It includes for instance, bodily synchronization during
conversation (Schmidt, Nie, Franco, & Richardson, 2014) or of limb swinging during walking (van Ulzen, Lamoth,
Daffertshofer, Semin, & Beek, 2008). Moreover, synchronization has an important social role since it promotes interactions
and acts as ‘‘social glue” between interactants (Hove & Risen, 2009; Schmidt & Richardson, 2008). It improves social compe-
tences such as affiliation between interactants (Kendon, 1970), altruistic behaviors (Valdesolo & Desteno, 2011) or cooper-
ation (Wiltermuth & Heath, 2009). Second, the richness of our motor repertoire captures the complexity of these
interactions. For instance, discussing while dancing with a partner involves a richer set of nested actions and body postures
than only saying ‘‘Hello” to this partner. To generalize, a link can be drawn between the repertoire of movements we are able
to perform during social interactions and the success of these interactions. Such a link has been observed in autistic children
(Wing & Gould, 1979), for whom impairment in social interaction is accompanied by a reduced movement repertoire.

Recent experiments have measured improvisation competences through these two parameters, using a mirror game
paradigm (Hart, Noy, Feniger-Schaal, Mayo, & Alon, 2014; Noy et al., 2011). In Noy et al. (2011), two improvisation groups
were studied: a group of novices and a group of experts in music, dance or theatre. Dyads of novices or experts were asked to
create complex movements while staying as coordinated as possible. Improvisation competences were measured through
the two complementary parameters mentioned previously: synchronization between movements of the dyad and richness
of movements performed during the interaction. Two conditions of improvisation were manipulated: a Leader/Follower con-
dition (LF) where only one participant, designated as the leader, was improvising, whereas the second participant was des-
ignated as the follower, and a Joint Improvisation condition (JI), where no follower or leader was designated. The
experimenters unsurprisingly observed that experts exhibited significantly higher synchronization and richness than
novices. However, they also found two different patterns of behavior depending on the improvisation level of expertise:
(i) novices were better – i.e., showed higher synchronization and higher richness – in LF than in JI whereas (ii) experts in
improvisational arts were better in JI compared to LF. Others studies involving different tasks showed that experts were
more synchronized and performed richer performance than novices. For instance, Issartel, Marin, and Cadopi (2006) asked
pairs of dancers and pairs of non-dancers to freely move their forearm in the sagittal plane while taking into account the
movements of the other participant during an interpersonal coordination task. The results revealed that dancers were able
to produce more synchronized and richer movements than non-dancers. Schmidt, Fitzpatrick, Caron, and Mergeche (2011)
also found that experts in trained martial arts showed better synchronization than novices during interpersonal coordination
in a sword task. More recently, Washburn et al. (2014) investigated the impact of dance expertise on interpersonal coordi-
nation. Dancers and non-dancers were asked to synchronize with a confederate who performed three different sequences of
dance-like movements with different levels of difficulty. They observed that dancers were better coordinated with the con-
federate than non-dancers, and that interpersonal coordination was higher (for participants from both groups) in low-
difficulty sequences. These results show that dancers are better than non-dancers at coordinating with another dancer, even
if the interaction requires a richer repertoire of movements.

Taken together, these studies showed that (i) improvisation competences can be acquired and improved; and (ii) experts
in improvisation activities are more synchronized and perform richer movements than novices during improvisation. How-
ever, they raise new questions concerning the processes by which these improvisation competences are acquired. How do
they improve over time? Why are experts better at improvising than novices? Are they better because they are used to syn-
chronize with others or because they are used to perform richer movements? Synchronization and Richness therefore appear
as two parameters capturing the acquisition of socio-motor improvisation, as well as the acquisition of intra-personal coor-
dinative patterns. In the framework of coordination dynamics, learning in rhythmical bi-manual coordination tasks has
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indeed been shown to depend on twomain parameters: pre-existing movement repertoire and synchronization performance
(Zanone & Kelso, 1994; Zanone & Kostrubiec, 2004; Zanone, Kostrubiec, Albaret, & Temprado, 2009).

1.1. The current study

To our knowledge, no study has yet explored the impact and role of these two parameters – Synchronization and Richness
– on the improvisation competences. In this study, we investigate the acquisition of these competences. More precisely, we
address whether synchronization and/or richness can trigger the improvement of our improvisation competences, and can
become a predictor of these competences. We designed a protocol with pairs of novices to observe the evolution over time of
their improvisation competences using the mirror game task (Noy et al., 2011). Alternating test and exposure situations, we
contrasted conditions focused on movement synchronization vs. conditions focused on movement richness. A (between-
group) two-by-two experimental design was set up. During exposure sessions, participants were instructed to synchronize
either with the same or with different movement amplitude (i.e., Similar and Dissimilar groups respectively). Performing
movements with similar amplitude during an unintentional coordination task commonly leads to higher synchronization
than performing movements of dissimilar amplitude (Varlet, Coey, Schmidt, & Richardson, 2012). Movement richness was
manipulated using either mono-frequency movements (i.e., Simple group) or bi-frequencies movements (i.e., Rich group).
If synchronization in a joint task improves our competences to improvise, we should observe an increase in these compe-
tences only for the Similar group. However, if such an improvement is mostly due to the richness of our movement reper-
toire, we should observe an increase in these competences only for the Rich group. Based on the state of the art covered
above, we expected an improvement of the improvisation competences both for synchronization and richness, and for
the two groups. We assumed that the level of synchronization would increase (mainly in JI), as would movement complexity
(in both LF and JI).

2. Method

2.1. Participants

Ninety-six healthy participants (age 20.2 ± 2.5) performed the experiment. They constituted forty-eight pairs (22 male-
male dyads & 26 female–female dyads) randomly split in four groups. Within each pair, participants did not know each
other. They had normal or corrected-to-normal vision. All were right handed according to the Edinburgh Handedness Inven-
tory. Written consent was obtained following the Montpellier University guidelines. The entire experiment conformed the
Declaration of Helsinki. Before the experiment, participants were asked which sport they practiced. Only 3 out of 96 reported
dance. In addition, none of these three participants reported an improvisation experience of more than 10 years. We consid-
ered this number too small to influence our data. Consequently we kept these three participants in our sample. Finally, par-
ticipants were randomly paired to avoid possible effects of sport domain.

2.2. Experimental set-up

Participants were standing up in front of each other at a distance of 1 m. They were asked to hold a handle with their right
hand. The handle, placed at a distance of 45 cm, was attached to a 1.8-m string. The string was horizontally positioned at
shoulder level. A passive marker was pasted on the top of the handle. Eight infrared cameras (Nexus MX13 Vicon System�)
were located around the set-up to record the position of the two markers (one for each participant), which was reconstructed
in 3 dimensions with a sampling frequency of 100 Hz. Fig. 1 represents the experimental set-up.

2.3. Experimental procedure

The experiment included five steps. Three steps of intentional mirror game named test sessions (steps 1, 3, and 5) alter-
nated with two steps of unintentional interpersonal coordination named exposure sessions (steps 2 and 4). During the
experiment, participants were not allowed to talk. Each test session lasted 10 min; the first exposure session lasted
10 min and the second one 17 min. There was a break of 2 min between each session. In total, the experiment lasted at least
75 min.

2.3.1. Exposure sessions
During the second and fourth steps, participants performed an unintended motor coordination task in which we manip-

ulated Synchronization (i.e., Similar or Dissimilar) and Richness (i.e., Simple or Rich). A two-by-two (between-group) exper-
imental design was used.

Synchronization was manipulated by modifying movement amplitude. In the Similar group, both participants of the dyad
performed movements of identical amplitude. In the Dissimilar group, one participant performed oscillations with an ampli-
tude larger than the shoulder width whereas the other participant performed oscillations with amplitude shorter than the
shoulder width. Consequently, the movement of the hand performed by one participant in Dissimilar group was different in



Fig. 1. Set-up of the protocol, showing two participants engaged in a one-dimensional perceptuo-motor task consisting of sliding a hand-held handle along
a string (a.k.a. mirror game). Maximal movement amplitude is 1.80 m. The ‘‘Make Human” model is part of the open source modeling tool ‘‘MakeHuman”
(www.makehuman.org). Blender 2.72b was used to create the environmental set-up.
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terms of amplitude from the movement he/she had to look at (i.e., the movement of the second participant), leading to an
asymmetry between hand movements and eyes movements for each participant. This asymmetry induced a reduction of
synchronization between participants (Varlet et al., 2012). In this latter study, they manipulated the movement amplitude
of stimuli during an unintended interpersonal coordination in which each participant was instructed to look at the stimulus
while performing oscillations with a pendulum at their natural frequency. They observed that the stimulus amplitude influ-
enced synchronization and concluded that the difference of amplitude between hand and eyes movements reduced
synchronization.

Movement richness was manipulated through the amount of frequency values contained in the movement in order to not
influence similarity in amplitude. Therefore, movement richness was manipulated by asking participants to produce either
one natural oscillation (Simple group) or to produce two nested-frequency movements (Rich group). We asked participants
of the Rich group to perform a double oscillation superimposing a faster frequency component onto their natural oscillation.
We assumed that (1) multi-frequency movements are richer than mono-frequency movements in term of amount of ‘‘sub-
movements” (i.e., two different oscillations for the Rich group) and that (2) performing a double oscillation provides a larger
repertoire of movements than performing only one oscillation.

Each dyad was randomly attributed to one of the four groups, resulting from the combination of synchronization and
richness. Fig. 2 illustrates the four conditions.

During these exposure sessions, participants were asked to perform the requested movements at their own preferred fre-
quency while looking at the other participant’s movement. The first exposure (step 2) included three 1-mn trials and the
second exposure (step 4) included seven 1-mn trials.

2.3.2. Test sessions: the mirror game task
In order to measure the improvement of improvisation competences, three sessions using the mirror game were

performed by our dyads. During the first (Pre-test), third (Intermediary-test) and fifth (Post-test) steps, participants
performed a mirror game task resembling the one used by Noy et al. (2011). They were instructed to ‘‘create interesting,
complex and various movements and stay as coordinated as possible” by moving the handle they were holding along the
string. In order to observe the enhancement of improvisation in novice groups, two conditions of improvisation were used
(Noy et al., 2011). In the Leader/Follower condition (LF) one participant, designated as the leader, was improvising,
whereas the second participant followed the leader; in the Joint Improvisation condition (JI), no follower or leader was
designated. Altogether, each participant of the dyad performed two trials as Leader, two trials as Follower, and two trials
of Joint Improvisation, in each of the test sessions (Pre-test, Intermediary-test, Post-test). The order of conditions was
counterbalanced across dyads but remained identical for the three steps. After several pretest experiments, we selected
a duration of 45 s for each trial, with 45 s at rest in order to maintain the motivation of the participants during the entire
experiment.

http://www.makehuman.org
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Fig. 2. Typical movements performed by one dyad belonging to the Similar–Simple group (A), the Similar–Rich group (B), the Dissimilar–Simple group (C)
and the Dissimilar–Rich group (D). The x-axis represents time (in seconds) and the y-axis represents movement amplitude (in millimeters).
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2.4. Data analysis

For all steps, the displacements of the handles in the transversal-frontal axis were centered around zero and low-pass
filtered using a second-order dual-pass Butterworth filter with a cut-off frequency of 7.5 Hz.

2.4.1. Exposure sessions
In order to verify that our manipulation of amplitude modulated movement synchronization, two variables were used.

First, we calculated an index of synchronization based on the calculation of the protophase (DAMOCO Matlab toolbox;
see Kralemann, Cimponeriu, Rosenblum, Pikovsky, & Mrowka, 2008). It provided a value between 0 (absence of synchroniza-
tion) and 1 (perfect synchronization). Second, based on the protophase, we computed the frequency of occurrence of the rel-
ative phase angles in each of nine 20� relative phase regions between 0� and 180�. The resulting distribution was used to
evaluate whether the synchronization corresponded mostly to an in-phase mode (near to 0�) and/or to an antiphase mode
(near to 180�) – two patterns of coordination classically observed during unintentional interpersonal coordination (Lopresti-
Goodman, Richardson, Silva, & Schmidt, 2008; Schmidt, Richardson, Arsenault, & Galantucci, 2007). We averaged all trials in
Exposure sessions for both variables and used an ANOVA with Synchronization (Similar & Dissimilar) and Richness (Simple &
Rich) as group factors for the index of synchronization; we also used a one-way ANOVA with Synchronization and richness as
group factors with repeated measures on Regions for the distribution of relative phase.

2.4.2. Test sessions: the mirror game task
Fig. 3 illustrates representative signals collected in the LF condition and in the JI condition, obtained during the inten-

tional mirror game. Improvisation competences were measured through the ability to remain synchronized, and through
the ability to perform rich movements during an improvisation. Given the fact that our signals were non-stationary and
contained different frequencies, amplitudes and onset, the required conditions to compute the relative phase between both
signals were not satisfied. Consequently, we applied the procedure used by Noy and collaborators (2011). Velocity signals
were obtained using the position’s first temporal derivative. Following the procedure adopted by the authors, signals were
segmented using zero velocity events. Segments were defined as periods longer than 300 ms with a minimal traveled dis-
tance of 30 mm between two consecutive segments. Segments for one participant were paired with the corresponding seg-
ments of the other participant. Segments were considered valid in a pair when they began and ended within 400 ms from
each other. In total, segments covered 79% of the experimental data. Four dependent variables were computed on these
segments and a fifth one on the entire signal. To evaluate synchronization, temporal delay (dT) and coconfident motion
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Fig. 3. Representative movements performed by two participants (black and gray traces) of one dyad during the mirror game in the Leader–Follower
condition (A) and in the Joint Improvisation condition (B). The x-axis represents time (in seconds) and the y-axis represents movement amplitude (in
millimeters).
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(CC) were computed. dT was defined as an average of time delay between the two signals at the end of each segment, and
measured the participants’ ability to synchronize each segment together. dT was expressed in milliseconds: the closer to
zero, the better the synchronization. CC was defined as the amount of motion for which participants created motion
together without being followers (i.e., the moment of togetherness). It is a marker of expertise in improvisation
(Berliner, 1994; Noy et al., 2015). We employed the same methodology as Noy et al. (2011) by measuring the periods
of nonzero motion of both participants longer than 2 s in which Fourier root-mean-square power in the 2–3 Hz band of
the difference between the players’ velocities was less than 10% of their mean velocity. An increase in the number of these
periods accompanies an increase in CC motion. The third variable – jittery motion or jitter (Noy et al., 2011) – was calcu-
lated to evaluate a marker of followership. It corresponds to the high frequency component contained in the movement
and is computed using the relative Fourier root-mean-square power in the 2–3 Hz band. Jitter is thought to originate from
reactive control of the follower to adjust his/her movements to those of the leader (Noy et al., 2011). The higher the value,
the higher jitter.

Finally, two variables captured the richness and complexity of motor repertoire, maximal velocity (Vmax) and index of
complexity (IndC). Vmax measures movement richness. It was calculated using the mean of the ten maximal velocity values
in the signal for each participant, and is a measure of the maximal velocity performed by each participant. Vmax was used as
an index of richness because it was related to the spectrum span of velocities performed. The higher this value, the larger the
velocity spectrum, and consequently the richer the movements. As shown above, IndC assesses movement complexity, and
hence movement richness. It was calculated using wavelet decomposition (Noy et al., 2011). The wavelet complexity of the
time series is defined as the inverse of the number of building blocks needed to reconstruct 95% of the original signal. The
higher this index, the richer the signal.

For each dyad in each test session, Leader and Follower trials were averaged together, and Joint Improvisation trials
were averaged separately (Noy et al., 2011). These variables were analyzed using a two-way ANOVA with Synchronization
(Similar and Dissimilar) and Richness (Simple and Rich) as group factors, with repeated measures on Session (Pre-test and
Post-test) and Condition (LF and JI). Results from the intermediary tests are not reported here. Our primary focus was
the interactions involving group factors (Synchronization or Richness) in order to demonstrate that our experimental
manipulations (i.e., exposure sessions) had a direct effect on improvisation performance. As we focused on the presence
of Jitter as a function of the conditions, we used one-way ANOVAs with repeated measures on Conditions (L, F and JI) on each
test session.

For all analyses (in exposure sessions and test sessions), Newman–Keuls post hoc tests were computed when necessary.
Size effects on our repeated ANOVA design are reported below in the results section using the partial eta squared gp2

(Bakeman, 2005) interpreted according Cohen’s article (1988), where .02 corresponds to a small effect, .13 to a medium
effect and .26 to a large effect.

3. Results

In this section, we first verify that our participants followed the instructions about richness (one vs. two movement fre-
quencies) and amplitude (identical vs. different) during unintentional motor coordination. We then focused on the main
results of the experiment, i.e., the dyadic performance during the mirror game task, the improvisation competences and their
changes over sessions.
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3.1. Exposure sessions

To first verify that our participants followed the richness instructions, we conducted a wavelet analysis, evaluating the
frequency components in the signal at each point in time (Issartel, Bardainne, Gaillot, & Marin, 2015; Schmidt et al.,
2014; Torrence & Compo, 1998). Wavelet plots (see Fig. 4) display power intensity (white color indicates high power and
black color indicates low power) at each frequency (y-axis) and at each point in time (x-axis). A black line surrounds all fre-
quencies significantly present in the spectrum. One single frequency band around 0.5 Hz is visible for the Simple group
(Fig. 4, left) whereas two different bands of frequency, around 0.25 Hz and 4 Hz, are visible for the Rich group (Fig. 4, right).
Thus, the wavelet analysis confirms that participants followed the requested instructions, and also that performing two
nested-frequency movements is richer than performing only one frequency movement regardless of amplitude.

Second, to verify that our participants followed the amplitude instructions, we calculated the amplitude difference
between the two participants in each dyad. As anticipated, a main effect of Synchronization was found (F(1,44) = 148.38,
p < .05, gp2 = .77) indicating that amplitude difference was significantly higher in the Dissimilar group (75.2 cm ± 24.3) than
in the Similar group (12.9 cm ± 8.4), and thus attesting that our participants followed the instructions.

The statistical analysis performed on the index of synchronization revealed only a main effect of Synchronization (F(1,44)
= 68.12, p < .05, gp2 = .61). Participants were more synchronized in the Similar group (mean of 0.73) than in the Dissimilar
group (mean of 0.21). The ANOVA performed on the distribution of the relative phase revealed a Region effect (F(8,352)
= 18.38, p < .05, gp2 = .29) and a Region x Synchronization interaction (F(8,352) = 11.41, p < .05, gp2 = .21). The decomposition
of the interaction showed that in-phase and antiphase patterns occurred significantly more often than other patterns, more
so for the Similar group than for the Dissimilar group. Taken together, these results confirmed that similarity in movement
amplitude induced unintentional synchronization, mostly captured by in-phase and in antiphase patterns, irrespective of
movement richness.

3.2. Tests sessions: mirror game task

3.2.1. Novice behavior
Before analyzing the improvement of improvisation competences, we first evaluate here whether our results are coherent

with those obtained by Noy et al. (2011) in a similar task. In order to do so, we analyzed, using a larger sample size (96 versus
12), the first session of all dyads (Pre-test) for all participants (considered as true novices since none of them participated
more than one time to the current experiment). A t-test was used to compare the two conditions (Leader–Follower and Joint
Improvisation). Our novice participants produced movements with higher dT in JI trials compared to LF trials (LF vs. JI: t(47)
= �3.46, p < .05, gp2 = .20, Fig. 5A) and with higher maximal velocity (Vmax) in LF than in JI trials (LF vs. JI: t(47) = 2.61,
p < .05, gp2 = .13, Fig. 5B). However, no difference was obtained for the coconfident motion or for the index of complexity
(p > .05 for both). For jitter, a one-way ANOVA with repeated measures on Conditions (L, F and JI) showed a Condition effect
(F(2,94) = 52.81, p < .05, gp2 = .53) indicating that (i) jitter in the Follower condition is higher than in JI and in Leader condi-
tions; and (ii) jitter in JI is higher than when leading (Fig. 5C).
Fig. 4. Wavelet analysis performed on the time series of two participants during an Exposure session: illustration of Simple motion with participant from
the Similar–Simple group (A); and illustration of Rich motion with participant from the Dissimilar–Rich group (B). The x-axis represents time (in seconds)
and the y-axis represents movement frequency (in Hertz). Color refers to the spectral power: the whitest, the strongest. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. (A) Temporal delay – dT, (B) maximal velocity – Vmax – at pre-test for all novice dyads in Leader–Follower (LF) and Joint Improvisation (JI) trials. (C)
Jitter at pre-test for all novice dyads in Leader (L), Follower (F) and Joint Improvisation (JI). Means and standard errors are represented.
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Taken together, our results support those obtained by Noy et al. (2011) showing that improvisation performance in
novices is better in LF than in JI. Moreover they extend them to a larger sample composed of 96 true novices. Therefore,
our results validate our set-up and the initial necessary conditions of our experimental protocol to address how these com-
petences evolve over time.

3.2.2. Improvement over time of improvisation competences
For dT, a two-way ANOVA with Synchronization (Similar and Dissimilar) and Richness (Simple and Rich) as group factors

and repeated measures on Session (Pre-test and Post-test) and Condition (LF and JI) revealed a Session effect (F(1,44) = 5.18,
p < .05, gp2 = .11), a Condition effect (F(1,44) = 4.81, p < .05, gp2 = .10) and a Session x Condition interaction (F(1,44) = 5.14,
p < .05, gp2 = .10). The post hoc decomposition of the interaction indicated a decrease in dT only in JI rounds between Pre-
test and Post-test. It also showed that dT in LF was lower than in JI rounds in Pre-test but that this difference disappeared
in Post-test (Fig. 6A). Finally, there were neither group effect nor group interactions.

For CC, a similar ANOVA showed no significant effect but only an interesting trend Session � Synchronization suggesting
that CC improved for Similar group (F(1,44) = 3.52, p = .07, gp2 = .07).

For jitter, a two-way ANOVA with Synchronization (Similar and Dissimilar) and Richness (Simple and Rich) as group fac-
tors, and repeated measures on Condition (L, F and JI) in Post-test only, revealed a Condition effect (F(2,88) = 28.56, p < .05,
gp2 = .39). This effect indicates that jitter in Follower was higher than in JI and L, and that jitter in JI was higher than in L. No
group interactions were found. This result suggests no difference between groups after the experiment.

For Vmax, analyses revealed a Condition effect (F(1,44) = 12.18, p < .05, gp2 = .22) and a Session effect (F(1,44) = 15.12,
p < .05, gp2 = .26), indicating both a higher Vmax for LF than for JI, and an increase in velocity between Pre-test and Post-
test. A Session � Synchronization interaction was also observed (F(1,44) = 6.5, p < .05, gp2 = .13) indicating that Vmax
increased between Pre-test and Post-test only for the Similar group (p < .05; Fig. 6B).

Finally, a similar ANOVA indicated that IndC increased between Pre-test and Post-test (F(1,44) = 18.28, p < .05, gp2 = .29).
The Session � Synchronization interaction was also significant (F(1,44) = 5.81, p < .05, gp2 = .12) revealing that this increase
in IndC between tests held only for the Similar group (p < .05).

4. Discussion

The aim of this study was to investigate the conditions underlying the acquisition of socio-motor improvisation compe-
tences defined as the ability to perform synchronized and rich movements with others. We addressed the question whether
synchronization and richness of movements would lead to the improvement of these competences. Synchronization and
richness were manipulated during exposure sessions between two tests sessions of the mirror game task in which impro-
visation competences were evaluated. We expected that dyads performing synchronized movements and those achieving
richer movements during exposure sessions would improve their improvisation. Our study has two main outcomes. (i)
We extended Noy et al.’s results (2011). Based on a larger sample, our findings confirmed that a spontaneous novice behavior



Fig. 6. (A) Session � Condition interaction for dT (temporal delay characterizing synchronization) showing a decrease in dT between Pre-test and Post-test
only for Joint Improvisation (JI). Means and standard errors are represented. (B) Session � Synchronization interaction for Vmax (maximal velocity
characterizing richness) showing an increase in Vmax between Pre-test and Pot-test only for the Similar group (light gray). Means and standard errors are
represented.
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in the mirror game is characterized by a better performance (dT and Vmax) in Leader/Follower situations than in Joint Impro-
visation. (ii) We showed that improvisation could be acquired and improved both in term of synchronization (for all groups)
and movement richness (for Similar group). We now discuss these results in turn.

4.1. Novice participants are better at improvising when social roles are predefined

At Pre-test, participants were considered as novices. In such a context, the results observed are in line with our expecta-
tions and with the existing literature (Noy et al., 2011). Using a larger sample of ‘real’ novices (i.e., 96 independent partic-
ipants, randomly paired, who performed the experiment once), we observed in the mirror game that participants’
movements were better synchronized and richer during Leader–Follower trials in which clear roles are identified, rather
than during Joint Improvisation trials. In LF, each participant knew the role s/he had to play during the entire trial (i.e., as
either leader or follower), which made the synchronization easy to achieve. Conversely, in JI, there is a constant turn taking
(from leader to follower and vice versa) that is not predefined. The switch in roles sometimes creates incertitude and poten-
tial misunderstanding between interactants when each of them attempts to engage the same leading or following behaviors
at the same time. This result echoes the findings from Sacheli, Tidoni, Pavone, Aglioti, and Candidi (2013) who found that
leaders made their movements more communicative in inviting other interactant to follow them. Finally, participants per-
formed richer movements in LF than in JI, suggesting that predefined leadership roles helped novices to enrich their move-
ment repertoire, i.e., to explore a larger velocity spectrum represented by the Vmax variable. In JI, participants had more
difficulties to synchronize their movements; their attention was probably more focused on deciphering when switching
from one role to the other. Spreading out their attention hampered their creativity, yielding slower and poorer movements.
Moreover, as novice participants were not used to improve together (i.e., they did not practice improvisation activities), cre-
ating joint motion was presumably not common for them, explaining the poor improvisation performance in JI.

Although we replicated the results from Noy et al. (2011), several differences appeared. We observed for instance higher
maximal velocity in our experiment than in their study (900 mm/s and 400 mm/s respectively). In our study, participants
were standing (sitting for Noy et al.’s set-up) and could perform wider movements (1.8 m vs. 0.6 m respectively). Both dif-
ferences could explain the higher maximal velocity recorded here. Another discrepancy between our study and Noy et al.’s is
observed in the jitter variable: while jitter was higher in their study for Follower and JI compared to Leader, in our study
jitter was higher in Follower compared to JI, and Leader. However, taken together, results of both studies confirm that jittery
motion is a signature of followership, and can also exist during Joint Improvisation. We also showed that novices did not
performmore CC motion in LF than in JI, confirming that moment of togetherness is a signature of expertise in improvisation
(Berliner, 1994; Noy et al., 2015).

4.2. Enhancement of improvisation competences

Along with practice and exposure sessions, the novice participants’ behavior changed and we now discuss these changes
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4.2.1. Synchronization improved for all groups during improvisation
While synchronization (dT) was initially higher in LF than in JI, this difference disappeared at Post-session, due to an

increase of synchronization in JI for all groups. This result can have more than one origin. First, as mentioned previously, Joint
Improvisation implies several roles switches, creating incertitude and potential errors between interactants. With practice,
participants could have learned how to bodily communicate with their partner and consequently decreased such incertitude
yielding improvement of synchronization in JI. Conversely, in Leader/Follower sequences, a ‘‘ceiling effect” was observed,
introducing mostly a reactive type of control from the follower (Bastian, 2006), limiting the improvement in performance
(Noy et al., 2011). Our results on jitter, that originates from a reactive controller that adjusts the motion of the follower
as a function of those of the leader, seemed to confirm such an idea when we observed more jittery motions for the follower
than for participants in JI (in Pre and Post-tests).

We believe this reactive type of control is not independent from the direction of informational exchanges improving syn-
chronization in JI. Visually-based synchronization between two participants is often modeled as a coupled-oscillators system
(Kelso, 1995; Schmidt, Carello, & Turvey, 1990), with information exchanges between these two oscillators forming the cou-
pling functions giving rise to their synchronization. The directionality of the coupling function refers to the influence of one
oscillator onto the other, and is known to influence synchronization performance (Schmidt & Richardson, 2008). If only one
oscillator is forced by the second, coupling is considered as unidirectional. However, if the oscillators are mutually influenc-
ing each other, coupling is bi-directional and produces richer information exchanges (Schmidt, Bienvenu, Fitzpatrick, &
Amazeen, 1998). Our conditions involved different couplings. In LF, although both participants were visually coupled and
consequently exchanged information, the coupling was almost unidirectional since only one participant had to follow the
movements of the leader. Conversely, in JI, both participants were also visually coupled and tried to be synchronized with
each other, which referred to a bi-directional coupling, known to maximize information exchanges and therefore synchro-
nization (de Rugy, Salesse, Oullier, & Temprado, 2006; Okazaki et al., 2015).

Finally, the absence of interactions involving our groups for dT shows that all groups improved synchronization during
improvisation. Such a common improvement could be related to repeated practice, a well-known phenomenon classically
reported during motor skill acquisition (Schmidt & Lee, 1988). Indeed, all participants performed the same amount of trials
in each condition that could explain the improvement of synchronization. It could also suggest that exposure to movement
synchronization or movement richness equally contributed to increase improvisation competences over time. It could there-
fore extend literature on the influence of these two parameters on the learning of intra-personal coordination by showing
that such an impact of these parameters could be also observed on interpersonal coordination by increasing the synchroniza-
tion between movements (Zanone & Kelso, 1994; Zanone & Kostrubiec, 2004; Zanone et al., 2009).

4.2.2. Richness improved for Similar group during improvisation
Besides synchronization, movement richness (Vmax and IndC) was also improved during improvisation. However, this

improvement concerned only the participants from the Similar group, who exhibited richer movements at Post-test com-
pared to Pre-test. Together these latter findings along with the increase of the amount of synchronization (i.e., in-phase
and antiphase patterns) during exposure for the Similar group compared to the Dissimilar group, suggest a functional rela-
tion between the amount of unintentional synchronization and the richness and complexity of the movements during sub-
sequent improvisation. Such a relation has already been observed. For instance, Valdesolo, Ouyang, and DeSteno (2010)
showed that participants exhibiting unintentional synchronization performed a joint action task faster than participants
exhibiting no synchronization. The authors argued that movement synchronization has influenced the participants’ behav-
ior, increasing their perceptual sensitivity of the other participant’s movements. Consequently, unintentional synchroniza-
tion during Exposure sessions seems to promote the richness parameter of our improvisation competences.

The positive effect of initial human synchronization on subsequent socio-motor competences has been identified in var-
ious contexts. For instance, Wiltermuth and Heath (2009) exposed small groups of participants to synchronous or asyn-
chronous tasks (e.g., walking, singing, producing hand movements). They found that participants having been initially
synchronized with each other proved to become more cooperative toward each other, and concluded that synchrony could
increase group cohesion (see also McNeill, 1995; Repp & Su, 2013 for a review). This synchronization effect during exposure,
on subsequent task, has sometimes been referred as social memory (Insel & Fernald, 2004; Oullier, de Guzman, Jantzen,
Lagarde, & Kelso, 2008). Oullier and colleagues (2008) observed that movements performed by two participants after an
unintended synchronization task exhibited more common frequencies than before synchronization, suggesting that synchro-
nization can impact behavior, plays an important role in human interaction, and can contribute to social bounding and altru-
ism (e.g., Marsh, Richardson, & Schmidt, 2009; Valdesolo & Desteno, 2011). We believe that such a positive impact of
synchronization is rooted into the informational exchanges previously described.
5. Conclusion

Our study shows that our capacity to improvise in a socio-motor context can be acquired and evaluated through two com-
plementary parameters: movement richness and synchronization. Manipulating these two parameters revealed that syn-
chronization (i) is the most relevant contributor to improvisation, for all tested groups; and (ii) is a predictor of our
ability to increase the behavioral richness in an improvisational context. Although several studies showed that experts in
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dance are better synchronized and perform richer movements than non-dancers (e.g., Issartel et al., 2006; Washburn et al.,
2014), these studies have not experimentally addressed why expert dancers exhibit better improvisation performances. Our
study provides experimental evidence that performing synchronized movements improve our improvisation competences.
In other words, learning how to improvise first requires learning how to be synchronized with others. However, this maybe
limited to the socio-motor improvisation in the mirror game in which synchronization is strongly needed.

Our findings offer a better understanding of the acquisition of improvisation competences. They need to be confirmed by
complementary studies investigating for instance, the effect of the practice per se on the socio-motor improvisation in the
mirror game using a learning protocol or the retention and transfer of these effects into more ecological contexts. We believe
however that they are already consequential for daily life activities and for developmental, elderly and clinical contexts. For
example, it is well known that patients suffering from social pathologies (e.g., schizophrenia, autistic spectrum disorder,
social anxiety disorder) exhibit deficits in social interactions, social withdrawal and reduced non-verbal behaviors (Del-
Monte et al., 2014; Lavelle, Healey, & McCabe, 2013; Marsh et al., 2013; Varlet et al., 2014). Raffard et al. (2015) have recently
shown an increase in the feeling of connectedness for schizophrenia patients having been preliminarily synchronized with a
naïve healthy participant using in a wrist-pendulum interaction task. However, no rehabilitation protocols, to our knowl-
edge, incorporate motor tasks to treat this social interaction impairment, although improvisational music therapy in schizo-
phrenic rehabilitation is used to improve clinical status (Pavlicevic, Trevarthen, & Duncan, 1994). Based on the results of our
experiment, we believe that the use of synchronization could be a promising rehabilitation tool to improve socio-motor
improvisation competences and general social interactions.
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