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Abstract

Human interactions are often improvised rather than scripted, which suggests that efficient
coordination can emerge even when collective plans are largely underspecified. One possibility is
that such forms of coordination primarily rely on mutual influences between interactive partners,
and on perception—action couplings such as entrainment or mimicry. Yet some forms of impro-
vised joint actions appear difficult to explain solely by appealing to these emergent mechanisms.
Here, we focus on collective free improvisation, a form of highly unplanned creative practice
where both agents’ subjective reports and the complexity of their interactions suggest that shared
intentions may sometimes emerge to support coordination during the course of the improvisation,
even in the absence of verbal communication. In four experiments, we show that shared intentions
spontaneously emerge during collective musical improvisations, and that they foster coordination
on multiple levels, over and beyond the mere influence of shared information. We also show that
musicians deploy communicative strategies to manifest and propagate their intentions within the
group, and that this predicts better coordination. Overall, our results suggest that improvised and
scripted joint actions are more continuous with one another than it first seems, and that they differ
merely in the extent to which they rely on emergent or planned coordination mechanisms.
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1. Introduction

While the ability to plan and to organize our actions accordingly is often considered
crucial to collective behavior in humans (Bratman, 2014), a significant part of our interac-
tions seems to take place in the absence of such planification. Sometimes, we have to
react to unexpected events, spontaneously adapting our interactions on the fly without
having the possibility to rely on pre-established plans (Mendonga & Wallace, 2007).
Other times, we simply refuse to commit to a shared plan before engaging in a joint
activity, because we trust that it will allow for the emergence of creative or surprising
interactions (Sawyer, 2003). Such unplanned joint actions can be referred to as cases of
collective (or joint) improvisations, and they are encountered in a wide variety of areas
(Ingold & Hallam, 2007), from artistic activities (e.g., comedy improv) to work situations
(e.g., brainstorming sessions), from day-to-day life (e.g., open-ended conversations) to
emergency crisis (e.g., sudden terrorist attacks).

On a general level, collective improvisations can be defined as joint actions in which
the precise outcome of the action is not planned ahead, nor is the precise way it will
unfold. In such a situation, improvisers must invent ways to coordinate online, as the
joint action proceeds, while referring to a joint goal that remains largely under-specified
(e.g., “making music together” or “surviving together”) and which, as such, does not
entail a given sequence of actions nor a given task distribution. Collective improvisations
are thus in stark contrast with scripted joint actions, where interacting partners explicitly
specify the desired end result (i.e., their joint outcome) beforehand, as well as each
agent’s task, and an outline of the steps needed in order to reach this joint outcome. At
first sight, scripted and improvised joint actions appear to raise distinct problems of coor-
dination that may be solved by distinct mechanisms. Consequently, research focusing on
coordination has mainly studied these two types of joint actions separately.

On the one hand, research on scripted joint actions typically highlights the role of joint
planning for coordination (Bratman, 1999; Knoblich, Butterfill, & Sebanz, 2011; Loehr,
Kourtis, Vesper, Sebanz, & Knoblich, 2013; Vesper et al., 2017). A central way through
which partners are thought to solve coordination problems during scripted joint actions is
through the involvement of shared intentions—mental states held by individual agents
that represent specific joint outcomes—and specifications of each agent’s tasks, that are
common knowledge between them (Bratman, 2014). Beyond abstract, shared intentions,
recent evidence suggests that shared goal representations—that have a more concrete,
motoric format (Butterfill, 2018)—can also facilitate coordination at shorter time scales
(della Gatta, 2017; Kourtis, WoZniak, Sebanz, & Knoblich, 2019; Sacheli, Arcangeli, &
Paulesu, 2018). In the following, we refer to processes that involve shared intentions or
shared goal representations as planned coordination mechanisms (Butterfill, 2018; Kno-
blich et al., 2011), because they require partners to be jointly oriented toward a given out-
come.

On the other hand, most research on improvised joint actions so far has focused on
examining embodied and embedded aspects, and describing coordination mechanisms that
are thought to operate on short time scales, and to directly arise from dynamic
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interactions between partners within a shared environment. Unlike planned coordination,
this type of mechanisms does not require that agents hold specific mental representations
at the individual level, but primarily rely on agents’ dynamic couplings while acting
jointly. Here, following previous authors (Butterfill, 2018; Knoblich et al., 2011), we refer
to these processes as emergent coordination mechanisms. One classic example is the phe-
nomenon of entrainment observed when two agents become more synchronized with one
another than expected by chance simply through seeing each other’s movements, and
even in the absence of, or contrary to, any intention to do so (Issartel, Marin, & Cadopi,
2007; Nessler & Gilliland, 2009; Repp, 2005; Yun, Watanabe, & Shimojo, 2012).
Entrainment is often interpreted in the framework of dynamical systems, where it is
argued to merely constitute a particular instance of physical coupling that can arise in all
(social or nonsocial) kinds of coupled oscillators (Schmidt & Richardson, 2008; Walton
et al., 2018). Other studies have documented the role of mimicry, or automatic imitation,
showing that individuals often mirror each other’s actions, and that such mirroring fosters
coordination and acts as social glue by increasing affiliation between individuals (Gue-
guen, Jacob, & Martin, 2009; Van Baaren, Janssen, Chartrand, & Dijksterhuis, 2009). For
instance, one study showed that expert improvisers could smoothly imitate each other’s
movements while performing a mirror-game task, entering into a state of co-confidence
in which each player seems to be both leading and following at the same time (Noy,
Dekel, & Alon, 2011). Beyond mirroring, there is some evidence that motor simulation
enables observers to predict their partners’ actions, which can help them adjust their
actions accordingly to improve coordination (Aglioti, Cesari, Romani, & Urgesi, 2008;
Novembre, Ticini, Schiitz-Bosbach, & Keller, 2014; Noy et al., 2011; Vesper, van der
Wel, Knoblich, & Sebanz, 2013). Finally, other research has focused on documenting
joint affordances, showing for instance that particularly salient elements present within
their environment can constrain improvisers’ behavior, leading them to perform actions
with a similar functional profile (e.g., changing what they were doing) during the course
of the performance (Canonne & Garnier, 2012).

Overall, it seems clear that coordination during collective improvisations heavily relies
on the fact that agents’ interactions are both embodied and embedded (Linson & Clarke,
2018). Yet, whether emergent mechanisms are sufficient to support coordination in cases
of complex and/or temporally extended collective improvisations, without the support of
additional (planned) mechanisms, at least punctually, remains far from certain. Indeed,
the studies reviewed above document the role of emergent coordination mechanisms in
supporting very simple forms of joint action that typically involve agents who perform
very similar actions at the same time (e.g., tap in synchrony to the same beat, imitate
each other’s motion or emotional displays, etc.). A large literature has documented the
pervasiveness of these mechanisms, at the behavioral, physiological, and neural levels,
and the role they play in coordination from infancy to adulthood (Helm, Miller, Kahle,
Troxel, & Hastings, 2018; Wass, Whitehorn, Marriott Haresign, Phillips, & Leong, 2020).
Yet how they could account for complex forms of collective improvisations, where each
agent has to perform a different type of action, and where no temporal structure is present
to support mechanisms such as entrainment, is really unclear. Moreover, these
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mechanisms operate on short time scales (seconds, at best minutes), and they are specifi-
cally efficient when precision is targeted, while they fall short at explaining how the
coordination of complex and flexible behaviors—typical of most creative improvisations
—may be achieved (Butterfill, 2018).

Research on scripted joint actions generally suggests that both emergent coordination
mechanisms and planned coordination mechanisms actually interact to foster coordina-
tion, their relative contributions enabling an optimal trade-off between precision and flexi-
bility (Butterfill, 2018). For instance, the fine-tuning of musical expressivity in
performing chamber music compositions crucially depends on emergent mechanisms,
which regulate the temporal unfolding of performers on very short time scales (D’ Ausilio
et al., 2012; Keller, 2014). Studies also suggest that when co-agents have a shared inten-
tion to synchronize, internal sensorimotor models enable them to predict each other’s tim-
ing and to deploy strategies to improve synchrony (Heggli, Konvalinka, Kringelbach, &
Vuust, 2019; Vesper, van der Wel, Knoblich, & Sebanz, 2011).

Building upon these studies targeting scripted interactions, here we ask whether such a
synergy of planned and emergent coordination mechanisms is also at play during impro-
vised joint actions. More precisely, we test the hypothesis that co-improvisers also coordi-
nate by forming shared intentions that emerge during the course of the interaction. We
hypothesize that shared intentions may be particularly crucial to support the most com-
plex and flexible forms of collective improvisations, which require co-agents to perform
dissimilar and varied actions that are not necessarily tied to an underlying temporal struc-
ture. We thus conducted four experiments using the practice of Collective Free Musical
Improvisation (CFI) as an experimental model of improvised joint action.

Collective Free Musical Improvisation constitutes a particularly pure and paradigmatic
case of collective improvisation (Bailey, 1992) that is ideal to test our hypotheses for sev-
eral reasons. First, in CFI, musicians typically do not attribute roles to each other, do not
specify melodic or harmonic structures before improvising together, and overall, refuse to
specify how the improvisation will unfold. In other words, they refuse to precisely specify
their joint outcome and to establish a joint plan beforehand (Pressing, 1984). On a finer
level, CFI also crucially differs from more familiar genres of improvised music such as
bebop or even free jazz in the sense that it is generally not pulsed and devoid of rhythmi-
cal patterns. Free improvisers certainly share a common ground, which imposes nontrivial
aesthetical constraints on the group’s performances (e.g., leading musicians to focus on
subtle timbral explorations and to avoid conventional rhythmical patterns or chord pro-
gressions). However, the issue of how to temporally organize the individual and collec-
tive musical behaviors on shorter and longer time scales in a given performance remains
in its entirety (Canonne, 2018), making CFI an as pure as possible case of real-life impro-
vised joint action (see video and audio examples via this link [https://osf.io/4pnxh/?view_
only=75afeb0864964265ab40e29a60895885]). Second, CFI typically involves a tempo-
rally extended situation in which each agent performs highly idiosyncratic, nonimitative
actions. This is in sharp contrast with shorter, simpler, and imitation-based forms of
improvised interactions used in previous research (Noy et al., 2011), and it makes CFI
especially appropriate to track the existence and impact of shared intentions in joint
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improvised actions. Finally, like other forms of collective music-making that have been
used as a model to investigate joint actions (Aucouturier & Canonne, 2017; D’Ausilio,
Novembre, Fadiga, & Keller, 2015; Kirschner & Tomasello, 2010; Michael, 2017), CFI
constitutes a model that is ecologically valid, and allows one to measure coordination on
multiple levels and to investigate the mechanisms that drive the emergence of shared
intentions on the fly, in the absence of verbal communication.

This specific model allows us to ask three questions: Do shared intentions emerge dur-
ing this complex case of improvised joint actions? If so, how can such shared intentions
emerge in the absence of verbal communication? And to which extent does the shared-
ness of these intentions among co-agents affect coordination? To address these three
questions, we focused on a coordination problem that is likely to arise in most—if not all
—improvisations: how to collectively end the performance.

How and when to end a performance is a coordination problem that is particularly
challenging in CFI because musicians do not share a given script nor a repertoire of
canonical endings that provide them with clear potential ending points. Even if musicians
were to decide to end the piece at the same time, it would still be difficult to do so. Con-
trary to other musical genres, such as straight-ahead jazz, in which temporal and har-
monic structures typically determine specific ending points (e.g., on the beat, or on a
closing cadence), provide musicians with the support of a shared entrainment to a beat,
or at the least, enable performers to rely on auditory imagery to form precise predictions
about what is about to come next (Hadley, Sturt, Moran, & Pickering, 2018; Keller,
2008), in CFI there are no definite structures nor conventional patterns that point to speci-
fic ending points. As Alain Savouret—who taught free improvisation at Paris Conserva-
tory for many years—nicely puts it: “If it’s always difficult to start [an improvisation],
it’s even harder to finish it” (Savouret, 2010, p. 26). As such, issues of endings are often
raised and discussed within CFI classes. At the same time, endings are also moments in
which the improvisers’ coordination (or lack thereof) is at its clearest: Musicians (and
attuned audience members alike) often speak of “missed endings” when the group mem-
bers did not “feel” at the same time that the performance was coming to an end or that
such or such musical event could act as a good ending point. For these two reasons, end-
ings perfectly encapsulate the coordination problems that are at stake during improvised
joint actions. In this regard, they constitute a particularly interesting case to study the role
of shared intentions in supporting coordination when multiple agents act in flexible ways.
Shared intentions could indeed foster coordination in this context because they would
allow improvisers to anticipate that the performance is about to finish, and to plan their
actions with respect to this proximate joint outcome, on the basis that their coimprovisers
are likely to do the same.

Thus, in Experiments 1 and 2, we invited trios of musicians to a recording studio,
where they were asked to perform a series of short improvisations. In Experiment 1,
musicians had to perform four improvisations and, while playing, each musician was
asked to press a pedal “as soon as she felt that she was looking for an ending.” As musi-
cians were playing in separate studio booths, pedal presses were made covertly, with no
auditory consequence allowing other musicians to perceive when their partners pressed
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the pedal. By testing whether musicians’ reports are closer in time to one other than
would be predicted by chance, Experiment 1 allowed us to investigate whether shared
intentions do emerge during collective improvisations.

In Experiment 2, we tested the extent to which shared intentions actually impact coor-
dination. To do so, we asked the same musicians to perform 12 additional improvisations.
We experimentally manipulated musicians’ intention to end the piece, by covertly deliv-
ering auditory prompts through their headphones. Musicians were prompted with either
an individual, ME-Goal (i.e., finding a good ending for their own individual parts) or with
a collective, WE-Goal (i.e., finding a good ending for the group’s performance as a
whole). We also manipulated the number of musicians who received a prompt (N = 1, 2,
or 3), thereby manipulating the degree of shared information. Note that musicians always
received the same type of prompt, either ME or WE.

As detailed in Table 1, this procedure allowed us to contrast three hypotheses. Accord-
ing to a shared information hypothesis, for the presence of goals to impact coordination,
agents merely have to represent the same information (i.e., that the piece is about to
end). This hypothesis merely predicts tighter coordination as the degree of shared infor-
mation (i.e., number of prompts) increases. By contrast, according to a collective inten-
tion hypothesis, what matters is that some agents within the group hold collective
intentions, in the sense that they involve the group in their very content. This hypothesis
predicts tighter coordination when agents’ intentions involve the group (i.e., for WE-
Goals) as compared to when agents merely pursue individual goals (i.e., for ME-Goals).
Finally, according to a shared intention hypothesis, what matters is that agents hold col-
lective intentions, but in addition, that these intentions be shared and common knowledge
between them. This hypothesis predicts that the content of the goals (i.e., whether it was

Table 1

Predictions of the three main hypotheses with respect to the two main aspects examined in this study: (a)
coordination, assessed at three levels as reported in Sections 3.2.1 (temporal coordination), 3.2.2 (acoustic
coordination), and 4.2.1/4.2.2 (qualitative aspects of coordination), and (b) signaling strategies (results
reported in Section 5.2.3)

Predictions
Temporal, acoustic, and qualitative
Hypotheses  aspects of musical coordination. . . Signaling strategies are. . .
Shared ... improve as the degree of shared no specific predictions about signaling strategies
information  information increases
main effect of the number of prompts
Collective ... improve when agents hold no specific predictions about signaling strategies
intention collective as compared to individual
intentions
main effect of prompt type
Shared ... improve when collective ... present in the WE but not in the ME condition,
intention intentions are shared so that collective intentions spread and become
interaction between the number of common knowledge within the group

prompts and the type of prompt
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an individual ME-goal or a collective WE-goal) should impact coordination over and
beyond shared information: We should thus expect tighter coordination when several
musicians had the same collective goal of finding a good ending for the group as com-
pared to cases in which the same number of improvisers merely had parallel individual
goals (i.e., each improviser having the distinct goal of finding a good ending for herself),
and this relationship should also vary as a function of the number of prompts (i.e., only
one performer having a collective intention may not be enough for coordination to
ensue).

Coordination was examined on three levels: (1) by assessing the temporal coordination
with which musicians stopped playing at the end of the piece; (2) by assessing the musi-
cians’ dynamic, timbral, and harmonic coordination with several acoustical measures;
and (3) by assessing qualitative aspects of musical coordination. Point (3) was achieved
by running a follow-up listening experiment (Experiment 3) where a separate group of
expert and naive listeners were asked to evaluate the recorded improvisations, in order to
assess whether shared intentions impact the aesthetic perception of the joint performance,
and some of its qualitative properties corresponding to higher level aspects of musical
coordination that are difficult to capture with acoustic analysis, given the sheer sonic
complexity of most CFI performances. Lastly, contrary to the other two hypotheses, the
shared intention hypothesis also predicts that prompted musicians may engage in signal-
ing strategies to make their intention manifest for the group, thereby establishing common
knowledge that the piece is about to end, and ensuring the collaboration and commitment
of the other performers. Thus, in a fourth experiment with the same listeners involved in
the third experiment, we investigated how goals may propagate within the group of
improvisers to foster coordination. We examined the possibility that musicians deploy
signaling strategies to establish common knowledge of their current goal at the level of
the group, thereby forming proper shared intentions. To this end, listeners were asked to
detect whether they thought individual performers were looking for an end, and to charac-
terize their behavior along several categories. This allowed us to examine whether musi-
cians’ intentions to end the piece could be deciphered by listeners, what type of
communicative behaviors drive this perception, and how the transparency of performers’
intentions relates to coordination.

2. Experiment 1: Can shared intentions emerge during collective musical
improvisations?

2.1. Experiment 1—Methods

2.1.1. Participants

We invited 21 participants (2 women, age M = 39.8 years, SD = 9.1 years) to take
part in Experiments 1 and 2. All were highly skilled professional musicians actively
involved in CFI (average years of experience on their respective instruments
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M = 29.2 years, SD = 8.3 years, and number of years of performing CFI M = 17.3 years,
SD = 6.8 years). Participants were grouped into 12 trios, such that no combination of
musicians would repeat (see Table S1 for the musical instruments played in each trio).
Fifteen of the 21 musicians participated in two different trios. We also tried to minimize
the familiarity between musicians, which ensures maximal conditions of free improvisa-
tion, and limited the common ground structuring musicians’ interactions. We asked musi-
cians to report how much they knew each of the two other musicians on a scale from 1
(not familiar at all) to 7 (very familiar), and how much they enjoyed playing with this
trio (1: not at all; 7: very much). Familiarity averaged over the 12 trios was M = 2.6,
SD = 0.91, confirming low familiarity overall. Appreciation averaged over the 12 trios
was M = 5.7, SD = 1, suggesting that our procedure was not too invasive and allowed
musicians to play together in an ecological fashion. We assessed participants’ general
empathic traits by using the self-report Basic Empathic Scale in Adults (BESA; Carré,
Stefaniak, D’ Ambrosio, Bensalah, & Besche-Richard, 2013). Nineteen participants filled
in the questionnaire, and two musicians refused to do so (including one of the musicians
who played twice, leading to three missing values). Musicians signed an informed con-
sent and were paid for their contribution.

2.1.2. Procedure and design

The aim of Experiment 1 was to assess whether shared goals spontaneously emerge dur-
ing improvised joint actions, modeled here with CFI. To this end, we asked each of the 12
trios of expert improvisers to perform four improvisations of approximately 3—4 min
(180-240 s). Providing this range was necessary to enable efficient data collection, but the
instructions emphasized the fact that this time limit was meant to provide a loose guideline
rather than to set a strict boundary. Consistent with these instructions, the durations of the
improvisations were widely spread around the recommended time range, effectively extend-
ing from 92.8 to 391.3 s (M = 202.8 s, SD = 52.5). It should also be noted that agreeing
on an approximate duration before the beginning of the improvisation is common practice
in this community. For example, trumpet player Axel Dorner states that

In [one of my trios], we say beforehand how long we want to play for. For me, that’s
important. When we play a concert, we decide how long the concert is going to last
and how the concert might be divided into pieces. Sometimes we define it closely—
longer pieces, shorter pieces or endings. We decide together. (quoted in Denzler &
Guionnet, 2020, p. 72)

More generally, performing pieces of 3—4 min is not unheard of for these improvisers,
as it corresponds to the typical duration of the “constrained improvisations” they some-
times perform during their working sessions (Canonne, 2018).

Musicians were placed in separate studio booths so that they could not see each other,
and only heard each other through headphones, as is standard in studio recording prac-
tices. Each musician was asked to press a midi pedal (M-Audio SP-2) “as soon as she felt
that she was looking for an end to the piece.” Thus, our focus was on collective
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intentions (i.e., intentions to end the piece that include the group in their contents): For
the piece to end, all improvisers must stop playing. By testing whether such collective
intentions emerge closer to each other than would be expected by chance, we test
whether they were shared among partners, amounting to shared intentions. After each
improvisation, musicians were asked to rate on a 7-point Likert scale the extent to which
they enjoyed the improvisation, and how much they liked the ending. These ratings sug-
gested that they were not disturbed by having to press the pedal (see Section S.1.4 in
Appendix S1). They were also asked whether or not they thought that their partners had
been looking for an end, and if so why. This experiment was pre-registered at https://
aspredicted.org/k2jf5.pdf. We note when our analyses departed from the pre-registration.
The corpus, data and analysis scripts are available on the Open Science Framework via
this link (https://osf.io/4pnxh/?view_only=75afeb0864964265ab40e29a60895885).

2.1.3. Data analysis

Pedal press events were recorded and time stamped. Reports that occurred after the
musician actually stopped playing were removed (more on this below). The Number of
Pedal Pressings per improvisation (0-3) was then computed by summing the number of
pedals that were pressed before the actual end of the performance. We also computed the
Pedal Pressing Temporal Coordination for each improvisation, as the absolute time dif-
ference between the three possible pairing of events, and took the mean of this value over
the whole trio. Note that the Pedal Pressing Temporal Coordination could only be com-
puted for improvisations where two or more events were recorded.

To test whether musicians were more temporally coordinated in their intentions to end
the improvisation than would be predicted by chance, we also computed temporal coordina-
tion between fake pairings of pedal pressings. Fake pairings were defined as pairings of
pedal press events from the same trio, but from different improvisations. Theoretically, each
pedal pressing could thus be “fakely” paired with six other pedal pressings (i.e., pedal
pressings of the two other musicians taken from the three other improvisations performed
during the experiment), which would result in 864 possible pairings. In practice, since
musicians sometimes did not press the pedal, this step resulted in only 208 fake pairings.
We computed the Temporal Coordination of Endings in the same way as the Pedal Press-
ing Temporal Coordination, except that we took the time-stamped ending points of each
musician’s performance instead of pedal press events. Finally, the Ending Appreciation
metric was computed based on the appreciation ratings provided by the musicians after
each improvisation, by averaging the ratings of all three musicians for each improvisation.

2.2. Experiment 1—Results

2.2.1. Ending goals emerge in musical improvised interactions, and they are temporally
coordinated

The mean Temporal Coordination of Endings for real pairs was M = 7.74 s, SD =
4.07. This was significantly better than the Temporal Coordination of Endings calculated
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for fake pairings (M = 45.60 s, SD = 23.88), #(11) = 5.152, p < .001, d = 2.210. Perfor-
mances’ endings were thus not the mere result of the individual musicians randomly stop-
ping at some point. On the contrary, despite the highly unscripted nature of CFI and the
general absence of a shared pulse, it seems that the improvisers were still aiming to
achieve some degree of temporal coordination when ending the piece, although it should
be noted that 7 s is well above the duration that would be expected in a typical, scripted
musical performance.
The number of Pedal Pressings was 2 or higher in 25 out of the 48 improvisations (see
Fig. 1A). The mean Pedal Pressing Temporal Coordination was M = 28.38 s, SD =
19.97. To test whether this duration is smaller than what would be expected by chance,
we compared it to the temporal coordination of fake pairings (M =47.10s, SD =
23.51 s). Consistent with our prediction, a paired-sample ¢ test revealed a significant dif-
ference, #(11) = 2.643, p = .025, d = 0.797, with the real Pedal Pressing Temporal Coor-
dination being significantly lower than the one for fake pairings. Thus, when two or more
musicians pressed their pedals during the performance, those pedal presses were closer in
time than would be expected by chance. Additionally, despite the inevitable latency intro-
duced by the experimental setting, pedal pressings were <10 s apart in 24.3% of trials
(see Fig. 1B), which suggests that, in those cases at least, two or more improvisers were
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Fig. 1. (A) Percentage of improvisations in which 3, 2, 1, or O musicians signaled an intention to end the
improvisation by pressing their pedal. (B) Pedal press temporal coordination for real and fake pedal press
pairing. Comparing these two conditions allows assessing whether musicians’ coordination when pressing the
pedal is better than chance. Dots are individual values of temporal coordination between pedal presses occur-
ring in the same improvisation.
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intending to end during the same short time span. Our data reveal that collective inten-
tions can emerge at the same time, and thus be shared by several musicians during impro-
vised interactions.

Note that a significant number of pedal presses (22 out of 96) were made after the
musician had actually stopped playing. In those cases, it may be that musicians did not
have a prior intention to stop playing, or alternatively, that they did not realize that the
performance was coming to an end before actually hearing the other musicians stop.
Interestingly, however, in 21 of these 22 cases in which one musician pressed her pedal
after stopping, at least one of the other musicians had pressed her pedal before her own
stopping point. This means that fully “emergent” endings were in fact quite rare, and that
the negotiations of endings typically involved a mixture of a short-term micro-planning—
including partially or fully shared intentions to end—and emergent reactions to other
musicians’ intentions to end the piece.

2.2.2. Impact of shared intentions on improvised musical coordination

The average Temporal Coordination of Endings was M = 27.38 s (SD = 20.57 s) and
the average Ending Appreciation was M = 4.74 s (SD = 0.99 s). Contrary to our predic-
tions, there was no correlation among trials between Pedal Pressing Temporal Coordina-
tion and the Temporal Coordination of Endings (Spearman rs(23) = 3,286, p = .20), and
no correlation between Pedal Pressing Temporal Coordination and Appreciation of End-
ing (rs(23) = 2,621.2, p = .97), which we take as a proxy to higher level aspects of coor-
dination. Thus, there was no evidence that the emergence of shared intentions positively
impacted musicians’ coordination here. It is worth noting that debriefings with partici-
pants revealed that, in some cases, improvisers had forgotten to press their pedal even
though they had been actively looking for an end. In the second experiment, which
offered a more controlled environment, we investigate the impact of shared intentions on
improvised coordination more directly.

3. Experiment 2: Can shared intentions improve coordination during collective
musical improvisations?

Experiment 1 demonstrates that shared intentions to end the joint action can emerge in
the course of improvised interactions, even in the absence of verbal communication. In
Experiment 2, we ask whether these shared intentions actually impact coordination. To
this end, we experimentally manipulated musicians’ intentions: We gave them covert
instructions regarding how and when they should start looking for an end to the piece,
and measured whether and how these instructions impacted coordination at the level of
the group. More precisely, we manipulated both the degree of shared information (i.e.,
the number of musicians receiving instructions) and the confent of the intention (i.e.,
whether musicians were supposed to look for an end individually, or collectively). This
allowed us to discriminate between the three hypotheses outlined in Section 1, namely,
the hypothesis according to which shared information is crucial to foster coordination,



12 of 39 L. Goupil et al./Cognitive Science 45 (2021)

the hypothesis according to which collective intentions are crucial, and finally, the most
demanding hypothesis according to which shared intentions are crucial.

3.1. Experiment 2—Methods

3.1.1. Participants and procedure

After completing four improvisations for Experiment 1, each of the 12 trios took a
short break, before performing 12 additional improvisations for Experiment 2, resulting in
a total of 144 improvisations. During these 12 additional improvisations, musicians some-
times received covert auditory prompts approximately 2:30 min after the beginning of the
improvisation (see below for the sampling procedure). Prompts were of two types: Upon
hearing the keyword “ME,” a musician was asked to “find a good way for you to stop
playing, thus looking for an ending for yourself’ (ME-Goal); upon hearing the keyword
“WE,” the musicians were asked to “find a good way for the group to stop playing, thus
looking for an ending for the group” (WE-Goal). Thus, we varied whether musicians had
a goal whose content involved the group as a whole (WE-Goal) or only themselves (ME-
Goal). In addition, we varied the degree of dissemination of these goals within the group,
by prompting either one, two, or all three musicians. For each improvisation, only one
type of prompt could be delivered (i.e., all prompted musicians either received a WE or
ME-Goal). Experimental conditions could vary over the three Prompt Types (ME-Goal or
WE-Goal, or NO-Prompt) and three Prompt Numbers (1, 2, 3), resulting in six experi-
mental conditions at the level of the trio (one musician with a ME-Goal/two non-
prompted musicians; two musicians with ME-Goals/one non-prompted musician; three
musicians with ME-Goals; one musician with a WE-Goal/two non-prompted musicians;
two musicians with a WE-Goal/one non-prompted musician; three musicians with a We-
Goal). Prompt times were semi-randomly sampled from two uniform distributions, one
ranging from 2:15 to 2:30 (early prompt) and one ranging from 2:30 to 2:45 min (late
prompt). Each of the nine conditions had one trial with a time point from the first range
and one trial with a time point from the second range. This procedure ensured that the
timings of the prompts were not too predictable.

After each improvisation, we asked musicians to rate the extent to which they thought
the ending was successful (on a 7-point scale), to justify this judgment with a few words,
as well as to guess for each musician whether they had received a prompt, and if so
which type of prompt (ME or WE). This allowed us to verify, first, that participants heard
the instructions correctly in prompted trials and, second, to assess their ability to “min-
dread” the intentions of their partners (see Fig. S5).

Auditory prompts were delivered covertly through musicians’ headphones. This solu-
tion was preferred over visual prompts because of two practical reasons: (a) Musicians
need to wear headphones to hear each other in the studio anyways, and (b) many of them
close their eyes when they play, and mostly focus on sounds during the performance.
Using auditory prompts thus minimized the risk that musicians would miss the prompts
(e.g., due to closed eyes). Despite these precautions, questionnaires revealed that



L. Goupil et al./Cognitive Science 45 (2021) 13 of 39

musicians missed or misheard prompt types on a few occasions (N = 32, 7.4% of the tri-
als). We excluded eight trials in which two musicians or more made such mistakes and
re-coded the other trials to account for what the musician actually perceived. This proce-
dure left a total of 136 improvisations in the dataset. In addition, because of a technical
error, the first of the 12 trio only received “ME” prompts.

This experiment was pre-registered at https://aspredicted.org/k2jf5.pdf. We note when
our analyses departed from the pre-registration. Data and analysis scripts are available via
this link (https://osf.io/4pnxh/?view_only=75afeb0864964265ab40e29a60895885).

3.1.2. Data analysis

As in Experiment 1, we computed the Temporal Coordination of Endings for each
improvisation and trio as the average of the absolute values of each musician’s stopping
time minus the timing of the end of the improvisation (i.e., the timing at which the last
musician stopped). The smaller the value of this variable, the closer in time the three
musicians ended the improvisation. We also computed the unprompted musicians’ Tem-
poral Coordination with Others, which reflects the degree to which unprompted musi-
cians coordinated with their (prompted) partners. For each unprompted musician and
improvisation, this index was calculated as the absolute value of the difference between
the timing at which they stopped and the average of the timings at which their partners
stopped. As there were no unprompted musicians in improvisations in which the Prompt
Number was three, these trials were not included in this analysis.

3.1.3. Acoustic analysis

To investigate whether receiving prompts changed the relationships between the musi-
cians, we conducted an acoustic analysis of musical snippets extracted before and after
the prompts. Following previous studies (Pachet, Roy, & Foulon, 2017; Papiotis, Mar-
chini, & Maestre, 2012), we approximated coordination by computing a linear (Pearson
correlation) as well as a nonlinear (mutual information) index of dependency for five
acoustic features: pitch, volume (RMS), playing time ratio (% of sound), spectral cen-
troid, and harmonic-to-noise ratio (HNR; see below). For each of the five acoustic fea-
tures and two metrics, we computed values for each pair of musicians, improvisation and
timing (before or after the prompt) before averaging the values within the trio for each
improvisation and timing. We also estimated the consonance of the music produced at
the level of the trio as a measure of harmonic coordination.

For each improvisation and individual musician, pitch, loudness, playing time, spectral
centroid, and HNR were estimated in non-overlapping successive time frames of 200 ms
in two time windows: (a) in a window starting 1 min before the prompt and ending
before the prompt and (b) in a window starting at the prompt and extending until the end
of the improvisation (M = 54.8 s, SD = 70.7). Pitch was extracted using the Praat soft-
ware (Boersma, 2001). Loudness was approximated as the root-mean square of the ampli-
tude of the sound. Playing time ratio was defined as the ratio of the time spent playing
over the total duration of the extract. The HNR was computed following the algorithm
described in Boersma (1993). Finally, dissonance/roughness was estimated based on the
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algorithm described in Vassilakis (2001) and implemented in the dissonant package in
Python. This method, which is based on a classic model by Sethares (1993), estimates
the dissonance/roughness of a sound from the amount of competition between partials
(see https://pypi.org/project/dissonant for a full detail of this method and formulas). Dis-
sonance is a complex percept that is difficult to capture algorithmically, but listening to a
subset of our corpus and comparing values of dissonance obtained by this method con-
firms that it captures dissonance and/or roughness reliably in our dataset (follow this link
(https://osf.io/4pnxh/?view_only=75afeb0864964265ab40e29a60895885) for sound exam-
ples). Takes in which at least 10% of each acoustic feature could be reliably extracted
were included in the analysis (this low rate was chosen to allow for the fact that CFI
often involves musical textures that do not contain harmonic signal). Pitch, centroid,
HNR, and dissonance were only computed in the windows in which the RMS value was
above a certain threshold (—60), chosen to discriminate between background noise and
sound in these recording conditions. To assess changes with respect to the prompt, these
values were normalized for each musician and take.

3.1.4. Statistical analysis

Statistical analysis was performed in R. We ran rmANOVAs whenever possible, and
linear mixed regressions with the [merTest package (Kuznetsova, Brockhoff, & Chris-
tensen, 2014) when there were missing data, or logistic mixed regressions when the
dependent variable was binary. Hierarchical logistic or linear mixed regressions included
trios, pairs, or performers as random factors depending on the analysis. We report chi-
squares, degrees of freedom, and p values for hierarchical nested model comparisons with
likelihood ratio tests testing main effects and interactions (Gelman & Hill, 2007), fol-
lowed by estimates, standard errors, z or t values and p values for model comparisons
between factors.

3.2. Experiment 2—Results

3.2.1. Impact of the number and type of prompts on temporal coordination

To assess the effect of Prompt Number and Prompt Type on temporal coordination, we
ran a linear mixed regression with the Temporal Coordination of Endings as a dependent
variable, Prompt Number and Prompt Type as independent variables, and Trio as a ran-
dom factor (see Fig. 2A). This analysis revealed a main effect of Prompt Number
(x* = 9.61; p = .008), a main effect of Prompt Type (3> = 10.8; p = .001), and a signifi-
cant interaction between the two factors (x* = 8.93; p =.011). As predicted by the
shared information and the shared intention hypotheses, temporal coordination improved
as the number of prompts increased: It was better when there were three prompts
(M =4.5s, SD = 2.65) as compared to when there was only one (M = 8.6 s, SD = 4.46,
beta = =3.6, SEM =1.27, df =12, t = -2.84, p = .014) or two prompts (M = 9.9 s,
SD =5.44, beta = —4.8, SEM =1.49, df =12, t=-3.22, p =.007; the difference
between one and two prompts was not significant, beta = —1.2, SEM = 1.64, df = 11,
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Fig. 2. (A) Temporal coordination of endings averaged per trio depending on prompt type and number. (B)
Un-prompted musicians’ temporal coordination with other musicians’ depending on prompt type and number.
* represents significant outputs of the model with a threshold of p < .05; **p < .01; ***p < .001. Error bars
show the 95% interval.

t = —0.74, p = .47). Crucially, as predicted by the collective intention and the shared
intention hypotheses, the main effect of Prompt Type was such that musicians exhibited a
better temporal coordination in the WE (M = 5.25 s, SD = 1.98) as compared to the ME
condition (M =10.5s, SD =4.73, beta=-44, SEM =1.1, df=18, t=-3.97,
p < .001). Thus, the nature of the prompted goals (i.e., collective vs. individual) impacted
how well musicians were able to temporally coordinate with each other, which is consis-
tent with the idea that shared information is not the only factor that would impact coordi-
nation, but that the content of goals (i.e., whether they involve the individual alone, or
the group as a whole) is also crucial.

The interaction between Prompt Type and Prompt Number reflected the fact that the
Temporal Coordination of Endings significantly improved as the number of prompts
increased in the WE condition (X2 =496, beta=-1.77, SEM =0.72, df =11,
t =-247, p=.03) but not in the ME condition (X2 = 2.55, beta = —1.74, SEM =1,
df =11, t = -1.7, p = .11). The Temporal Coordination of Endings was significantly
smaller in the WE as compared to the ME condition when there were two prompts
(beta = —8.54, SEM = 1.76, df = 58, t = —4.84, p < .001), but this effect did not reach
significance when there was only one prompt (beta = -2.5, SEM =1.69, df =51,
t =—-147, p = .15), or when there were three prompts (beta = —2.38, SEM = 1.8, df =
61, t = —1.32, p = .19). This suggests that the difference between the intentional content
of the goals was greatest in situations of partial sharedness, as compared to situation of
full sharedness or lack of sharedness. This is not entirely compatible with the shared
intention hypothesis (and with our pre-registered hypothesis): Although it specifically pre-
dicts that temporal coordination should improve with the number of prompts in the WE
condition, this hypothesis would also predict that temporal coordination would be maxi-
mal in the condition where the three musicians received a WE-Goal. This lack of effect
for post hoc comparisons may be due to a lack of power. In any case, the collective
intention hypothesis does not make specific predictions regarding the impact of the
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number of prompts, and the shared information hypothesis does not make specific predic-
tions regarding the impact of the type of prompts. Thus, the shared intention hypothesis
more adequately captures the complexity of the data, in particular since it predicted that
there should be an interaction between the number of prompts and prompt type, and that
the impact of the number of prompts on temporal coordination should be restricted to the
WE condition, as observed here.

Interestingly, the level of temporal coordination measured in the WE condition in
Experiment 2 was not different from that measured in Experiment 1 (Experiment 1,
M =521, SD = 2.8, linear mixed model comparison: beta = —1.29, SEM = 0.84, df =
73, t = —1.53, p = .13). By contrast, temporal coordination was significantly worse in
the individual intention condition (ME-Goal) than in Experiment 1 (beta = —1.85, SEM =
0.83, df = 149, t = —=2.24, p = .027). This is consistent with our observation that in the
unconstrained CFI conditions of Experiment 1, the ending goals that spontaneously
emerge are likely to be collective intentions rather than individual intentions.

Finally, we computed a linear mixed regression with the unprompted musicians’ Tem-
poral Coordination with Others as a dependent variable (see Fig. 2B). This analysis
revealed a main effect of Prompt Type (x° = 4.31; p = .038), no effect of Prompt Num-
ber (x> = 0.04; p > .5), and a marginal interaction (3> = 3.35; p = .07). Unprompted
musicians were more temporally coordinated with others in the WE (M = 0.75, SD =
9.78) condition than in the ME condition (M = 10.17, SD = 13.58, linear mixed compar-
ison: beta = =3, SEM = 1.42, df = 79, t = —=2.15, p = .035). Thus, the existence of even
a partially shared intention within the group was enough to improve the ability of the
unprompted musicians to coordinate with others: It not only impacted the performance of
prompted musicians, but also the performance of the group as a whole, which is consis-
tent with the shared intention hypothesis.

Overall, the results show that temporal coordination was not only impacted by shared
information (i.e., the number of prompts), but also by the collective nature of the inten-
tion (i.e., whether it was a WE or a ME-Goal): Crucially, temporal coordination was
improved when musicians were asked to look for an end collectively. This impact of the
collective content of intentions, over and beyond the presence of shared information,
shows that the effect of goals on coordination is not only a matter of having parallel indi-
vidual goals (e.g., having the musicians looking to stop their individual parts at the same
moment). Rather, having goals that involved the group as a whole—that is, goals whose
content can truly be shared by different members of the group—made a crucial difference
in the temporal coordination of the performers. Taken together, these results favor the
shared intention hypothesis.

3.2.2. Impact of the number and type of prompts on dynamic, timbral, and harmonic
coordination

To investigate whether receiving prompts changed the relationships between the musi-
cians, we conducted acoustic analysis on musical snippets extracted before and after the
prompts. Following previous research (Pachet et al., 2017), we approximated musical
coordination by computing a linear (Pearson correlation) as well as a nonlinear (mutual
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information) index of dependency between musicians for five acoustic features: pitch,
volume (RMS), playing time ratio (% of sound), spectral centroid, and HNR (see meth-
ods, section 3.1.3).

First, and before analyzing how the prompted goals impacted coordination at the
acoustic level, we verified that our measures effectively captured some forms of musical
coordination. This is nontrivial in our case since, as detailed above, CFI is generally
devoid of harmonic and rhythmic structure. To this aim, we simply tested whether the
linear correlation between acoustic features across time differed from zero overall. Corre-
lation within trios (i.e., Pearson’s rho averaged for each trio so as to estimate coordina-
tion at the level of the group) was significantly higher than chance for two of the five
acoustic features (rms r: M = 0.17, SD = 0.06, #(11) = 8.9, p < .001; playing time ratio
r: M =0.15, SD = 0.08, #(11) = 6.45, p < 0.001), marginally higher than chance for two
acoustic features (pitch r: M = 0.02, SD =0.03, #11)=2.07, p=.06; HNR r:
M = 0.023, SD = 0.037, #(11) = 2.02, p = .07), and did not significantly differ from zero
for the spectral centroid (M = 0.02, SD = 0.04, #(11) = 1.72, p = .11). Thus, four of our
five measures captured substantial acoustic coordination. These results—although reflect-
ing rather weak associations—are in fact quite significant when related to the astounding
variety and complexity of timbral and instrumental expressions found in CFI, and the fact
that previous studies involving jazz musicians and similar measures failed to capture sub-
stantial acoustic coordination over and beyond the coordination explained away by the
shared musical score (Pachet et al., 2017).

With this in mind, we examined our main question of interest, which was to assess
whether shared intentions impact musical coordination (see Fig. 3). To assess this, we ran
a logistic mixed regression with timing (before or after) as a dependent variable, prompt
type, prompt number, and acoustic coordination variables (Pearson’s rho and MI for the
five acoustic dimensions, as well as dissonance) as independent variables, and trio as a
random factor. After the prompt, there was a significant increase in mutual information
for loudness (beta =4.1, SEM = 1.1, df =204, z=3.77, p <.001), a significant
decrease in mutual information for pitch (beta = —2.8, SEM = 0.85, df = 204, z = 3.29,
p < .005), as well as a decrease in dissonance (beta = —0.0016, SEM = 0.0005, df =
204, z =3, p < .005). Thus, the prompts substantially modified dynamic and harmonic
aspects of musical coordination.

Over and above these main effects, we also observed that prompt type and number dif-
ferentially impacted musical coordination, and we break down these effects in Fig. 3’s
caption for each acoustic dimension. For pitch, we found that the decrease in mutual
information was actually restricted to the ME condition: There was a significant interac-
tion between timing and prompt type (beta = —3.9, SEM = 1.8, df = 165, z = -2.14,
p = .03), and the decrease was significant in the ME (#(11) = —3.65, p = .004) but not
the We (#(10) = —1.28, p > .23) condition. Thus, after hearing a “ME” prompt, the pitch
of the music produced by the improvisers became more independent from the pitch pro-
duced by other musicians, but this effect was not observed after they heard a “WE”
prompt. For loudness, the decrease in mutual information did not significantly interact
with prompt type or number. By contrast, the Pearson correlation was significantly
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impacted by prompt type (beta = —6, SEM = 2.16, df = 165, z = —2.79, p = .005): The
linear relationships between musicians’ volumes significantly increased after WE
(#(10) = 2.26, p = .047) but not ME (#(11) = 0.5, p > .6) prompts. However, the decrease
in dissonance did not significantly interact with prompt type or number: The music was
less dissonant after the prompt both in the ME (#(11) = 2.9, p = .014) and WE
(#(10) = =3.22, p = .009) conditions. Finally, for timbral aspects (centroid and HRN) and
the percentage of sound, there were no main effects and no interactions (see Fig. 3 cap-
tion for details).

Overall, these analyses suggest that the presence of goals impacts musical coordination
during improvised interactions: Even at the basic level captured by our acoustic analysis,
prompts had an impact on how improvisers’ musical actions related to one another, at
least for coordination at the harmonic and dynamic (i.e., loudness) levels. Specifically,
when they had a WE-Goal, musicians’ productions evolved toward being more consonant,
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Fig. 3. Change in dynamic, timbral, and harmonic coordination after the prompt depending on prompt type
and number. For each take, timing (after/before) and each trio, musical coordination was assessed by comput-
ing the mutual information or Pearson correlation between each pair, between averaging these values within
each trio separately depending on prompt type and number. We also computed a measure of dissonance over
the whole trio for each take and timing, before averaging it separately depending on prompt type and number.
Black asterisks show main effects of timing (before/after); colored asterisks show main effects of prompt
type. Error bars show the 95% confidence intervals. Significant impacts of prompt type and number on the
acoustic measures of musical coordination are detailed in the main text. For centroid, there was no main
effect of centroid on timing, and no interactions with prompt type or number. It is worth noting, however,
that there was a significant decrease in spectral centroid’s correlation in the WE-3 condition after the prompt
(#(10) = =2.27, p = .046, all other comparisons n.s.), which may reflect an attempt of the musicians to dis-
tribute themselves in different parts on the spectrum (i.e., an increase in musical coordination). For HNR,
there was no main effect of centroid on timing, and no interactions with prompt type or number. Again, it is
worth noting nonetheless that there was a significant decrease in HNRs’ mutual information in the WE-3 con-
dition after the prompt (#(10) = —2.87, p = .017, all other comparisons n.s.), which may reflect an attempt to
produce textures that are more distinct (i.e., an increase in musical coordination). Percentage of sound: There
were no significant effects for this measure.
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and their loudness was more correlated over time, suggesting tighter musical coordina-
tion. When musicians received a ME-Goal, their production also became more consonant
but, in addition, the pitches they produced became more independent from one another,
and they did not show improved coordination (i.e., tighter correlation) at the level of
loudness.

4. Experiment 3: Impact of the number and type of prompts on qualitative aspects
of musical coordination

Next, we wanted to assess whether shared intentions impacted properties of the perfor-
mance related to higher level and qualitative aspects of musical coordination, beyond
temporal coordination and the relatively low-level acoustical features that we examined
in Sections 3.2.1 and 3.2.2. A particularly interesting question is whether the impact of
shared intentions on the performance can be perceived by external observers and reflected
in their aesthetic evaluations. Thus, in a third experiment, we asked third-party listeners
(both experts and nonexperts) to rate the extent to which they thought the ending was
successful and to classify the endings along several categories corresponding to qualita-
tive aspects that are linked to coordination during CFL.

4.1. Experiment 3—Methods

4.1.1. Participants

We determined the size of the sample with a power analysis involving musicians’ sen-
sitivity in guessing each other’s prompts (Experiment 2, see Fig. S5). To have a power of
95% at the 0.05 alpha level, the analysis showed that we should aim to test 23 partici-
pants per group. Given scheduling constrains, we finally tested 26 naive listeners (8
women, age M = 27.4 years, SD = 8 years) who were not musicians (mean number of
years of instrumental practice: M = 0.42, SD = 1.08) and had no experience of CFI
(mean number of years of CFI practice: M = 0, SD = 0) and 21 experts (5 women, age
M = 33.9 years, SD = 8.8 years) who were all accomplished musicians (mean number of
years of instrumental practice: M = 23.14, SD = 8) with a strong experience of CFI
(mean number of years of CFI practice: M = 10.7, SD = 6.5). Participants reported hav-
ing no major hearing or visual impairment, and appropriate corrections allowing them to
perceive the stimuli. They signed an informed consent and were compensated financially
after the experiment.

4.1.2. Stimuli

We selected 24 improvisations pseudo-randomly from those recorded in Experiment 2
by ensuring that (a) no trio was over-represented; (b) every trio was included; (c) the main
findings were replicated in the subset (i.e., the impact of Prompt Type and Number on the
Temporal Coordination of Endings); (d) half of the improvisations were taken from the ME
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condition, and half from the WE condition; (e) each individual musician played during at
least 19 s after prompt delivery (this last condition matters only for Experiment 4, pre-
sented below, which relies on the same subset of improvisations than Experiment 3).

4.1.3. Procedure and data analysis

Listeners heard the last 50 s of each of the 24 improvisations and indicated on a 7-
point Likert scale whether they thought that what they just heard was a good ending or
not. Listeners were also asked in a random order whether the ending was (a) hierarchical
or egalitarian; (b) collective or disjoint; (c) progressive or immediate; (d) predictable or
surprising; and (e) timely or not (too late or too early). These five qualitative aspects
were derived from musicians’ reports during Experiment 2, where their judgments of
appreciation were generally related to one or several of these categories. To infer cate-
gories from these written reports, three of the authors (L.G., P.S.-G., and C.C.) read all
of the reports and grouped them in several categories. These subjective groupings were
quite consistent among the three authors and suggested that the five aspects listed above
capture most of the relevant parameters reflecting the success of coordination during CFI.
To ensure that all participants understood the five qualitative aspects in a similar fashion,
we provided them with a glossary describing the meaning of each label (see Section S.3.1
in Appendix S1). We analyzed appreciation ratings as a continuous variable, and qualita-
tive ratings were dummy coded as binary variables (e.g., for the hierarchical category, we
dummy coded hierarchical responses as 1, and egalitarian as 0). Data, data collection,
and analysis scripts are available via this link (https://osf.io/4pnxh/?view_only=75afeb
0864964265ab40e29260895885).

4.2. Experiment 3—Results

4.2.1. Shared intentions impact the success of endings

We analyzed the impact of Prompt Type and Prompt Number on listeners’ appreciation
ratings with an rmANOVA (see Fig. 4A). There was an interaction between Prompt Type
and Prompt Number (F(2, 90) = 4 p = .021, n = 0.04), a main effect of Prompt Num-
ber (F(2, 90) = 11.5, p < .001, n = 0.06), and no main effect of Prompt Type (F(1,
45) = 0.027, p > .8, n = .00). Apprematlon ratings were highest in the WE-3 condition
(ratings were higher in the WE-3 condition than in WE-2, p < .001; ME-3, p = .007,
ME-2, p = .006, post hoc Tukey HSD). Listeners’ appreciation ratings were thus maximal
when performers had a shared intention, which is consistent with our hypothesis that
shared intentions help musicians to coordinate and attain a better outcome. We also
examined the relationship between appreciation, Prompt Type, Prompt Number, and
expertise, and report these results in Fig. S6A. Overall, the impact of shared intentions on
musical coordination could be perceived independently from expertise, which suggests
that even in an avant-garde artistic form like CFI, coordination relies on features that are
transparent enough to be accessible to the general population (see Moran, Hadley, Bader,
& Keller, 2015, for a similar finding regarding expressive movements).
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Fig. 4. Mains results of Experiment 3. (A) Expert and naive listeners’ appreciation ratings were averaged
separately for each participant, prompt number, and prompt type, before being averaged in the group. Black
asterisks show post hoc Tukey HSD comparisons. As reported in the main text, appreciation ratings were
highest in the shared goal (WE-3). Participants also preferred the ME-1 condition over the ME-2 (p = .04),
ME-3 (p = .04), and WE-2 (p = .001) conditions. Similarly, they preferred the WE-1 condition over the WE-
2 condition (p = .007, all other comparisons were nonsignificant). Thus, listeners also preferred conditions in
which fewer prompts were present (WE-1 and ME-1 conditions did not differ p > .5). This may be due to
the fact that these interactions are less artificial than the others (i.e., only one of the musicians receives a
prompt while the other musicians remain unconstrained). Note that musicians in these more natural conditions
may also spontaneously form shared intentions, as suggested by the results observed in the first experiment.
(B) The percentage of hierarchical, collective, progressive, predictable, and on-time assessment was computed
for each of the five qualitative questions, separately for each participant, prompt number, and prompt type,
before being averaged in the group. Black asterisks show the logistic regression model comparisons, and the
blue asterisk represents the fact that all comparisons were significant with respect to the indicated condition.
p < .05; ¥*p < .01; ***p < .001. Error bars show 95% confidence intervals.

4.2.2. Shared intentions impact qualitative aspects of endings

To measure the impact of goals on the characteristics of the improvised joint action,
we ran logistic mixed regressions for each of the five qualitative aspects (i.e., Hierarchy,
Collectivity, Progressivity, Predictability, Timing), with Prompt Type and Prompt Num-
ber as independent variables, and listener as a random factor (see Fig. 4B).



22 of 39 L. Goupil et al./Cognitive Science 45 (2021)

For Collectivity, there was a significant effect of Prompt Number (x> = 9.5, p = .009),
in which listeners perceived endings to be more collective when the three musicians
received a prompt than when only one musician received a prompt (model comparison
between 3 vs. 1 prompt: beta = 0.37, SEM = 0.18, df = 1053, z = 1.99, p = .047) and
when two musicians received a prompt (3 vs. 2 prompts: beta = 0.6, SEM = 0.2, df =

1,053, z =3, p =.002). While this is consistent with both the shared information
hypothesis and the shared intention hypothesis, the results are more clearly in favor of
the shared intention hypothesis for the remaining aspects.

For Progressivity, there was a significant interaction (y> = 32, p < .001). Listeners
judged endings to be more progressive when the three musicians received a WE-Goal
(model comparison between 3 vs. 1 prompt: beta = 1.32, SEM = 0.33, df = 1053, z = 3.9,
p < .001; 3 vs. 2 prompts: beta = 1.11, SEM = 0.35, df = 1053, z = 3.15, p = .002), and
less progressive when the three musicians received a ME-Goal (3 vs. 1 prompt: beta =
—0.9, SEM = 0.25, df = 1053, z=-3.63, p <.001; 3 vs. 2 prompts: beta = —0.86,
SEM = 0.29, df = 1053, z = =3, p = .003; comparison between WE-3 and ME-3: beta =

1.94, SEM = 0.38, df = 1053, z = 5, p < .001) as compared to the other conditions.

For Predictability, there was a significant effect of Prompt Type (x* =9, p = .003)
and a significant interaction between the two factors (x* = 21.57, p < .001). Listeners
judged endings to be more predictable when the three musicians had received a WE-Goal
as compared to the other conditions (all comparisons between the WE-3 condition and
the other conditions were highly significant, and none of the other comparisons were sig-
nificant).

Finally, and crucially, regarding Timing, there was a significant interaction
(x> = 16.52, p < .001). While in the ME condition no significant differences were
observed depending on prompt number (all ps > .07), listeners in the WE condition
judged endings to be timelier when the three musicians had received a prompt (3 vs. 1:
beta = 0.96, SEM = 0.26, df = 1053, z =3.7, p < .001; 3 vs. 2: beta =1.06, SEM =
0.27, df = 1,053, z = 3.86, p < .001). In addition, listeners judged endings to be signifi-
cantly timelier in the WE as compared to the ME condition when there were three
prompts (beta = 1.13, SEM = 0.31, df = 1053, z = 3.6, p < .001), but not two prompts
(beta = 0.12, SEM = 0.23, df =1053, z=0.6, p > .5) or one prompt (beta = (.28,
SEM = 0.17, df = 1,053, z = 1.7, p > .09).

In other words, for Progressivity, Predictability, and Timing, there was a specific
impact of shared intentions over and beyond shared information. These results comple-
ment the findings above and confirm that shared intentions impact not only temporal and
acoustic coordination, but also higher level qualitative properties of the joint improvisa-
tion that can be perceived by expert and naive listeners alike.

5. Experiment 4: How do improvisers’ goals propagate?

A remaining question concerns how goals propagate within the group, and whether
they can be perceived from the music alone. In a last experiment, we wanted to test the
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claim that transparent goals (i.e., goals that are easier to detect) have a more positive
impact on coordination. This is a specific prediction of the shared intention hypothesis,
according to which improvisers may coordinate through forming collective intentions that
are shared and common knowledge between them. To this aim, we asked naive and
expert listeners to try and detect whether individual musicians had an intention to end the
performance. We also examined the relationship between listeners’ detections of goals
and temporal coordination, to see whether transparent goals corresponded to better tempo-
ral coordination. Finally, we wanted to try and assess how goals may be manifested, and
thus effectively propagate within the group. To examine this issue, listeners were also
asked to characterize performers’ behaviors along four qualitative aspects. They were
asked whether they thought that the musicians’ behavior was: (a) descending or not
descending (i.e., ascending, constant or without direction); (b) repetitive or varied; (c)
predictable or surprising; and (d) confident or hesitant. This also allowed us to examine
whether specific behaviors are associated with better temporal coordination and/or shared
intentions, suggesting that they may be used by the performers as coordination smoothers
or communicative signals (Vesper et al., 2017).

5.1. Experiment 4—Methods

5.1.1. Stimuli

Stimuli were 72 audio extracts from the three individual performances in each of the
24 improvisations used in Experiment 3. All stimuli were 17 s long, extracted either 17 s
before the prompt (Before condition, N = 18 extracts) or 17 s after the prompt, either in
trials in which the musician heard a ME-Prompt (ME-Goal condition, N = 18 extracts), a
WE-Prompt (WE-Goal condition, N = 18 extracts), or did not hear a prompt (No-Prompt
condition, N = 18 extracts). None of the extracts included the actual ending of the piece
(i.e., in all of these takes, every musician stopped at least 19 s after hearing the prompt).

5.1.2. Procedure and design

Participants were the same as for Experiment 3. They were told that in about half of
the musical extracts, musicians were looking for an ending and were about to stop play-
ing, while in the other half they were not looking for an ending. They were asked to
report—via a key press (left or right arrow, counterbalanced between participants)—
whether the musician was about to stop playing (i.e., to detect ending goals). Participants
then provided a confidence rating in their answer on a scale from 1 to 4 and categorized
the musician’s behavior by responding to four questions presented in a random order. For
each category, participants were presented with several alternatives (direction: ascending/
descending/constant/none; repetition: repetitive/varied; prevision: predictable/surprising;
assurance: confident/hesitant) and asked to select one of them by pressing one of the
arrows on the keyboard. These categories were derived from the musicians’ reports dur-
ing Experiment 1, where decisions about their partners’ intentions were reported to be
caused by one or several of these behaviors (see Section S.1.2 in Appendix S1, for a few
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examples and details of the procedure that allowed us to extract these categories from
musicians’ written reports about how they detected their partners’ intention to end during
experiment 1). Listeners were provided a glossary to make sure that all of them under-
stood these categories in the same way (see Section S.4.1 in Appendix S1).

5.1.3. Data analysis

We computed a measure of sensitivity based on signal detection theory (d', Green &
Swets, 1966) for each participant and condition, taking tracks extracted after the prompt
(NO/ME/WE) as targets, and tracks extracted before the prompt (Before) as non-target.
For each participant and condition (NO/ME/WE), the hit rate was computed as: (the num-
ber of positive responses for extracts taken after the prompt for that condition/the total
number of extracts taken after the prompt for that condition); and the false alarm rate as:
(the number of positive responses for extracts taken before the prompt/the total number
of extracts taken before the prompt). Note that, although we treated the NO-Goal condi-
tion like the WE and ME-Goal conditions to compute d’' here, so as to allow direct com-
parison between the three conditions, detecting an ending in this condition is not
necessarily a “wrong” response: The unprompted musician may or may not have an
intention to end depending on whether the goal propagated in the group or not. Data, data
collection, and analysis scripts are available via this link (https://osf.io/4pnxh/?view_
only=75afeb0864964265ab40e29a60895885).

5.2. Experiment 4—Results

5.2.1. Third-party listeners can detect improvisers’ goals

Average sensitivity (d') was M = 0.37, SD = 0.56, which was significantly above
chance level (#(46) = 4.48, p < .001). An rmANOVA revealed a main effect of Prompt
Type (NO/ME/WE: F(2, 90) = 30.8, p < .001) on sensitivity, and an interaction between
Expertise and Prompt Type (F(2, 90) = 3.14, p = .048). As can be seen in Fig. SA, both
experts (d': M = 0.71, SD = 0.74) and naive listeners (d': M = 0.55, SD = 0.46) achieved
above chance sensitivity in the ME condition (musicians: #20) = 4.28, p < .001; non-mu-
sicians: #(25) = 6, p < .001), and there was no difference between the two groups in this
condition (post hoc Tukey HSD: p = .32). By contrast, sensitivity in the WE condition
varied with expertise: While experts achieved above chance sensitivity (M = 0.72, SD =
0.64, #(20) =5, p < .001), naive listeners’ sensitivity did not significantly differ from
chance (M = 0.21, SD = 0.67, #(25) = 1.56, p = .13; group difference: p = .002).

Thus, ME-Goals could be perceived from musicians’ behavior independently from lis-
tener’s expertise, while the detection of WE-goals depended on expertise. This suggests
that WE-goals—that is, goals whose content refer to the group’s performance as a whole
—may be characterized by specific features that are only accessible to expert listeners.
One could argue that this impact of expertise is due to musicians’ better auditory process-
ing capacities that would enable them to attend to finer acoustic cues which carry this
information. Yet this interpretation is not compatible with the lack of difference between
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Fig. 5. (A) Participants sensibility (d') was assessed by computing for each condition and participant the hit
rate (number of positive responses for snippets extracted after the prompt/number of snippets extracted after
the prompt)) and false alarm rate (number of positive responses for snippets extracted before the prompt/num-
ber of snippets extracted before the prompt). White asterisks show p values for one-sample ¢ tests against
chance level; black asterisks show post hoc Tukey HSD for between-group or conditions comparisons.
**p < .001; **p < .01. (B) The percentage of positive responses (i.e., “Yes, I think the performer is looking
for an end”) was computed separately for each participant depending on prompt type and number, before
being averaged in the group. A logistic mixed regression with responses (yes/no) as a dependent variable
revealed that when only one of the performers had a Goal, listeners detected an intention to end less often
when listening to the unprompted performer as compared to when both other performers had a ME-Goal
(beta = 1.19, SEM = 0.16, df = 5,025, z="7.4, p <.001) or a WE-Goal (beta = 0.53, SEM = 0.16, df =
5,025, z = 3.26, p = .001). Listeners also reported an intention to end more often when the performer was
the only one having a ME- as compared to a WE-Goal (beta = 0.65, SEM = 0.18, df = 5,025, z = 3.63,
p < .001). Error bars show 95% confidence intervals.

the two groups in the ME condition. More interestingly, it could be that WE-Goals
depend on conventional behaviors that are only accessible to listeners possessing the
same cultural background as the performers. We come back to this issue below. Notwith-
standing, the results show that improvisers’ goals have some degree of transparency, and
that they are manifested in the performance in ways that allow performers and external
listeners to detect them.

5.2.2. Goal propagation: Shared intentions impact how listeners perceive unprompted
musicians’ goals

In the NO-Prompt condition, sensitivity did not differ from chance level in any of the
groups (musicians d: M = 0.19, SD = 0.66, 7(20) = 1.29, p = .2; non-musicians d':
M = —0.05, SD = 0.49, 1(25) = —0.52, p = .6). Thus, overall, listeners did not perceive
ending goals when performers did not receive a prompt themselves. This may suggest
that the behavior of unprompted performers did not reflect an intention to end after one
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or both of their co-performers were prompted. Yet it remains possible that it only did
when both of their co-performers were prompted.

To examine this possibility, we examined how detection responses (yes/no) depended
on Prompt Type and Number (Fig. 5B). We ran a mixed logistic regression with detec-
tion response as a dependent variable, and prompt type and number as independent vari-
ables. There was a main effect of Prompt Number (X2 = 6.17; p = .046), a main effect of
Prompt Type (x*> = 61.17; p < .001), as well as an interaction between Prompt Number
and Prompt Type (x* = 27.93; p < .001). A post hoc test revealed that when both of an
unprompted performer’s co-performers had a goal, listeners reported that the unprompted
performer had an intention to end as often as they did when listening to prompted per-
formers who had a ME-Goal (beta = 0.018, SEM = 0.18, df = 5,025, z = 0.09, p = .92),
but less often as compared to prompted performers who had a WE-Goal (beta = 0.41,
SEM = 0.18, df =5,025, z=2.26, p=.024). In addition, listeners reported that
unprompted performers had an intention to end more often when both of their partners
had an intention to end as compared to when only one of their partners had an intention
to end (1 vs. 2 in the NO-Prompt condition: beta = 0.47, SEM = 0.17, df = 5,025,
z=2.8, p =.005, see Fig. 5B for a full output of the model).

Thus, unprompted performers’ behavior did reflect their co-performers’ goals to some
extent, when those goals were shared by both co-performers. In line with the results of
Experiment 2, this suggests that once goals are partially shared within the group, some
form of goal propagation is taking place in the direction of the remaining individuals,
with unprompted musicians behaving as if they had themselves received a prompt to find
an end. Musicians may thus deploy communicative strategies to establish shared inten-
tionality when their aim is to find an end to the piece collectively.

5.2.3. Improvisers adopt signaling strategies to communicate their goals

How may such goal propagation occur? To examine whether musicians deployed par-
ticular strategies to signal their intentions to end, we assessed the impact of our experi-
mental conditions on how listeners described the musicians’ behaviors. We ran a linear
regression including percentage of response as a dependent variable, Condition (Before-
Prompt/NO-Prompt/ME-Goal/WE-Goal), Category (descending/repetitive/predictable/con-
fident), and Expertise (naive/expert) as independent variables, and listener as a random
factor. There was a main effect of Condition (X2 = 21, p < .001), a main effect of Cate-
gory (x* = 647, p < .001) and, more importantly, a significant interaction between Condi-
tion and Category (y> = 50, p < .001), which revealed that listeners’ judgments about
performers’ behaviors along each Category varied differently depending on Condition
(see Fig. 6B). There was no additional interaction with Expertise (p > .14), so we col-
lapsed the data for the two groups of listeners for the remaining analyses.

Regarding direction, listeners responded that the musician’s behavior was descending
significantly more often when they heard prompted musicians (ME: M = 0.24, SD =
0.12; WE: M =0.28, SD = 0.15) than un-prompted musicians (M = 0.16, SD = 0.1;
post hoc Tukey HSD No vs. ME: p < .001; NO vs. WE: p < .001) or extracts taken
before the prompt (M = 0.19, SD = 0.12; Before vs. ME: p = .001; Before vs. WE:
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Fig. 6. Musicians’ behavior. (A) The temporal coordination of endings in improvisations corresponding to
the snippets heard by the participants was averaged separately for each listener, prompt type, and response
type (yes/no), before being averaged in the group. *** show the significance of paired  tests with a threshold
of p < .001. (B) We show the percentage of descending, repetitive, predictable, and confident responses com-
puted for each condition and listener, before being averaged separately in the group of experts (plain line)
and naive listeners (dashed line). Error bars show 95% confidence intervals.

p < .001; no significant difference between Before and NO-Prompt: p = .26). Interest-
ingly, there were no significant differences between the rate of descending responses in
the ME and WE condition (p = .08), which rules out the possibility that WE-Goals sim-
ply foster coordination because performers rely on decrescendos to drive the improvisa-
tion toward the end (also see the acoustic analysis presented in Fig. S10).

Listeners also perceived musicians to be less confident in the WE (M = 0.63, SD =
0.18) as compared to the NO-Prompt condition (M = 0.68, SD = 0.19, p = .026) and,
marginally, than in the ME condition (M = 0.67, SD = 0.19, p = .053; comparison with
Before condition: p = .5, all other comparisons nonsignificant, p > .1). Thus, it seems
that WE-Goals lead performers to be more hesitant, perhaps reflecting that they were
“waiting for each other.”

Finally, and more importantly, listeners responded that behaviors were predictable and
repetitive significantly more often when the performer had a WE-Goal (M = 0.66/0.72,
SD = 0.15/0.17), as compared to when the performer had a ME-Goal (M = 0.58/0.61,
SD = 0.16/0.16, ps < .001), was not prompted (M = 0.57/0.62, SD = 0.14/0.14, ps <
.001), or for extracts taken before the prompt (M = 0.48/0.5, SD = 0.15/0.16, ps < .001).
Listeners also perceived behaviors to be more predictable/repetitive when performers had
a ME-Goal (ps < .001) or NO-Goals (ps < .001), as compared to the extracts taken
before the prompt.
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The crucial finding here is that musicians relied on more predictable and repetitive
behaviors when they had a WE-Goal, presumably to allow their partners to coordinate
with them. These repetitive/predictable behaviors could be due to performers playing the
same complex pattern over and over again or holding a single tone, but they were not
necessarily related to performers playing a regular pulse (see Fig. S9 and Section S.4.1 in
Appendix S1). This finding is consistent with previous research emphasizing the role of
predictability and repetitive actions for coordination (Vesper et al., 2011) and emerging
communication systems in the visual modality (Scott-Phillips, Kirby, & Ritchie, 2009),
and it shows that improvisers used basic signaling strategies to help establish common
ground when they have to reach a joint outcome with their fellow improvisers.

5.2.4. Goal transparency predicts better temporal coordination

Finally, we wanted to test the claim that transparent goals (i.e., goals that are easier to
detect) foster coordination. To this aim, we examined the relationship between listeners’
goal detection and subsequent temporal coordination at the end of the piece (which was
not presented to the participants). In a linear mixed regression restricted to judgments
made on extracts taken after the prompt, and including listener and trio as random fac-
tors, listeners’ detection choices (yes vs. no) significantly predicted the subsequent Tem-
poral Coordination of Endings (beta = 0.4, SEM = 0.07, df = 5068, t = 6, X2 = 36.7,
p < .001). On average, performers were more temporally coordinated in musical extracts
where listeners detected an intention to end (M = 5.68, SD = 1.19) as compared to when
they did not (M = 6.97, SD = 0.62, 1(46) = 5.15, p < .001, see Fig. 6A). This was true
for both ME (#(46) = 3.72, p < .001) and WE-Goals (#(45) = —5.07, p < .001), and also
after accounting for the effect of Prompt Number on temporal coordination (beta = 0.24,
SEM = 0.06, df = 5068, t = 3.8, p = .007). This result is therefore consistent with the
idea that goal transparency helps coordination, and that making one’s goal easier to detect
by fellow improvisers might be key to coordination during improvised interactions.

6. Discussion

Despite being an integral part of our social lives, joint improvised actions have been
understudied to date, and the mechanisms that allow agents to coordinate in complex and
temporally extended forms of collective improvisation remain elusive. The experiments
reported here shed a new light on these mechanisms in the context of CFlIs: In Experi-
ment 1, we show that shared intentions emerge on the fly during collective musical
improvisations; in Experiment 2, we show that the presence of such shared intentions fos-
ters temporal and acoustic coordination; in Experiment 3, we show that shared intentions
also have an effect on qualitative properties of the performance that reflect higher level
aspects of musical coordination (such as the endings being rated as more successful, time-
lier, and more progressive); finally, in Experiment 4, we show that improvisers’ goals can
be inferred by third-party listeners from their musical behavior and that, strikingly,
unprompted musicians may come to reflect the behaviors of their prompted co-
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improvisers. The results also show that improvisers adopt signaling strategies when they
have to communicate their goals to reach a joint outcome collectively, which explains
how collective intentions can propagate, become common knowledge, and improve musi-
cal coordination.

Overall, the results are compatible with the hypothesis that shared intention fosters
coordination during improvised musical joint actions, over and beyond the role of mere
shared information and of the isolated formation of collective intentions in individual
musicians. This demonstrates that the synergy between planned and emergent coordina-
tion mechanisms that had so far been considered exclusively in scripted joint actions is
also at play in improvised joint actions. While our results are in line with the idea that
shared intentions support coordination over long as well as short time scales (Vesper,
Butterfill, Knoblich, & Sebanz, 2010), they—perhaps counterintuitively—extend its rele-
vance to the case of collective musical improvisations.

An important theoretical consequence of our study is that it gives some additional
ground to the idea that shared intentions do not intrinsically depend on verbal communi-
cation for their existence: We show that shared intentions can emerge when agents are
freely and spontaneously interacting within a medium that is semantically underspecified
(i.e., music), and that they play a key role in supporting coordination. The condition of
common knowledge, where agents are not only geared toward a joint outcome, but also
represent that this state of affair is publicly accessible to all members of the group, is
generally taken to be one of the crucial features of shared intentions (Bratman, 2014).
Now, in Experiment 2, the WE-goals were communicated covertly to each musician,
apparently violating the requirement of common knowledge. However, this does not mean
that such common knowledge status could not emerge in the course of the performance,
after the musicians were prompted, using joint affordances (i.e., events that afford actions
or gestures for the group as a whole, Knoblich et al., 2011), signaling strategies that trig-
ger “distinctive cognitive states, corresponding to the sense that something is public and
unignorable” (De Freitas, Thomas, DeScioli, & Pinker, 2019), and focal points that act
as points of converging expectations for the improvisers (Canonne, 2013). Several aspects
of our results are consistent with this possibility.

Results from Experiment 4 (Fig. 5) show that third-party listeners were able to infer
WE-Goals from musicians’ behavior, demonstrating that these goal representations are
indeed manifest and publicly observable. Results from Experiment 4 further suggest that
particular communicative behaviors (e.g., repetitions) may be especially efficient to signal
an intention to end the piece. Lastly, we saw in Experiment 2 that both ME-Goals and
WE-Goals were detectable by co-agents (see Fig. S5). However, WE-Goals and ME-
Goals did not differ in terms of their directionality (i.e., both were perceived as “descend-
ing”; see Fig. 6B). This rules out the possibility that improvisers merely detect teleologi-
cal aspects such as a directionality in the joint action (e.g., decrescendos) without
representing the mental states that may underlie this directionality in their co-agents, anal-
ogously to 2-year-old children who engage successfully in joint action before they have a
full understanding of folk psychological concepts such as intention (Butterfill, 2013; But-
terfill & Apperly, 2013). On the contrary, the findings suggest that improvisers considered
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additional cues, beyond the mere sonic target, and engaged in some form of mentalizing
to discriminate between the two types of goals. These elements indicate that musicians’
goals were both manifest and mentally represented by their co-improvisers. As such, they
had the potential to become common knowledge between improvisers and to amount to
full-fledged shared intentions.

Now, even when musicians collectively hold a shared intention to end the perfor-
mance, how and when the performance will actually end still remains poorly specified:
Such abstract goals do not specify precise temporal or harmonic structures, allowing the
musicians to coordinate on fine time scales. In other words, even if musicians manage to
form a shared intention to end the performance, the ending will still have to be sponta-
neously and collectively negotiated in a matter of seconds, without the support of a
shared entrainment to a beat. How do such abstract intentions support coordination in
cases where the outcome remains highly undetermined? Several nonexclusive explana-
tions might be provided here.

A first possibility is that once it is common ground for co-improvisers that there is a
shared intention to X (e.g., “to end the performance together”), they can coordinate by
relying on interconnected planning. That is, they can form compatible sub-plans that are
constrained by their shared intention to look for an end to the performance together (Brat-
man, 2014). This is not to say that each agent necessarily represents the other agents’ part
precisely (Vesper et al., 2010). Still, once a shared intention is established, performers
can monitor and predict their co-performers’ actions more finely, and adjust their own
behavior accordingly, because the shared intention constrains the range of possible inter-
pretations of partners’ behaviors, as well as each agent’s action repertoire. This being
said, although a minimal representation of one’s own task and of the group’s shared
intention may suffice to finely coordinate in scripted joint actions that involve predeter-
mined outcomes (Vesper et al., 2017), it is difficult to see how these mechanisms could
allow musicians to precisely coordinate in the case of collective improvisations. Motor
simulation is thought to be one of the crucial mechanisms that enable co-agents to predict
each other’s actions and coordinate on short time scales (Knoblich et al., 2011; Novembre
et al., 2014; Vesper et al., 2013). Here, however, it is unlikely that musicians simply rely
on their motor system, given that they play on different instruments (Bishop & Goebl,
2014), and that they use idiosyncratic instrumental techniques. But this does not mean
that they cannot rely on action prediction at all. For instance, both expert and naive lis-
teners perceived an intention to end in conjunction with decrescendos (see Figs. S8 and
S11), which can be argued to be an index with a teleological origin (i.e., “descending”
actions typically precede endings).

A second way in which shared intentions may foster coordination is by enabling
behavioral strategies designed to help coordination (Vesper et al., 2017). For instance, we
found some evidence that musicians’ behavior tended to be more repetitive and pre-
dictable in the WE-Goal condition (see Fig. 6B). One interpretation of this result is that,
in improvised joint actions, agents use repetitive actions and other predictable behaviors
not only as signals but also as “coordination smoothers” (Vesper et al., 2017), to help
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other improvisers predict and coordinate with them. In favor of this interpretation, we
also found that predictability was associated with better temporal coordination (Fig. S8).

Lastly, at shorter time scales (i.e., a few seconds), it is possible that shared intentions
regulate the emergent mechanisms that are at play to support fine-grained coordination.
For instance, when musicians had shared intentions, the dynamics of their amplitude vari-
ations were more tightly coupled (see Fig. 3). This being said, the role of emergent coor-
dination mechanisms is probably less crucial here than in other types of improvisations
involving imitations such as the mirror game (Noy et al., 2011), because CFI is generally
devoid of regular rhythmic pulsations, and straightforward imitations are often frowned
upon among free improvisers. The acoustical analysis presented in Fig. S10, which shows
little mimicry in unprompted musicians, is consistent with this idea: There was little to
no evidence in favor of the idea that unprompted musicians adapt their behavior by sim-
ply mimicking prompted musicians (e.g., by playing decrescendos).

On the other hand, our results do not imply that agents engaged in collective musical
improvisation always have a shared intention in mind, nor that they systematically need
to. It is likely that musical improvisers oscillate between phases where they unreflectively
“go with the flow” and phases in which they are more self-conscious and engage in delib-
erate planning of their actions and mind reading (Canonne & Garnier, 2012; Denzler &
Guionnet, 2020). In that perspective, the fact that in Experiment 1 some musicians
pressed their pedals after they had actually stopped playing suggests that musicians can
be as surprised as audience members by the unfolding of their own performance. More
generally, it is likely that shared intentions, to the extent that they are present, are of a
rather punctual, short-term nature, emerging when acute coordination problems, such as
endings or the consolidation of a new attractor (Borgo, 2005), arise. Further studies could
examine in a more systematic fashion the temporal dynamics of the kinds of abstract,
shared intentions we evidenced here.

On the methodological side, our study shows that collective musical improvisation con-
stitutes an interesting case study to examine how individuals coordinate in the absence of
scripts, and to investigate coordination dynamics in improvised interactions over an
extended time span. When interactions between individuals are mediated by a pre-existing
script, even loose ones such as the lead sheet of a jazz standard or conversational guideli-
nes, it can be difficult to tease apart actual interpersonal interactions from an individual’s
isolated interactions with the script they all share (Pachet et al., 2017). CFI does not
involve such referents and, as such, it allows a direct, unmediated examination of inter-
personal interactions.

Another interest of our approach is that it allows comparing expert and naive listeners,
and makes it possible to uncover the (cultural) knowledge that mediates coordination dur-
ing joint actions, an aspect often neglected in cognitive science (Vesper et al., 2017).
While CFI is clearly a highly unplanned form of joint action, it does not happen in a cul-
tural vacuum. Free improvisers spend many hours developing idiosyncratic instrumental
technics and a repertoire of distinctive musical materials (Arthurs, 2016). According to
MacDonald and Wilson (2020, p. 115) though, “particular knowledge or skills (...) are
not in themselves a measure of the broader capacity to improvise.” As such, an important
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part of free improvisers’ training, whether formal—through Conservatories classes—or
informal—through listening to and playing with other improvisers—consists in develop-
ing broader coordination and communication skills, as well as highly general attributes,
such as “confidence in exercising choice in real time,” “discrimination and discernment
of emerging performed material,” and “facility in accommodating and responding to
unprecedented or unexpected events” that are “transferable across genres or settings in
ways that some other musical attributes are not” (MacDonald & Wilson, 2020, pp.
116-119). As Pelz-Sherman (1998, p. 127) puts it, learning to “convey the semantic
intent of their own musical ideas to other performers in real time” and “to make accu-
rate judgments in real time about the semantic intent of each performer” is crucial.

Overall, expertise in CFI seems to largely rely on social cognition, contextual attune-
ment, and interpersonal coordination, as is the case for other forms of freely improvised
practices such as comedy improv (Walsh, Roberts, & Besser, 2013) or contact improvisa-
tion (De Spain, 2014). Thus, it is possible that the signaling mechanisms used by free
improvisers were only accessible to expert listeners in our study, not necessarily because
they rely on group-specific or genre-specific expertise and conventions, but perhaps
because they require a high level of social attunement to the behavior of the improvisers.
In other words, it might just be that our expert listeners, being also expert free improvis-
ers, were more used to face improvised coordination problems, and thus simply better at
abstracting signaling strategies from subtle variations in the performers’ behaviors. The
wide variety of ending behaviors found in our corpus suggests that the signaling strategies
used by the improvisers were not tied to precise instrumental or musical patterns, but
were rather of a very abstract nature (e.g., decrease in energy, use of salient events, repe-
tition, etc.), and thus possibly independent from the sonic and aesthetic specificities of
CFI as a genre. Further experiments could directly test this hypothesis by assessing
whether expert improvisers from another domain (e.g., comedy improv) are able to detect
our musicians’ intentions, despite the fact that they are unfamiliar with the genre of CFIL.
Note also that, consistent with this last hypothesis, some of our results tend to downplay
the importance of group-specific stylistic conventions in the emergence of shared inten-
tions among free improvisers. In particular, a high degree of familiarity between the
musicians (and the implicit conventions that are likely to come with it) did not seem to
give them any advantage in negotiating their joint endings: Familiarity did not correlate
with how temporally coordinated they were in pressing the pedals (Experiment 1, Spear-
man’s rho between pedal pressing temporal coordination and familiarity scores: rs
(10) = -.38, p = .240), how well musicians coordinated at the end of the piece (Experi-
ment 2, Spearman’s rho between the temporal coordination of endings and familiarity, rs
(10) = .11, p = .730), and nor even with how much they enjoyed playing together overall
during Experiments 1 and 2 (Spearman’s rho between global appreciation and familiarity
scores, rs(10) = 0.4, p = .200).

If expertise in collective improvisation is mainly a matter of being able to attune one-
self to the specificities of a given social setting, then the fact that improvisers interact in
a shared environment should play a key role in the emergence of locally shared inten-
tions. In particular, it is likely that salient features of the improvisers’ sonic environment
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(e.g., a clear pitch in an otherwise noisy texture or simultaneous impacts in an otherwise
asynchronous sequence) provide the improvisers with the opportunity to adopt similar
local goals (such as changing the musical direction, performing a collective crescendo or
accelerando, developing a given idea, or ending the performance). And similarly, it is
likely that the improvisers’ active engagement in embodied interactions—the fact that
they could continuously feel each other’s actions and reactions on a fine-grained scale—
played a significant role in the remarkable understanding of each other’s intentions they
displayed (Michael, 2011). In that sense, emphasizing the supporting role of shared inten-
tions in an explanation of coordination in complex improvised actions does not necessar-
ily undermine the role played by interactional or contextual factors; on the contrary, it is
precisely because collective improvisations are embodied and embedded interactions—be-
cause improvisers both co-construct and explore their shared sonic environment through
their bodily interactions—that local shared intentions can emerge.

An important question is whether and how our findings may generalize to other forms
of collective improvisations. Here, we used CFI as a paradigm for studying joint impro-
vised action, but we should emphasize that every instance of collective improvisation is
not akin to CFI, since collective improvisations greatly vary on at least three dimensions.
First, improvisation comes in degrees (Nettl, 1974): Some collective improvisations are
highly unplanned, and others only allow for circumscribed spontaneous decisions within a
more or less loose script. In those latter cases, the role of local shared intentions may be
less crucial, as coordination is then typically supported by a broad script that is common
knowledge among improvisers (think of the role played by standards such as My Funny
Valentine in jazz improvisation). Second, some collective improvisations aim at creative
and unprecedented results, while others are more concerned with efficiency in sponta-
neously achieving a clear goal (e.g., unarming a terrorist). Again, it is likely that local
shared intentions are especially important in the first case, as they can be seen as com-
pensating the absence of a clear overarching goal. Third, collective improvisations differ
in terms of the medium in which the interaction between agents takes place. Here, it is
obvious that the specificities of our musical paradigm impacted the resources that our par-
ticipants were able to use to communicate with each other, and more generally, the pro-
cesses through which shared intentions could emerge. But importantly, it did so mainly
by depriving them of key coordination resources, most notably verbal communication
(which facilitates the spread of local shared intentions within the group and the emer-
gence of common knowledge) and physical co-localization (which facilitate the triggering
of joint attention, joint affordances, and more generally emergent coordination mecha-
nisms). Musicians thus had to rely on resources that were both more abstract and more
indeterminate. If locally shared intentions could emerge to support the improvisers’ coor-
dination in such bare-bones situations, then there is no reason to think that they would
not in “richer,” more favorable contexts, in which improvisers are also engaged in highly
unplanned and creative joint actions, but have in addition access to verbal communication
and are co-located in the same physical environment. While the overall context in which
the collective improvisation takes place, the nature of the improvisers’ shared environ-
ment (sonic, audio-visual, or haptic?), the structure of the interactions (organized in turn-
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takings or simultaneous?) and the modes of communication (nonverbal or verbal?) neces-
sarily impact how improvisers coordinate, we believe that our core finding that locally
shared intentions can support improvisers’ coordination should extend to other kinds of
complex improvised joint actions.

In particular, the ending goals we studied here are paradigmatic of the kind of local,
shared intentions that are likely to emerge in complex and temporally extended joint impro-
visations—intentions that are abstract enough to be plausibly shared by several improvisers
at a given point of the joint improvised action, while still retaining enough specificity to
constrain the temporal and interactional dynamics at play. For example, the spontaneous tac-
tics in which team players engage in collective sports such as basketball (Bourbousson, Poi-
zat, Saury, & Seve, 2010) might be precisely analyzed in terms of the emergence of such
local, shared intentions (e.g., preparing a shooting possibility for the team), beyond the pri-
mary, overarching shared goal of scoring baskets (Steiner, Macquet, & Seiler, 2017). Local
shared intentions may also explain temporal coordination (i.e., the smooth switching between
speaker and listener roles; Corps, Gambi, & Pickering, 2018) and content-based coordination
(i.e., negotiating the actual question under discussion) during open-ended conversations
(Beaver, Roberts, Simons, & Tonhauser, 2017). Because these shared intentions do not spec-
ify the details of the improvisers’ contribution, they are likely to allow coagents to act with
the high degree of flexibility required by the unpredictable dynamics of an improvised inter-
action, while maintaining a minimal level of precision in their coordination by providing
them with a shared directionality (e.g., continuing or changing). In that sense, shared inten-
tions are perhaps especially important to facilitate coordination when joint outcomes are
underdetermined. To further test this idea, future work could manipulate joint outcomes’
determinacy and measure the rate and level of abstraction of the shared intentions that
emerge in these situations. Another important venue for future research will be to apply our
design to other forms of collective improvisations (e.g., open-ended conversations), and to
precisely examine how shared intentions may emerge from nonverbal (musical) interactions.
Finally, our method makes it possible to ask whether coordination can occur at all when
agents hold incongruent intentions simultaneously (e.g., what happens when some improvis-
ers want to change the music while others wish to maintain the music?).

Improvisation has once been defined as the “coordination and concatenation of actions
over time by means other than planning” (Preston, 2013, p. 63). At core, improvisation is
the way we have of navigating our social lives when we cannot or do not want to engage in
extensive planning. But this does not mean that improvisers are locked in an eternal present,
only able to blindly interact without any foresight of what is to come next. By highlighting
the role played by shared intentions in joint improvised actions, our study opens up new ave-
nues to explore the many ways we have to engage with the future while acting jointly.
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