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Music ensembles are an ideal test-bed for quantitative analysis of social

interaction. Music is an inherently social activity, and music ensembles offer

a broad variety of scenarios which are particularly suitable for investigation.

Small ensembles, such as string quartets, are deemed a significant example

of self-managed teams, where all musicians contribute equally to a task.

In bigger ensembles, such as orchestras, the relationship between a leader

(the conductor) and a group of followers (the musicians) clearly emerges.

This paper presents an overview of recent research on social interaction in

music ensembles with a particular focus on (i) studies from cognitive neuro-

science; and (ii) studies adopting a computational approach for carrying out

automatic quantitative analysis of ensemble music performances.
1. Introduction
Human interaction plays a central role in shaping cognition and brain organiz-

ation. Nevertheless, cognitive neuroscience investigations only recently realized

that the study of cognition should be carried out within social interaction [1].

Nowadays, we witness a renewed interest in the study of the brain during

real-time truly interactive scenarios [2]. In neurocognitive research, however,

the subject’s behaviour is rarely tested in a realistic and salient social interaction

owing to the necessity to maintain tight experimental control.

Recently, D’Ausilio et al. [3] proposed that music could offer a unique solution

to balance a rigorous experimental approach and ecological testing of cognition

and high brain functions. More interestingly, musicians and especially ensemble

instrumentalists are experts in a form of social interaction characterized by real-

time non-verbal communication. Ensemble musicians train for years in order to

refine skills that allow them to accurately encode and decode subtle sensorimotor

non-verbal messages with the main purpose of establishing and maintaining a

shared coordinative goal. In group-level musical coordination, individuals

might be conceptualized as processing units embedded within a complex

system (i.e. the ensemble), engaged in a joint action, and sharing technical,

aesthetic and emotional goals. Each participant may thus non-verbally transmit

sensory information while, in parallel, decoding others’ behaviours. The sensory

information generated by the sender is based on body movements and is

then transferred through the visual (e.g. body sway, head motion), auditory

(e.g. instrument sounds), and somatosensory channels (e.g. floor vibrations).

With information flowing, participants may rely on predictive models to cope

with the real-time demands of interpersonal coordination.

Musicians in an ensemble are engaged in a joint action. This constitutes one

of the most exciting frontiers of cognitive neuroscience [2,4]. Coordinated action

might be conceived as the synchrony/complementarity between actions per-

formed by two or more individuals [5]. Action coordination requires the

exchange of information among individuals to facilitate understanding and pre-

diction of others’ motor intentions in what can be considered a sensorimotor

conversation. Therefore, coordinated action is the modulation of ongoing
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motor plans according to sensorimotor information we

read from other participants in the interaction and the sur-

rounding context. For these reasons, music ensembles have

been considered a valuable model to investigate the complex

dynamics of sensorimotor communication during joint

action [3]. In fact, music ensemble performance constitutes

a special example of joint action that possesses critical advan-

tages. Most notably, music possesses important constraints

that allow better experimental control such as the fact that

performers move in a complex but yet formalized manner,

following musical conventions and, in most cases, a musical

score. With respect to other experimental scenarios, such con-

straints are an ecological way to both reduce the number of

experimental variables and overcome technical issues. For

example, the fact that performers strictly follow a musical

score allows for comparisons between different ensembles,

something that would be more difficult in analysing, for

instance, teamwork at a meeting, where discussion and

work in different teams may follow significantly different

paths. Moreover, music enables offer opportunities for ana-

lysing subtle aspects of non-verbal communication. For

example, music often explicitly aims to convey emotion to

an audience, which is not usually the case in, say, computer

gaming. Finally, scenarios such as dance and sport usually

encompass full-body movements that develop in quite a big

space, something more difficult to capture accurately with

optical motion capture systems.

This paper presents an overview of recent research on social

interaction in music ensembles. After surveying ongoing

research in neuroscience investigating music ensemble

performance with reference to the mirror neuron mechanism,

the focus will then move to two specific investigation

scenarios: small ensembles, such as string quartets, and orches-

tras. String quartets are deemed a significant example of

self-managed teams, where all musicians equally contribute

to a task. In bigger ensembles, such as orchestras, the relation-

ship between a leader (the conductor) and a group of followers

(the musicians) clearly emerges. Whereas most works in the

past were based on manual capturing, annotation, and analysis

of data, interest recently has increased around computational

approaches and techniques for automatic quantitative analysis.

While reviewing recent research in both investigation scen-

arios, hints will be provided on the computational techniques

used to carry out quantitative analysis.
2. Mirror networks and music
The discovery of trimodal (motor, visual, and auditory) mirror

neurons in the monkey ventral premotor cortex [6] encouraged

studies of the audiovisuomotor properties of the human mirror

mechanism. This putative mechanism is thought to map

the acoustic representation of actions into the motor plans

necessary to produce those actions. For instance, action-related

sounds were shown to activate the inferior frontal gyrus [7],

following a clear somatotopic organization in the premotor

cortex if the sound is executed by the hand or the mouth [8].

Interestingly, tool sounds activate brain areas overlapping

with those recruited when participants pantomimed the

manipulation of the same tools [9]. Finally, listening to non-

verbal vocalizations automatically engages the preparation of

responsive orofacial gestures [10]. These brain activities are

located in the posterior aspect of the inferior frontal gyrus,
which on the left hemisphere, corresponds to Broca’s area. In

parallel, other studies investigated the brain mechanisms

associated with the processing of music (another instance of

action-related sound) with a particular focus on the role

of expertise. In fact, musicians are a particular example of

sensorimotor expertise. Experts have been particularly useful

in cognitive neuroscience, being an interesting model

of over-learned sensorimotor associations [11,12]. Indeed, play-

ing music is a multifaceted ability requiring years of practice

to master, as it is based on the coordination of many different

skills. Expert musicians are indeed an extraordinary popu-

lation to study how specific training can shape

somatosensory [13], motor [14], and auditory representations

[15], as well as multimodal integration brain networks [16].

Musicians allowed the investigation of long-term structural

[17] and short-term functional [18] plastic changes in the

brain. In fact, sensorimotor integration in music could be the

result of repeated co-occurrence of action and perceptual pro-

cesses, with the additional advantage of being spread with

different degrees of expertise among the population [19]. In

fact, it has also been shown that specific postural and kinematic

features associated with playing one instrument shape the

activity of sensorimotor cortical areas during music listening.

This result further suggests that motor training affects music

perception [20]. Musicians, through years of practice, develop

a strong functional association between a musical note, its

visual representation, and the movement required to produce

it [21,22]. As a consequence, stronger motor activity in expert

pianists was found while they were listening to piano pieces

[23]. Additionally, fMRI studies confirmed that a brain net-

work including motor, premotor, and supplementary motor

areas, the inferior parietal lobule, as well as the superior tem-

poral gyrus, was shared between perception and production

of a musical piece [24]. It was also shown that naive subjects,

after a short musical training, had increased sensorimotor

co-activation during passive listening of trained pieces

[25,26], and passive listening of a trained piece induces a

specific corticospinal facilitation after 30 minutes of practice

[27]. Interestingly, rhythmic complexity or music syncopation

is an important structural factor in embodied and affective

responses to musical groove [28], and, indeed, high-groove

music increasingly engages the motor system in musicians

[29]. In addition, the observation of a mute piano fingering

error induces a somatotopic time-locked corticospinal excit-

ability modulation [30]. Moving to an interactive scenario,

corticospinal excitability was modulated when pianists, per-

forming one duet part, were led to believe that they were

interacting with an invisible co-performer playing the comp-

lementary part [31]. Interference with the motor system (via

transcranial magnetic stimulation) impaired interpersonal

coordination only when the complementary part had been

trained [32], and reduced the ability to predict the time

course of the partner’s actions during a musical turn-taking

task [33]. Therefore, it is now clear that expert musicians exploit

a mirror-like mechanism [34,35]: listening to musical excerpts

or observing music-related movements evoke in them the

same motor representations required for the actual production

of those melodies.

In ensemble musical performance, a sensorimotor conver-

sation requires that all participants are able to send and

receive subtle messages in the form of visuomotor and audio-

motor events. This encoding/decoding process might be

conceived of as a complex and hierarchical input–output
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mapping, ranging from sensorimotor mapping to the highest

level of human action organization [36,37]. In this context,

the frontoparietal circuit, endowed with mirror-like properties,

might be particularly important in non-verbal communication

between individuals, especially when coordinated action is

central. Action mirroring, however, does not facilitate coordi-

nated action per se; in fact, coordination may often require

the execution of different/complementary actions among

participants. In agreement with this view, it has been demon-

strated, however, that complementary action observation

may recruit the human mirror neuron areas to a greater

extent [38]. This result, in agreement with the behavioural

requirements for sensorimotor interaction, suggests that the

human mirror mechanism might be tuned for action coordi-

nation rather than for simple action mirroring. These results

are in line with an interactive account of sensorimotor trans-

formations forming the basis for human social behaviour. In

fact, the mirror mechanism may provide the substrate to rep-

resent others’ action in visuomotor coordinates rather than in

symbolic codes. Such direct sensorimotor coding of others’

action may result extremely effective in anticipating the

motor consequences of others’ actions and hence be used for

fast online action inhibition, action selection, or action modu-

lation, to best fit our own behaviour within interpersonal

coordination. This whole process, based on the existence of a

superordinate joint action goal, may be at the basis of non-

verbal sensorimotor communication. According to us, for the

case of orchestras and quartets, the investigation of sensori-

motor non-verbal communication is fundamental to

understand how to achieve the joint technical, aesthetic, and

emotional goals of music.
3. Social interaction in small ensembles
In the framework of small music ensembles, many research

efforts have been devoted to analysis of string quartets. The

string quartet is the most significant chamber ensemble in

Western music [39]. Moreover, Tal-Shmotkin & Gilboa [40,41]

showed that the teamwork in a string quartet resembles

those in various organizational units, with particular reference

to self-managed teams. These are defined as a group of inter-

dependent individuals, acting within an organizational

setting, who self-regulate their behaviour in order to perform

a relatively whole task assigned to them as a group [42]. More-

over, as Davidson & Good [43] note, from a musical point of

view, string quartets are an interesting case study, because all

musicians contribute similar elements to the musical perform-

ance and they use comparable instrumental techniques. Thus,

cohesion and performance quality are more explicitly depen-

dent on social dynamics in the group, rather than on

technical aspects of playing music.

Several studies, mainly from psychology of music, investi-

gated social interaction in string quartets. In their landmark

study, Murnighan & Conlon [44] analysed 20 British string

quartets using semi-structured interviews and observa-

tions. The authors found that successful quartets developed

long-term collaborations, established effective non-verbal

communication during rehearsals (e.g. by acting instead of

talking to face a problem), were more democratic when mana-

ging internal conflict, reported more positive feelings before a

concert, and were less worried about reviews. Besides perform-

ance issues, where the leadership of the first violin emerged,
cohesion in the group depended also on merely organizational

issues: the first violin was the leader in administrative issues

too and the second violin was responsible for offering social

support to the group. Davidson & Good [43] analysed social

and musical coordination between members of a student

string quartet in rehearsal and performance conditions. They

found that social and musical coordination depends on many

factors, including both socio-emotional issues (e.g. personal

concerns, performance anxiety) and musical coordination

issues related to content and process (e.g. the technical aspects

of the music to be played and the mechanism adopted to

achieve coordination such as the non-verbal gesture used to

provide signals about timing). Other recent studies concerning

string quartets from the point of view of psychology of music

and specifically addressing social aspects include, for example,

the work by King [45] focusing on collaboration between stu-

dent musicians in a wind quartet, saxophone quartet, and

string quartet and investigating the common roles assumed by

student musicians, with particular reference to leadership.

Seddon & Biasutti [46] revealed six modes of communication

and two levels of attunement employed between members of

a professional string quartet during rehearsal and performance

and indicated that musicians were able to become empatheti-

cally attuned and produce spontaneous musical variations

during performance. Schiavio & Høffding [47] presented a

study based on qualitative interviews with the Danish string

quartet and aiming at exploring the role of pre-reflective, embo-

died, and interactive intentionality in joint musical performance.

Their analysis suggests that ‘expert musicians’ experience of col-

lective music-making is rooted in the dynamical patterns of

perception and action that co-constitute the sonic environ-

ment(s) in which they are embedded’, i.e. that the cognitive

processes involved are grounded in the concrete interactions

of the players. String quartets were also analysed from a man-

agement and organizational point of view. For example,

Butterworth [48] investigated the teamwork of the Detroit

string quartet, using observations and interviews, and found

that social–organizational factors (e.g. autonomy, norms of con-

duct, collective responsibility) were important elements in the

work of the quartet and contributed to its success.

Psychological research on social interaction in ensemble

performance is not limited to string quartets, but also

addresses other ensembles. Keller & Appel [49] analysed

individual differences in auditory imagery and temporal

coordination in piano duos. This is the same music ensemble

Goebl & Palmer [50] selected for investigating the influences

of auditory feedback, musical role, and note ratio on synchro-

nization. Analysing jazz ensemble playing, Berliner [51]

studied the ability of ‘finding the groove’ as the ability to

find a collective energy for the music. This can be viewed as

a specific instance of the general ‘mutual tuning-in relation-

ship’, i.e. the ability of a performer to anticipate the musical

actions of the others, when such actions are available, e.g. per-

formers are co-present [52]. In an analysis of a jazz quartet

reported by Fuller [53] tuning-in depends on shared knowl-

edge and rules which develop over time as long as each

musician learns what to expect from the others and how to

meet such expectations. Keller [54] developed a theoretical fra-

mework addressing ensemble performance in general and

assuming that ‘three core cognitive–motor skills determine

the quality of real-time interpersonal coordination during

music ensemble performance’. The first one relates to anticipat-

ory mechanisms; the second one ‘concerns the process of
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dividing attention between one’s own actions and those of

others while monitoring the overall, integrated ensemble

output’; the third one grounds on the adaptive mechanisms

allowing performers to react to variations. The framework was

extended in [55], combining a descriptive level encompassing

quantitative measures of behavioural cues and an explanatory

level dealing with the psychological mechanisms that enable

ensemble performers to achieve interpersonal coordination

while simultaneously displaying the required flexibility.

Whereas most of such studies are based on manual annota-

tion and analysis, interest has recently grown around

computational approaches aimed at automatically computing

features and using them to analyse different aspects of social

interaction in small music ensembles. The string quartet is

again a common target for analysis. For example, Moore &

Chen [56] studied the interactive behaviour of two members

of a skilled string quartet performing a selected musical pas-

sage that required both performers to play at a steady tempo

and in synchrony. Angular velocity sensors were used to cap-

ture bowing movements. Results showed a high degree of

synchrony. Moreover, interactive coupling between the players

was found to be an essential component of joint performance.

Employed techniques include signal-processing methods such

as auto- and cross-correlation and convolution. Informally,

auto- and cross-correlation are methods to look for similarity

between observations within the same signal (autocorrelation)

and across two different signals (cross-correlation), as a func-

tion of a time lag. Glowinski et al. [57] compared the

expressive movement of the first violinists in two string quar-

tets when playing in solo and ensemble conditions. Head

movement patterns were quantified using a measure of

entropy, and findings showed that head movements are

more regular and predictable in ensemble playing than in

solo playing. The selected entropy measure was sample

entropy [58]. This is a nonlinear technique for measuring com-

plexity, initially developed to quantify behaviour regularity

and improved by Govindan et al. [59]. Wing et al. [60] asked

two string quartets to repeatedly perform a short musical

excerpt while introducing unrehearsed expressive deviations

in terms of timing in their performance. They applied

time-series analysis of successive tone onset asynchronies to

estimate correction gains for all pairs of players. A first-order

linear phase correction model [61,62] was adopted to quantify

the correction gain each player had to perform to adjust her

tempo and achieve synchrony. Results showed that on average,

both quartets exhibited near-optimal gain. Contrasting pat-

terns of adjustment between some pairs of players emerged,

reflecting contrasting strategies of first-violin-led autocracy

versus democracy. Another approach consists of measuring

the degree to which individual musicians interact with and

influence each other in a string quartet performance. Badino

et al. [63] used granger causality [64] applied to body sway kin-

ematics, to measure the leadership exerted by the first violin.

Granger’s method is an autoregressive technique used to estab-

lish causal relationships between time series—and thus

applicable to the sensorimotor transfer of information between

musicians. Leadership was modelled as the balance between

how much more each musician was ‘causing’ movement of

others than she was caused by the rest of the group. Interest-

ingly, the introduction of an informational asymmetry, in the

form of incompatible agogic notation provided to the first

violin only, led to a significant reduction of his influence

towards the rest of the musicians. The authors suggested that
the introduction of extreme unexpected dynamical changes

in a well-rehearsed piece is a very unusual scenario for pro-

fessional musicians, leading to a disruption of the normal

sensorimotor communication patterns. Papiotis et al. [65] ana-

lysed the audio and motion capture recordings (movement of

the bow) of a quartet playing exercises under two experimental

conditions: solo (i.e. each musician performs her part alone

using a stripped-down version of the score) and ensemble. Fea-

tures related to four different dimensions of the performance

(intonation, dynamics, timbre, and tempo) were automatically

extracted from the data. The level of interdependence between

the musicians was estimated applying two linear and two non-

linear techniques to the time series of the features. Linear

methods included Pearson product–moment correlation coef-

ficient and granger causality. Nonlinear methods included

mutual information—a measure of the mutual dependence

between two variables quantifying the amount of information

obtained about one variable through the other one [66,67]—

and the nonlinear coupling coefficient for the estimation of

directional couplings from time series [68,69]. Results

showed that it is possible to automatically distinguish the

two experimental conditions by quantifying interdependence

between musicians in each of the performance dimensions

studied. The nonlinear methods appeared to perform best.

Moreover, by using the solo performance as reference, the

authors could estimate the amount of interdependence estab-

lished between the musicians across different exercises, and

relate such a measure with the goal of the exercise.

Concerning examples of quantitative studies using compu-

tational approaches and addressing other small ensembles, the

work on piano duos by Keller & Appel [49] mentioned above

applied cross-correlation on kinematic data (velocity and accel-

eration profiles) retrieved from motion capture recordings.

Varni et al. [70] applied recurrence quantification analysis to

the head movements of violin duos in order to analyse synchro-

nization and leadership. Recurrence quantification analysis is a

method of nonlinear data analysis, quantifying the small-scale

structures of recurrence plots, which present the number and

duration of the recurrences of a dynamical system [71]. Findings

showed that induction of a positive emotion in one player

encompassed higher synchronization, whereas no clear leader-

ship of one player emerged, confirming the hypothesis of

egalitarian distribution of leadership in duos [72].

Some recent work faced analysis of small music ensembles

in a music information retrieval (MIR; [73]) perspective, i.e.

with the aim of extracting information such as musical style

or genre. Whereas, on the one hand, such studies do not

directly address social interaction issues; on the other hand,

the audio features they develop and extract can also be applied

to analysis of social interaction. For example, Abesser et al. [74]

describe a collection of rhythm-related audio features used to

estimate groove quality and interplay quality in ensembles

made by electric guitar, bass guitar, and drums. Devaney

et al. [75] developed a toolkit for accurately aligning monopho-

nic audio to MIDI scores as well as extracting and analysing

timing-, pitch-, and dynamics-related performance data from

the aligned recordings. The toolkit was applied in studying

intonation in three-parts singing.

4. Leader – follower relationship in orchestras
Orchestras are another particularly interesting instance of sen-

sorimotor coordination. In fact, in contrast with quartets or



rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

371:20150377

5
other smaller ensembles, the social organization characterizing

these groups is based on a clear and formalized leadership. The

conductor is de facto the driving force behind the pattern of

group information flow, at multiple levels. The conductor is

not merely giving tempo to the players or the timing of attacks

during public performances. In fact, the conductor is also

selecting musicians, leading rehearsals, as well as deciding

fine interpretation details of the pieces, based on personal

taste and a philological erudition [76]. At the highest levels,

the conductor is the major driver in fine-tuning all aspects of

the performance [77]. The sensorimotor conversation between

musicians and conductors is certainly important for musical

performance. Following the traditional view that the conductor

conveys mostly the expressive content of music, some studies

have investigated the effectiveness by which conductors’ ges-

tures evoke the desired expressive content and the

combination of kinematic features that maximize such classifi-

cation [78]. Investigations of the temporal aspects of

coordination have shown that musicians could effectively syn-

chronize with point-light display of a conductor’s gestures,

provided that these comply with biological motion rules.

Importantly, visual cues were as effective as auditory ones

[79]. Furthermore, it was shown that conductors, even more

than musicians, are capable of precise synchronization with

an external visual stimulus. This fact suggests that orchestra

conductors are specifically tuned to the detection of salient kin-

ematic features of body gestures that allow temporal prediction

and estimation [80]. Interestingly, one study investigated the

perception of conductors’ body movements under different

viewing conditions. Video sequences presenting the conduc-

tors’ faces induced higher expressiveness ratings than the

arms-only conditions. At the same time, sequences showing

the arms were judged higher in amount of information [81].

In agreement with this result, it has been shown that conduc-

tors’ eye movements are directed at the score, but most of the

score-reading was in anticipation of the music to be played.

Interestingly, the longest anticipations were associated with

segments of critical expressive importance for the piece [82].

Authors suggest that the conductor’s eye movements were

governed by two different timescales. A short one related to

the coordination of instrumental performance and the other

on a larger scale, and associated with her/his expressive musi-

cal conception of the piece. Therefore, orchestra music

performance is a remarkable instance of social interaction in

which the conductor uses her/his motor behaviour to drive

the players towards a common aesthetic goal. Such interaction

might happen at multiple timescales and potentially using

whole-body movement features.

The collective behaviour of orchestras is a powerful

model of interindividual non-linguistic communication

among highly skilled individuals. Such a kind of non-verbal

communication enables efficient transfer of information

among musicians. In this context, D’Ausilio et al. [83] used vio-

linists’ and conductors’ movement kinematics to search for

causal relationships among musicians during real musical per-

formances. Musicians were playing Mozart pieces they knew in

advance, with two different conductors. The acceleration

profiles of bow movements and conductors’ right-wrist action

were analysed with the Granger causality method [64]. Results

showed that the increase of conductor-to-musicians causal

influence together with the reduction of musician-to-musician

coordination (an index of successful leadership) affect quality

of execution, as assessed by musical experts’ judgements.
Rigorous quantification of non-verbal communication efficacy

has always been complicated and affected by rather vague

qualitative methodologies. The work by D’Ausilio et al. [83]

demonstrated that the analysis of motor behaviours provides

an effective tool to quantify the rather intangible concept of aes-

thetic quality of music, efficacy of non-verbal communication,

and successful leadership in orchestral conducting. Gnecco

et al. [84] showed how a reduced set of simple movement fea-

tures—head movements—could be used to measure the levels

of attention of the musicians with respect to the conductor

and the music stand under various conditions.
5. Conclusion and open research challenges
As previous sections reported, much research effort has been

devoted to shedding light on the mechanisms of social inter-

action in music ensembles from several perspectives (e.g.

cognitive neuroscience, psychology of music, musicology,

management and organizational sciences, information and

communication technologies). Major results include a deeper

knowledge of the mirror-like mechanisms involved in music

performance, the development of quantitative approaches to

the analysis of social interaction in music ensembles, e.g.

with respect to features such as entrainment and leadership,

and the availability of hardware and software platforms and

tools for automatic data analysis and processing.

Many challenges remain open. Scientific issues include

generalization of results, cross-cultural differences, and eco-

logical validity. These entail several technical issues

concerning data acquisition and analysis, e.g. with respect to

recording protocols, availability of tools for synchronization

and annotation of multimodal signals, and management of

large datasets.

Generalization of results is possibly one of the most

urgent challenges. Many factors may affect generalization.

One of them is sample size. It is inherently difficult to recruit,

record, and analyse many string quartets or many orchestras.

Most studies thus focus on multiple performances by the

same ensemble or by a few of them. The risk is to measure

idiosyncratic features of that specific ensemble rather than

general properties. Some studies involved a large number

of ensembles (e.g. Murnighan & Conlon [44] studied 20

string quartets), but these studies are usually based on inter-

views and observations, rather than on data analysis of

recorded performances. Another aspect concerns which

movement is analysed and which movement features are

used to describe it. Most studies focused on body motion kin-

ematics only, and addressed the movement of just one single

body part (e.g. the position of the upper end of the bow of a

violin player). If, on the one hand, this approach has the clear

advantage of granting good experimental conditions, on the

other hand, such a specific focus may prevent generalization

of results, because it misses the complexity of the ongoing

coordinative behaviour of the ensemble. In other words, the

conclusions remain somewhat limited by the context and

the measures implemented in the experimental scenario.

Multi- and cross-cultural differences are also related to

generalization of findings. Whereas most studies focused

on Western music and on consolidated ensembles in the

framework of Western music (e.g. the string quartet), a

cross-cultural perspective should be adopted and some

studies in this direction are available in the literature. For
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example, Clayton [85] studied the emergence, in an Indian

music concert, of entrainment between individual parts that

were explicitly intended to be uncoordinated, whereas Lucas

et al. [86] demonstrated the emergence of entrainment between

distinct groups of musicians and dancers in the Afro-Brazilian

ritual Congado. An example of a computational approach to

automated analysis of interpersonal entrainment in Indian

music performance, applying cross-correlation measures, is

available in [87].

Ecological validity poses significant organizational (e.g.

availability of suitable locations such as a concert hall, recruit-

ment of an audience) and technical challenges. A rigorous

testing of interindividual coordination in an ecological scen-

ario requires complex set-ups, needing long preparation

time and making difficult the design of laboratory-like exper-

iments with multiple repetitions of the same conditions as

well as a large number of participants. For instance, see the

pioneering works of Babiloni et al. [88,89] on how to record

electroencephalographic signals from up to four musicians.

Technical issues include, for example, the need to synchro-

nize multimodal data streams accurately, and the extended

time required for data post-processing and annotation.

Finally, especially with respect to ecological validity, one

further research scenario is worth investigating which was

not addressed in this paper: analysis of social interaction

between musicians and audience. This scenario encompasses

significant research questions such as how entrainment

between musicians, expression of emotion, and co-creation

affect audience experience.

The impact of the research surveyed in this paper is

potentially broad, going far beyond the domain of music.

Besides immediate application to management and organiz-

ational sciences, the development of computation models

and techniques for automatic analysis of social interaction—
nowadays, often referred to as social signal processing

[90]—opens new research and application avenues. For

example, such novel technologies can both support a more

quantitative approach to research in psychology and musicol-

ogy, and be embedded in future ICT applications for

everyday life. Application domains include, e.g. embodied

social media, user-centric media, music industry, education,

cultural heritage, independent living, therapy, and rehabilita-

tion. Above all, such novel technologies enable the design of

social interfaces and computer systems capable of interacting

socially. This represents a significant breakthrough with

respect to the previous generation of computer systems and

interfaces, which were usually designed for interaction with

a single user and do not display any social capability. The

availability of computer systems and interfaces endowed

with social capabilities enables applications such as training

and analysis of group dynamics (e.g. groups of employees

or students) to improve teamwork, media content indexing,

and development of active software agents, e.g. embodied

companion agents.
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