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Abstract

Skilled ensemble musicians coordinate with high precision, even when improvising or interpreting
loosely-defined notation. Successful coordination is supported primarily through shared attention
to the musical output; however, musicians also interact visually, particularly when the musical
timing is irregular. This study investigated the performance conditions that encourage visual
signalling and interaction between ensemble members. Piano and clarinet duos rehearsed a new
piece as their body motion was recorded. Analyses of head movement showed that performers
communicated gesturally following held notes. Gesture patterns became more consistent as duos
rehearsed, though consistency dropped again during a final performance given under no-visual-
contact conditions. Movements were smoother and interperformer coordination was stronger
during irregularly-timed passages than elsewhere in the piece, suggesting heightened visual in-
teraction. Performers moved more after rehearsing than before, and more when they could see
each other than when visual contact was occluded. Periods of temporal instability and increased
familiarity with the music and co-performer seem to encourage visual interaction, while specific
communicative gestures are integrated into performance routines through rehearsal. We propose
that visual interaction may support successful ensemble performance by affirming coordination
throughout periods of temporal instability and serving as a social motivator to promote creative
risk-taking.
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1 Introduction

Musical notation provides performers with instructions that have to be interpreted as part of the
performance process (i.e., translated into expressive musical output). As these score instructions
form an often imprecise template for performance, different performers are likely to interpret
them in different ways. In the Western art music tradition (as in many traditions), performers
are expected to demonstrate originality in their interpretations while simultaneously respecting
relatively strict genre conventions. This challenge — devising an interpretation that is original
but still within the bounds of the tradition — is not trivial, particularly for ensembles, who
must converge on a single interpretation even though performers’ individual interpretations
might differ. While expressive performance in Western art music has been the subject of much
study, the question of how ensembles coordinate shared interpretations remains a neglected



issue. Attention to this issue has implications for our understanding of performance in different
contexts, including scored, scripted, and entirely oral traditions.

How then do ensemble musicians negotiate a shared musical interpretation and coordinate a
cohesive performance in real-time? Study of professional ensembles suggests that they use a
combination of communication strategies, including verbal discussion (usually only during re-
hearsals), visual signalling via gestures and facial expressions, and, critically, shared attention to
the combined audio output (Bishop & Goebl, 2015; Davidson, 2012; Fulford, Hopkins, Seiffert,
& Ginsborg, 2018; Seddon & Biasutti, 2009; Williamon & Davidson, 2002). Such strategies are
readily observed in laboratory settings (e.g., gesturing, as in Davidson, 2012) and measurable
under experimental manipulations (e.g., reliance on audio signals, as in Bishop & Goebl, 2015).
However, these communication strategies do not provide a complete picture of how ensemble
coordination is achieved.

In the literature, a distinction has been made between communicative behaviours that in-
volve controlled, one-way transfers of ideas, and those that involve two-way, often pre-reflective,
mutually-constructive exchanges (King & Gritten, 2017). We will refer to the former as “sig-
nalling” and the latter as “interaction”. King and Gritten (2017) suggest that signalling happens
primarily in rehearsal settings, while performance involves mostly interaction. Both signalling
and interaction processes can be considered deliberate to the extent that they are partially acces-
sible to the performer’s attention and control during planned (i.e., goal-directed) coordination.
However, some aspects of interaction seem to occur unintentionally (e.g., error correction to
maintain coordinated timing, see Goebl & Palmer, 2009; Konvalinka et al., 2010; van der Steen
& Keller, 2013).

As music performance is a multimodal task, signalling and interaction processes span auditory,
visual, and motor modalities. Audio is musicians’ primary means of interaction, and coordination
disintegrates when a reliable exchange of audio signals (as sounded musical output) is not possible
(Bishop & Goebl, 2015). Several studies have shown that musicians visually attend to each
other’s body gestures when the tempo is unstable or irregular, (Bishop, Cancino-Chacén, &
Goebl, 2019), at points of abrupt tempo change (Kawase, 2014), and at piece onset (Bishop &
Goebl, 2018a). In such cases, audio cues may be insufficient for performers to maintain temporal
coordination. Recent research has also shown that performers choose to watch each other even
during periods of regular timing, and do so increasingly as their familiarity with the music and
their co-performers improves (Bishop et al., 2019). Thus, visual signalling and interaction may
be more useful to performers than research has so far been able to demonstrate.

The aim of the present study was to look for evidence of signalling and interaction between duo
musicians at the level of body movement. By manipulating musical structure and visual contact
and comparing performances given before, during, and after a rehearsal session, we investigated
how variability in musical timing, access to visual cues, and familiarity with the music and
each other influence performers’ movement characteristics and between-performer relationships
in movement patterns.

1.1 Communicative gestures in music performance

In the music performance literature, “gestures” refer to body movements that are inherently
meaningful (Dahl et al., 2010; Demos et al., 2014; Jensenius et al., 2010). Musicians’ performance
gestures are continuous, coarticulated, and generally multifunctional. A sequence of movements
may serve sound-producing and communicative functions simultaneously, for example. Much of
the research on the communicative functions of performance gestures has focused on the audience
perspective. Performers’ body movements have been shown to influence audience perceptions



of musical timing (Schutz & Lipscomb, 2007) and expression in audiovisual stimuli (Behne &
Wollner, 2011; Platz & Kopiez, 2012; Vuoskoski et al., 2016).

Another line of research has focused more specifically on characteristics of communicative ges-
tures (Bishop & Goebl, 2018b). For example, a study by Teixeira et al. (2015) measured recur-
rence in clarinet bell movement across performances and identified points in the music where
within-performer recurrence was high. Thompson and Luck (2012) examined body sway in pi-
anists, and found that differences in expressive intent corresponded to differences in movement
magnitude at points of structural significance. Studies investigating the temporal alignment of
expressive gestures with sounded expressive nuances have shown that gesture onsets tend to
precede the onset of sounded nuances, suggesting that periods of embodied preparation may
help performers realize their intended sound output (Livingstone et al., 2009; Wanderley et al.,
2005).

Some other research has considered how individual differences among audience members in-
fluence their perception of performers’ gestures. Music perception is an active, embodied pro-
cess that makes use of audience members’ own motor systems and action-related knowledge
(Jeannerod, 2003; Lahav et al., 2012; Taylor & Witt, 2014). Motor expertise is known to im-
prove observers’ understanding of familiar gestures and their ability to predict the outcomes of
those gestures (Aglioti et al., 2008; Calvo-Merino et al., 2006; Petrini et al., 2009).

Together, these lines of study contribute to an understanding of how performers’ gestures —
though often idiosyncratic — relate in predictable ways to piece structure and, drawing on a
shared understanding of genre-specific expressive conventions, communicate aspects of the per-
former’s interpretation to the audience.

This literature provides an important backdrop to the current study, as ensemble musicians
are audiences to each other’s playing as well as contributors to the collective musical output.
The gesture features that influence audience members’ perceptions of performance expression,
if visible to other ensemble members, may influence their evolving perceptions of the collective
output as well. In the current study, we expected to observe performers influencing each other
via their body gestures, both in situations where explicit visual signalling is known to occur
(e.g., during periods of high temporal variability) and in passages where visual signalling is
unnecessary for temporal coordination.

In the following sections, we discuss the role of body gestures in visual signalling and interaction.
Importantly, we also explain how evidence of visual signalling and interaction was expected to
manifest in the context of the current study.

1.2 Visual communication in small ensembles: Cueing gestures

Signalling via body gestures happens most prominently in the case of large ensembles that are
led by a conductor. Conductors’ gestures communicate expressive nuances as well as timing.
Perceptions of expressivity have been shown to relate positively to gesture amplitude, velocity,
and variance (Luck, Toiviainen, & Thompson, 2010). Tempo is communicated via gesture pe-
riodicity. Musicians align their performed beats with peaks in gesture acceleration, rather than
with specific points in gesture trajectories (Luck & Sloboda, 2009), and they synchronize more
precisely with smooth gestures than with gestures that are high in jerk (Wollner et al., 2012).

Instrumentalists in small ensembles occasionally exchange conductor-like gestures to clarify the
timing of upcoming beats and facilitate synchronization. Most notably, this occurs at piece
onset, at re-entry points, and following long pauses (Bishop & Goebl, 2015, 2018a). In a study
designed to map the direction of musicians’ visual attention during duo performance, Bishop
et al. (2019) found that partner-directed gaze peaked just prior to piece onset, during the final



notes of the piece, and during an unmetered passage with long held notes. Duo performers thus
seem prompted to monitor each other visually when uncertain of whether temporal coordination
will be successful, perhaps because they expect that their partner will give a gestural cue. Just
as for conductor gestures, beats in instrumentalists’ cueing gestures correspond to acceleration
peaks and are clearer to observers when gestures are smooth and large in magnitude (Bishop &
Goebl, 2017).

These observations of intentional gestural signalling support the hypothesis, discussed in the
joint action literature, that interpersonal coordination requires collaborating group members to
predict each other’s individual intentions accurately (Keller et al., 2007; Vesper et al., 2010).
The cueing gestures that musicians exchange in moments of uncertainty should serve to clarify
their intended timing and improve their own predictability. People have been shown to make
themselves more predictable by modifying their behaviour across both musical and non-musical
joint action tasks (Hart et al., 2014; Vesper et al., 2016).

In the current study, we looked for evidence of visual signalling at moments of heightened
temporal irregularity. Performers were expected to exchange deliberate cueing gestures (e.g.,
head nods) at these moments. In line with prior research (Williamon & Davidson, 2002), we
expected that some of these cueing gestures would be integrated into the performance plan over
the course of rehearsals and repeated across performances.

1.3 Visual interaction in small ensembles: Gesture coordination

The process of continuously predicting and aligning individual intentions, ultimately with the
aim of achieving a shared intended output, may not fully explain how music ensembles coordinate
at such a high level. In particular, this explanation does not seem to account for the degree
of flexibility and spontaneity that we see in skilled musicians’ performances (Bishop, 2018;
Moran, 2014; Schiavio & De Jaegher, 2017). At its peak, ensemble performance is thought
to be “emergent”, meaning that expressive nuances arise that were not part of the original
performance plan (as suggested by the score, implied by genre conventions, and/or established
during rehearsals), and cannot be attributed to any one ensemble member (Cochrane, 2017;
Hart et al., 2014). Instead, new ideas are thought to emerge in real-time as ensemble members
respond to fluctuations in each other’s behaviour and continuously evaluate and re-evaluate their
collective, gradually unfolding output.

Interaction between performers — including at the level of their body movement — is thought
to be central to the real-time coordination of newly emerging ideas. A number of studies have
documented coordination in the gestures performed by ensemble musicians (Glowinski et al.,
2014; Keller & Appel, 2010; Ragert et al., 2013); however, it is not always clear whether this
coordination reflects interaction between musicians or simply exposure to the same musical
stimulus.

Some research has shown that audiences discriminate instances of motor-based interaction be-
tween ensemble members. For example, Moran et al. (2015) found that observers could identify
correctly-paired musicians based on motion cues during periods of solo improvisation (i.e., while
one performer was playing and the other was “back-channelling”). Eerola et al. (2018) showed
that coordination in periodic body movements is a salient cue to performer interaction that
seems to affect audience perception. Furthermore, listeners have been shown to discriminate
social intentions (e.g., dominance, insolence) in sound and motion recordings of improvised duo
performances (Aucouturier & Canonne, 2017).

Interaction can be quantified when musicians perform under assigned leader /follower conditions.
Chang et al. (2017) recorded body sway in members of a string quartet, and used Granger



causalities to estimate the magnitude and direction of information flow between performers.
Granger causality indicates how well one time series is predicted by a second time series, taking
into account how well the first predicts itself (Granger, 1969). Larger Granger causalities indicate
stronger prediction by the second time series, and a greater likelihood that the second time
series influenced the first. The results of the study by Chang et al. (2017) suggested that when
(privately) assigned the role of leader, performers influenced their co-performers more and were
influenced less than when following. D’Ausilio et al. (2012) also used Granger causalities to assess
potential patterns of influence between a conductor and ensemble of eight violinists. Conductor
movements were found to modulate the strength of the interactions between violinists, showing
how, in larger ensembles, interactions between performers form a complex network in which each
person influences and is influenced by multiple others.

In smaller ensembles, leader/follower roles are not as clearly defined. Performers may take turns
building on each other’s ideas or contribute equally to shaping a new idea. Turn-taking be-
haviour in improvising duos was the focus of a study by Walton et al. (2017), which examined
the number and strength of recurrent gestural patterns across performers’ movement profiles.
Cross-recurrence was higher — indicating more interperformer coordination in movement — when
performers improvised over a drone backing track than when they improvised over a swing back-
ing track, suggesting increased interaction during the more open-ended performance condition.

Thus, interaction at the level of body movement can be tapped by analyses that identify instances
of coordination in performed gestures, and analyses that estimate the magnitude of influence
that one performer has over another, within a given window of time. The studies discussed
above suggest that different performance conditions (e.g., genre, ensemble arrangement, perfor-
mance instructions, piece structure) encourage different types and strengths of interaction. More
broadly, performance conditions likely contribute to how much ensembles draw on signalling and
interaction processes in order to produce cohesive, coordinated output (MacRitchie, Varlet, &
Keller, 2017).

In the current study, we sought evidence of between-performer gestural interaction. Duo musi-
cians’ head movements were subjected to two categories of analysis. First, we examined how the
gesture kinematics of individual performers varied across performances, types of piece structure,
and visual contact conditions. It was hypothesized that when musicians are in visual contact
with each other, they modify their gesture kinematics in ways that are likely to increase how
meaningful, informative, and/or influential their movements are — for example, by making move-
ments of a larger magnitude or movements that are smoother. Second, we tested for instances
of primo-to-secondo and secondo-to-primo influence and assessed coordination in head move-
ments across the course of their performances. Interaction between performers was expected to
heighten in certain parts of the performance and generally increase as performers rehearsed and
became familiar with the music and their partner.

1.4 Current study

Much of the literature on ensemble performance has focused on the question of how musicians
synchronize. Synchronization is not the sole requirement for a successful performance, however.
While ensembles must at least entrain to a common metrical structure, precise synchronization
of note onsets/offsets is sometimes sacrificed — or even deliberately eschewed — for the sake of
expressivity (note that in the case of unmetered music, entrainment may still emerge uninten-
tionally in the form of a complex hierarchy of periodic relationships; Clayton, 2007).

The current study did not evaluate performance success; rather, we presented highly skilled
musicians with a familiar task (to jointly rehearse a new piece in preparation for performance)
and observed how they went about completing it. We assumed that our musicians would strive



to perform well, allowing us to observe their behaviour as they worked towards and gave a
successful performance (according to their own definitions of success). By presenting them with
a custom-composed piece that was high in “expressive ambiguity” (see Methods), we forced
them to have to make decisions about how to play (e.g., at what tempo, with which phrasing,
etc.). The aim was to observe their behaviour as they went about making those decisions and
negotiated a coherent interpretation of the piece with their partner.

The study investigated how signalling and interaction processes were affected by piece structure,
rehearsal, and visual contact. Our hypotheses were as follows:

1. Signalling in the form of cueing gestures was expected to occur at moments of high temporal
uncertainty (e.g., piece onset and following long held notes). As performers rehearsed
the piece, it was hypothesized that they would integrate these cueing gestures into their
performance. As a result, we expected to find increased consistency in gesture patterns
during sections of the piece that were high in temporal irregularity.

2. We expected performers to show more movement and smoother movements during pas-
sages with irregular tempo. Quantity and smoothness of movement were also expected to
increase with rehearsal. Between-performer coordination, likewise, was expected to increase
in periods of temporal irregularity and with rehearsal.

3. Effects of visual contact were expected to manifest as differences in gesture kinematics
between performances given under normal visual contact conditions and performances
given under no-visual-contact conditions. Specifically, performers were expected to show
increased quantity and smoothness of movement when they were aware that their partner
might be watching. Such an effect would suggest an effort to interact and an effort to make
themselves more predictable.

4. A number of factors influence the emergence of leader/follower roles during duo perfor-
mance — some are social (e.g., differences in experience, age, or personality) while others
relate to the musical structure. In the current study, passages that were structured to
comprise melody and accompaniment assignments were expected to encourage performers
to assume leader /follower roles, and we hypothesized that these roles would be reflected in
their body movements. Specifically, we hypothesized that performers would influence their
partner more when leading than when following. Such a finding would be evidence that the
mutual exchange of information that occurs during performer interaction can be biased
in one direction or the other, causing the contributions of one performer to dominate. It
would also be evidence that this bias can change directions from moment to moment, as
playing conditions change.

2 Methods

2.1 Participants

Ethical approval for this research was obtained from the University of Music and Performing
Arts Vienna Ethics Committee. Forty-two professional musicians completed the experiment (20
pianists and 22 clarinettists). Pianists (age M = 28:3 years; 14 female) reported an average
of 21.6 years (SD = 7:3) of formal training and 18.8 performances per year (SD = 16:7).
Clarinettists (age M = 24:0 years; 13 female) reported an average of 15.0 years (SD = 4:2) of
formal training and 53.7 performances per year (SD = 53:2).

The high variability in the average numbers of performances per year is attributable to differences
in the type of performances given and type/number of ensembles that musicians belonged to (e.g.,
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Figure 1. Three excerpts from the piano version of the duet that performers played during the
experiment. Line (a) is the start of the unmetered section, line (b) comes from a section with
5+7/8 meter where primo and secondo are intended to synchronize their accents, and line (c) is
the start of the ending section, in which the main theme returns in the primo part.
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some pianists performed regularly as accompanists while others had a few large-scale recitals
per year). Clarinettists show especially high variability as a couple reported performing multiple
times per week (e.g., in local orchestras as well as small ensembles). Many musicians already
knew their partner prior to the experiment, but only some had played together previously (4
piano duos and 2 clarinet duos).

Participants provided written informed consent and received a small compensation.

2.2 Design

This experiment tested the effects of three independent variables (piece structure; performance
number; presence/absence of visual contact) on several aspects of duo performers’ head move-
ment. The piece structure variable tested the effects of temporal regularity and included four
levels, corresponding to different sections of the piece (“entrance”, “unmetered”, “regular”, and
“ending” sections; see sections 2.3 and 2.5.1 for descriptions). The performance number variable
tested the effects of rehearsal and included three levels, corresponding to each of the three full
recordings of the piece that were made before (1st), midway through (2nd), and after the re-
hearsal period (3rd) under normal visual contact conditions. The visual contact variable had two
levels, corresponding to the 3rd and 4th performances, which were given under normal visual
contact and blind conditions, respectively.

For between-performance analyses, the 3rd performance was treated as a “reference”, since this
was the final performance given under normal visual contact conditions, and thus expected to
correspond most closely to the way the musicians ultimately intended the music to be played.

Several categories of dependent variables were investigated, corresponding to different aspects
of performers’ gesture kinematics. As within-performer measures, the 1) distribution of cueing
gestures across performed beats, 2) consistency of gesture patterns across performances, and
3) quantity and 4) smoothness of gesture patterns were assessed. As within-duo measures, 5)
periods of primo-to-secondo and secondo-to-primo influence and 6) coordination were assessed.
All of these measures are defined in section 2.5.2.

2.3 Stimuli and equipment

Participants performed a piece composed by the second author specifically for this study. The
piece was intended to be readily sight-read, but presented some challenges for duo coordina-
tion, including several metrical changes, unusual meters (e.g., 5+7/8), an unmetered passage,
and accent patterns that the primo and secondo had to synchronize. The score included some
expressive instructions (e.g., “con espressione”, “energico”, “free”), but there were no explicit
tempo markings. The piece was initially composed for two pianos, then arranged for two clar-
inets with input from a professional clarinettist. Some excerpts are given in Figure 1, and the
full piano score can be found in Bishop et al. (2019).

A 10-camera (Prime 13) OptiTrack motion capture system, recording at 240 frames per second,
tracked performers’ upper body movements (Figure 2). Performers were fitted with 25 reflective
markers, including 3 on the head. Clarinettists’ instruments were also fitted with 4 markers, two
near the mouthpiece and two near the bell. Eye gaze data were simultaneously collected using
SMI ETC 2 wireless glasses (gaze data are reported in Bishop et al., 2019).

Pianists performed on Yamaha Clavinovas, and audio/MIDI data were collected using a Focusrite
Scarlett 18i8 sound card and recorded as separate tracks in Ableton Live. Clarinettists performed
on their own instruments. Their audio was collected using DPA d:vote 4099 clip-on microphones
and likewise recorded as separate tracks. To synchronize audio with OptiTrack recordings, a
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Figure 2. Duo recording procedure. (a) A piano duo recording a performance and (b) a dia-
gram of the recording set-up. Ten OptiTrack cameras lined the perimeter of the motion capture
space, and duos sat (pianists) or stood (clarinettists) in the center. The clapboard was used to
synchronize recorded audio with motion capture.
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film clapboard was marked with reflective markers and placed in view of the cameras, near to a
microphone that collected audio from the room. The clapboard was struck once at the start and
end of each recording, and all recordings were trimmed retrospectively to between these points.

2.4 Procedure

Performers were presented with musical scores at the start of the session, randomly assigned to
primo and secondo parts, and instructed to practice together in preparation for recording some
polished performances. They were not asked to memorize the music. We explained that our aim
was to investigate performer interaction during rehearsal of an unfamiliar piece.

Performers were positioned facing each other, about 1.5 meters apart. Clarinettists played stand-
ing and thereby had somewhat more freedom of movement than did pianists. An initial sight-read
performance of the piece was recorded first, for which duos were encouraged to continue playing
regardless of errors. This performance was followed by 10-20 minutes of free duo rehearsal (the
decision to proceed was made jointly by the performers and the experimenter, when the perform-
ers seemed to be about halfway to achieving a polished performance; some duos needed more
time than others). A second performance was then recorded, followed by 10-20 more minutes






