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Focus of Attention Affects Togetherness Experiences and Body
Interactivity in Piano Duos

Laura Bishop
RITMO Centre for Interdisciplinary Studies in Rhythm, Time and Motion, University of Oslo

Department of Musicology, University of Oslo

Group music-making is a socially rewarding activity that strengthens social bonds and leads to feelings of
musical togetherness, that is, feelings of musical alignment and social connection. For skilled ensemble
musicians, social rewards are closely tied to the aesthetic rewards that come from achieving a high-quality
performance. What playing conditions encourage or discourage togetherness experiences? The purpose of
this study was to show how joint and mutual attention contribute to experiences of togetherness, and how
togetherness relates to communicative body motion in classical piano duo playing. The study tests two
hypotheses: (a) that attention focus affects pianists’ togetherness experiences and communicative body
motion; and (b) that pianists’ body motion can index the strength of their togetherness experiences. Piano
duos performed two pieces under conditions that manipulated their attention focus to encourage or discour-
age joint or mutual attention. Body motion data were collected using optical motion capture, and pianists
rated the quality of their playing experience on a number of scales via self-report questionnaire. Results
show that joint and mutual attention improved togetherness ratings, while self-directed attention decreased
enjoyment. Pianists moved their bodies less when the focus was self-directed and more at the end of the ses-
sion than during a baseline performance. Coupling of motion periodicities, contrary to expectations, was
lower in conditions that promoted joint attention than in the baseline. The main conclusion of the study
is that joint and mutual attention strengthen togetherness experiences and affect communicative body
motion, but that measures of body motion provide unreliable indicators of togetherness. The study leads
to a more nuanced understanding of the construct of togetherness and how it can be measured.

Keywords: musical interaction, musical togetherness, expressivity, body motion, attention

Many forms of joint action, including collective dance, sports,
and music-making, involve interpersonal synchronization of
rhythmic actions. Interpersonal synchronization is associated
with a range of social benefits, including increased affiliation
(Hove & Risen, 2009; Stupacher et al., 2017), feelings of close-
ness (Tarr et al., 2015), memory for synchronization partners
(Miles et al., 2010), and more cooperative behavior (Kirschner
& Tomasello, 2010; Reddish et al., 2013). These social benefits
have been linked to activity in the endogenous opioid system
(Tarr, 2014) and may be moderated by trait empathy (Stupacher
et al., 2021).
It has been theorized that musicality (i.e., the abilities that

enable understanding and production of music; Fitch, 2015)
may have evolved in humans, at least in part, because music par-
ticipation facilitated social bonding in large groups (Savage et al.,
2020) and allowed groups to communicate their strength and
cohesion to other groups (Lee et al., 2020; Mehr et al., 2021).

In today’s world, most music is experienced socially. We share
listening experiences with others (e.g., at concerts or social gath-
erings) and we share playing experiences with others (e.g., music
teachers and classmates, coperformers in casual or professional
ensembles, community members at worship services or other
events).

For skilled music performers, the social and aesthetic rewards of
ensemble playing are tightly linked. Playing music with others can
be enjoyable and socially rewarding, but it can also be frustrating
and strain the relationships between performers if they do not
agree on how to play or do not perform to each other’s expectations.
Some recent studies have investigated the conditions that encourage
positive social experiences during ensemble playing. These condi-
tions include a balance in the magnitude of contributions from dif-
ferent ensemble members and a consensus on what the rules of the
performance will be (Seddon & Biasutti, 2009; Saint-Germier et
al., 2021). The positive social experiences that emerge during real-
time musical interaction could be described in terms of togetherness.

What is Togetherness?

The term togetherness has appeared increasingly in the music psy-
chology literature, where it may refer to feelings of being part of an
accepting group or “we” (Bilalovic Kulset & Halle, 2020), feelings
of unity or solidarity (Granot et al., 2021), or feelings of belonging
and being able to work together or collaborate (Kos, 2018). Hart et
al. (2014) described togetherness as an emergent quality of musical
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(or other artistic) interaction characterized by an absence of clear
leading–following relationships. The current study defines musical
togetherness as a spectrum of experiences that arise during expres-
sive musical interaction and are characterized by feelings of social
presence, closeness, and joint agency. These three concepts are sum-
marized below.
Social presence has been discussed at length in the literature

examining social interaction in online environments, especially
online learning platforms (Kim et al., 2011), and more recently, vir-
tual concerts (Onderdijk et al., 2021; Swarbrick et al., 2021).
According to the Networked Flow model, social presence is felt
when one perceives enacting others (i.e., others with intentions) in
a shared (real or virtual) environment (Gaggioli et al., 2013). The
model posits that recognizing others’ motor intentions allows one
to imitate the intended actions, while recognizing motor and proxi-
mal intentions (situated in the present) allows for interaction, and
recognizing motor, proximal, and distal intentions (situated in the
future) allows for empathizing.
People or agents in a shared environment need to be able to

express themselves behaviorally to demonstrate their intentionality,
so social presence is reduced in environments that do not allow for
adequate self-expression or perception of others’ self-expression.
The degree of social presence that is experienced by audiences dur-
ing prerecorded concerts, for example, differs depending on the
quality of audio and visual signals (Shin et al., 2019). The social
presence among ensemble musicians has been positively associated
with the frequency of glances between coperformers and negatively
associated with the exchange of orders, which reflect an imbalance
in coperformers’ contributions (Gaggioli et al., 2017). In a study
of human–robot conversational interaction, people gave higher
social presence scores and showed more expressiveness when the
robot behaved expressively (e.g., making eye contact, nodding,
and using facial expressions) than when the robot behaved inexpres-
sively (Heerink et al., 2010). This finding suggests that expressivity
may be promoted in interactive groups where members are attuned to
their partners’ expressive behavior.
Social closeness is sometimes used as a measure of affiliation in

studies of interpersonal synchronization (Pearce et al., 2015;
Rabinowitch & Knafo-Noam, 2015; Stupacher et al., 2017; Tarr et
al., 2016; Wolf et al., 2016), and is commonly quantified with
some version of the pictorial Inclusion of Other in Self scale
(Aron et al., 1992). Some research has also investigated changes
in musicians’ perception or use of physical space during and after
ensemble playing. Dell’Anna, Rosso, et al. (2020) observed a sup-
pression of individual musicians’ peripersonal space (the space
within reach of the body) following improvisation with an uncoop-
erative partner, suggesting a cognitive withdrawal from the uncoop-
erative partner that affected even the musicians’ use of physical
space. In contrast, string quartet musicians have been shown to
move toward each other more in perturbed conditions (where the
first violinist introduces unexpected expressive nuances into the per-
formance) than in concert-like conditions with rehearsed expression
(Glowinski, Gnecco, et al., 2013).
Agency refers to the sense that one is in control of their actions and

the consequences of those actions. Joint agency can be defined as the
sense that one’s contributions to a group product are similar in mag-
nitude and symmetrical to the contributions of others (Pacherie,
2012; see Loehr, 2022, for an extensive review). Joint agency is
more likely to arise in egalitarian groups than in hierarchical groups

where the contributions of some individuals dominate, and it is pos-
itively linked with partner predictability (Bolt & Loehr, 2017),
mutual rather than one-way coordination (Bolt et al., 2016), and
coordination success (Bolt et al., 2016; Dell’Anna, Buhmann, et
al., 2020). In collective free improvisation, joint agency has been
negatively linked with interdependence in sonic activities between
coperformers, suggesting that high degrees of interdependence
might reduce the musicians’ sense that they are contributing to the
joint outcome (Saint-Germier et al., 2021). The construct of joint
agency may be subdivided into shared agency, the sense that agency
is distributed among group members, and united agency, the sense
that group members are acting as a single unit (Pacherie, 2012).

Are Shared Intentions Needed for Togetherness?

Some of the findings described above—for example, the positive
relationship between joint agency and partner predictability—sug-
gest that shared intentions may be important for creating experiences
of togetherness. On the other hand, togetherness can emerge in free
improvisation, where players may have few shared intentions beyond
producing an artistic output together (Hart et al., 2014; Noy et al.,
2015; Saint-Germier et al., 2021).

It is clear that shared intentions can exist at different levels: high-
level intentions might broadly involve creating music together,
while low-level intentions might involve playing specific notes
and synchronizing specific chords. Some intentions are preplanned,
while others emerge during the performance as the ensemble renego-
tiates their ideas and expectations in real-time (Schiavio et al., 2021).
The level of shared intention that is needed for togetherness to
emerge likely depends on the rules and expectations associated
with the musical style, and therefore how precisely group members
must align their actions to feel that they are playing well.

In the Western classical ensemble tradition, which is the focus of
the current study, it is conventional to perform pitches and rhythms
as they are notated in a score (this is the modern convention, though
in previous eras, performances commonly included improvisation,
see Gooley, 2018). Ensembles construct a shared interpretation of
the music while rehearsing, using a combination of online collabo-
ration (experimenting while playing) and offline collaboration
techniques (demonstrating ideas and verbal discussion; Biasutti,
2013; Davidson & Good, 2002; Ginsborg & King, 2012; King &
Ginsborg, 2011). Eventually, they establish some shared interpretive
and expressive intentions relating to how timing, intonation, sound
intensity, and sound quality should be shaped, although high-level
performers should be flexible enough to adapt if a performance
unfolds differently than expected (Glowinski et al., 2016). In sum,
a combination of high- and low-level shared intentions is important
for high-quality classical ensemble playing.

Is Joint Attention Needed for Togetherness?

Joint attention toward intended musical features might be simi-
larly important. It should be noted that music performance is very
attention-demanding, and the ability to distribute attention effec-
tively while performing is something that is learned over time.
Keller (2008) describes an attention strategy that skilled musicians
use during ensemble playing: prioritized integrative attending, a
form of divided attention where one stimulus receives a higher pri-
ority (e.g., one’s own playing) and another stimulus receives a lower
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priority (e.g., the combined group sound). This is an effortful form
of attention that requires continuous and simultaneous segregation
and integration of signals from different sources. Intermittency in
the distribution of cognitive resources, resulting in fluctuations in
attention in line with the metrical structure of the music, can help
performers to maintain divided attention in this way (Bishop,
Jensenius, et al., 2021; Hurley et al., 2018; Jones & Boltz, 1989;
Keller et al., 2014).
A distinction can be made between joint attention toward a stim-

ulus (e.g., the music) or some specific aspect of the stimulus (e.g., a
crescendo), and mutual attention, where two or more people simul-
taneously attend to each other. The ability to follow social cues to
others’ attention (e.g., gaze cues) develops early in life (Mundy et
al., 2007; Phillips-Silver & Keller, 2012). In musical and nonmusi-
cal joint action tasks, joint attention can contribute to interpersonal
coordination by making coordination partners more predictable to
each other (Fiebich & Gallagher, 2013).
Yet joint attention may not always be needed for successful

coordination. Action observation can also facilitate prediction, as
can task-sharing, or knowledge about the conditions of a partner’s
task (Sebanz et al., 2006). According to ecological theory, people
who share a task environment perceive affordances, or opportuni-
ties for action, that are relevant to each other’s tasks in addition
to those that are relevant to their own task (Clarke et al., 2018;
Gibson, 1979; Vesper et al., 2017). For example, imagine that
two pianists are playing a duet. The primo player may adjust the
position of their hands, anticipating that the secondo player is
about to shift into the same range of the keyboard, and not wanting
their fingers to be in the way. Central to the concept of affordances
is the relationship between the individual and the environment,
which can lead different individuals in the same environment to
perceive different affordances. A person’s own abilities may also
mediate their perception of their partner(s)’ affordances. Partners
on a joint action task may perceive joint affordances: actions that
are only relevant at the level of the group and must be carried out
jointly.
In ensemble performance, joint attention to specific musical fea-

tures is likely important for maintaining coordination at certain
key moments (e.g., when a tempo change must be negotiated or a
chord carefully synchronized) and less important at other times.
The effects of joint attention may extend beyond coordination of
actions, however. Relevant to the current study is the question of
whether joint attention contributes to togetherness beyond facilita-
tion of coordination; for example, by promoting joint agency.
Both mutual attention and joint attention toward a specific aspect
of the music might contribute to togetherness in this way.
Mutual attention has been studied in the context of communica-

tive musicality—the aspects of human musical communication
that allow “coordinated companionship” to emerge—as demon-
strated in parent–infant musical (e.g., vocal) interactions (Malloch,
1999; Trevarthen, 2012). These interactions are notable partly
because of how participatory they are: the parent is the one capable
of producing clearly defined music, but the infant’s responses shape
the parent’s singing in real-time. Also notable are the clear social
rewards that arise in the form of parent–infant bonding.
Mutual attention in ensemble playing can be tracked, to some

extent, through musicians’ eye gaze patterns. Gaze direction is par-
tially subject to cognitive control, but rapid gaze shifts can also
reflect an orienting response to something that has grabbed a

person’s attention (Dalmaso et al., 2020). Gaze also carries social
weight, and if directed toward the face of another person, communi-
cates an intention to interact (Hamilton, 2016).

In ensemble playing, glances from one musician to another
prompt redirection in the attention of the audience (Kawase &
Obata, 2016). Classical ensemble musicians look toward their coper-
formers, especially at the starts and ends of pieces or piece sections
and when musical timing is irregular (Bishop et al., 2019a).
Musicians’ roles in the ensemble can affect who looks at whom
(Vandemoortele et al., 2018). For example, analysis of gaze patterns
in a student string quartet showed that the musicians’ visual attention
was most often on the first violinist (conventionally, the musical
leader of the group); meanwhile, the first violinist rarely looked at
any of their coperformers (Bishop, González Sánchez, et al.,
2021). A study of rehearsal in piano duos and clarinet duos showed
that musicians spent more time watching each other after rehearsing
a new piece than before (Bishop et al., 2019a). Visual attention
between partners was therefore positively linked with the duos’
familiarity with the music and each other.

Mutual gaze strongly suggests mutual attention. Joint attention to
specific musical features is more subtly suggested by the way musi-
cians relate to each other through their sound and body motion; not-
ing, however, that attention is only sometimes focused on specific
features, and often directed to a more abstract idea or image of
what the musician(s) want to express. Still, ensemble musicians
are likely somewhat sensitive to where their coperformers’ attention
is focused, particularly in situations where there is an established
shared intention to play a certain way, and the coperformers either
play as expected or play something unexpected.

Does Body Motion Reflect Togetherness?

Coordinated patterns of expressive motion are suggestive, though
not necessarily confirmation, of joint attention to some aspect of the
music. A large body of research has documented the patterns and
relationships that emerge in musicians’ expressive body motion dur-
ing ensemble performances. Musicians have been shown to move
more predictably when playing with others than when playing
solo (Glowinski, Mancini, et al., 2013). They tend to move more
when they can see their coperformers than when they are visually
isolated (Bishop et al., 2019b; Bishop, González Sánchez, et al.,
2021), and move more following joint rehearsal of new music
than before (Bishop et al., 2019b; D’Amario et al., submitted).

Coordination between ensemble members in periodic head
motion or body sway is common (Eerola et al., 2018; Glowinski,
Gnecco, et al., 2013; Goebl & Palmer, 2009; Keller & Appel,
2010). The strength of coupling in body sway has been positively
linked to the emotional intensity of playing by musical trios
(Chang et al., 2019) and reflects leader/follower relationships in
string quartets (Chang et al., 2017). Changes in body sway coupling
were also observed between the first violin section, second violin
section, and conductor when a seating reconfiguration placed the
first violins facing the second violins instead of the conductor
(Hilt et al., 2019). Leading and following in periodic head motion
was found to relate to empathic perspective-taking ability in singing-
piano duos (D’Amario et al., submitted).

From an audience perspective, the way that ensemble musicians
move communicates something about the quality of their relation-
ships and the cohesiveness of the group. Viewers perceive higher

FOCUS OF ATTENTION AFFECTS TOGETHERNESS 3

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al
A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.



synchronicity or togetherness when musicians carry out periodic
motion at similar frequencies (D’Amario et al., 2022; Eerola et al.,
2018; Jakubowski et al., 2020). Similarly, viewers have been
found to rate dancing ensembles as more formidable and closely
bonded when the synchronicity of their body motion increases
(Lee et al., 2020).
This research shows that the dynamics of expressive bodymotion is a

rich source of information about ensemble musicians’ relationships
with the music and their coperformers. The quality of musicians’ play-
ing experiences, both socially and aesthetically, is reflected in the way
they move. It remains an open question, however, how expressive body
motion can be used to index experiences of togetherness as they emerge
and fluctuate during ensemble performances.

The Current Study

This study addresses two main research questions: (a) How do
joint and mutual attention contribute to togetherness in classical
piano duos? (b) How does togetherness relate to communicative
body motion? Semiprofessional pianists performed duets on sepa-
rate pianos while their focus of attention was manipulated through
instructions. Motion capture data were collected and piano audio
was recorded. Following each performance, the pianists rated the
quality of their playing experience on a number of scales. The rating
scales included an item evaluating togetherness, and items evaluat-
ing aspects of experience that were expected to contribute to togeth-
erness, based on the literature (individual and group performance
quality, partner responsivity, perceived control or agency over the
sound, and enjoyment; see Bolt et al., 2016; Gaggioli et al., 2017;
Hart et al., 2014). These potentially contributing factors were
included in the questionnaire to give a more comprehensive picture
of how pianists’ experiences varied across conditions.
Four hypotheses were defined. H1–H2 were motivated by the lit-

erature demonstrating the importance of joint attention for coordina-
tion, especially on tasks that involve shared intentions (e.g.,
MacRitchie et al., 2018), and associating mutual attention with
social rewards (e.g., Bishop et al., 2019a; Malloch, 1999). H3 was
motivated by prior studies suggesting that body motion becomes
more communicative and musicians watch each other more after a
period of free rehearsal than before (Bishop et al., 2019a, 2019b).
H4 was motivated by the extensive literature on body coordination
in music ensembles, which shows that the dynamics of coordination
at the level of expressive and communicative body motion are highly
sensitive to changes in performance demands and constraints (e.g.,
Bishop, González Sánchez, et al., 2021), representative of the rela-
tionships between ensemble members (e.g., Chang et al., 2017),
and convey togetherness to observers (D’Amario et al., 2022).
The following hypotheses were tested:

Hypothesis 1: Stronger togetherness and more communicative
body motion would occur in conditions promoting mutual
attention, that is, when pianists’ attention was focused on the
group, compared to a starting baseline. Weaker togetherness
and less communicative body motion would occur in condi-
tions discouraging mutual attention, that is, when pianists’
attention was focused on their own part.

Hypothesis 2: Stronger togetherness and more communicative
body motion would occur in conditions promoting joint atten-
tion, that is, when pianists jointly focused their attention on the

same musical feature (e.g., both focused on dynamics), com-
pared to a starting baseline. Weaker togetherness and less com-
municative body motion would occur in conditions
discouraging joint attention, that is, when pianists focused on
different features (e.g., one focused on achieving a certain
tempo while the other focused on balancing the loudness of
melody and harmony.)

Hypothesis 3: Stronger togetherness and more communicative
body motion would occur at the end of the experiment than at
the beginning.

Hypothesis 4: Stronger togetherness, measured in terms of pia-
nists’ ratings of their playing experiences, would be positively
linked with communicative body motion, measured in terms of
(a) the strength of coupling between coperformers in head and
arm motion, (b) quantity of head and arm motion, and (c) pre-
dictability of head and arm motion. These measures were
selected to reflect different aspects of communicative interac-
tive body motion that are commonly evaluated in the literature,
including the degree of coordination in periodic body motion,
the magnitude or intensity of body motion (which affects how
visible the motion is to coperformers), and motion smoothness
and predictability.

The experiment included a total of seven conditions, which were
meant to either encourage or discourage joint or mutual attention.
The conditions are listed by name in Table 1. The table includes
the instructions that were given in each condition to the pianists
and the intended effects of the instructions on attention. Two condi-
tions encouraged/discouraged mutual attention between partners,
and three conditions encouraged/discouraged joint attention toward
a commonmusical feature. The first and last conditions had no atten-
tion manipulation. It should be noted that the study was not intended
to measure either joint or mutual attention, but to evaluate the effects
that different attention strategies had on body motion and together-
ness experiences.

Methods

Participants

Twenty-four semiprofessional pianists (15 women, 9 men; age
M= 26, SD= 5.2) participated in the study, all current piano stu-
dents at [the Norwegian Academy of Music]. They reported 16.3
years of formal training, on average (SD= 4.2). Pianists were
grouped into pairs for the experiment. Two pairs had played duets
together before, three pairs knew each other but had never played
piano together, and the remaining seven pairs had not met before.
All pianists provided written informed consent before participating
in the study.

Equipment

The experiment took place in a lecture/performance room at [the
University of Oslo]. The pianists played on separate grand pianos
that were arranged end-to-end (Figure 1). Bodymotion was recorded
using an OptiTrack motion capture system with eight Flex 13 cam-
eras, which sampled at 120 Hz. Reflective markers were placed on
each pianist’s head, shoulders, back, elbows, wrists, and hands (10
markers total). Pianists also wore Pupil Labs Core headsets, which
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recorded gaze and pupil size at 200 Hz. Pupil Core headsets were
attached by cable to separate MacBook Pros, which ran Pupil
Capture software to collect the data. Audio from the pianos was cap-
tured using two Shure SM57 microphones and a Tascam DR-680
MKII.
A clapboard fitted with a reflective marker was stuck at the start of

each trial, providing a visual signal that was recorded by the motion
capture system, and an audio signal that was recorded by the Shure
microphones and the microphones of the two MacBook Pros, within
the Pupil Capture software. All recordings were retrospectively
cropped to the timestamp of this audiovisual signal. The current
study reports on data from the motion capture recordings.

Musical Material

The pianists played Nos. 1 and 11 from the piano duet version of
16Waltzes, Op. 39, by Brahms. BothWaltzes take a binary form and
have a similar distribution of roles, with the primo carrying the mel-
ody and the second providing a blocked chord accompaniment. The
Waltzes are engaging and dynamic, with articulation and dynamics

(ranging from piano to forte in both pieces) notated in the score.
They are also short (24 and 40 bars without repeats) and not very
demanding to read, so most advanced students would be able to
learn them quickly. Almost none of the pianists had played the
Waltzes before (only one, who had played them many years earlier).

Design

The experiment comprised seven conditions. Within each condi-
tion, one performance of each of the two pieces was recorded. The
Pre and Post conditions were always completed first and last, respec-
tively. Four different random orders were set for the other five con-
ditions, and duos were assigned to one of the order groups (three
duos per order). Within duos, each pianist played the primo part of
one piece and the secondo part of the other piece.

Procedure

At the start of each session, the pianists completed written consent
forms and were fitted with a jacket, hat, markers for motion capture,

Figure 1
Diagram Showing the Experiment Setup

Table 1
Attention Conditions

Condition Instructions to participants Intended manipulation

Pre Please play through the pieces. None (baseline)
Group Focus on your partner, and try to synchronize well. Encouraged mutual attention between players
Self Focus on pitch accuracy and try to play all of the notes correctly. Discouraged mutual attention, as players focused on their own parts
Matched Focus on bringing out the dynamics in the music. Encouraged joint attention to the dynamics
Mismatched-timing (Player 1) Focus on balance and voicing. (Player 2) Play the music

slightly faster this time.
Discouraged joint attention, as players focused on different features

Mismatched-articulation (Player 1) Focus on emphasizing articulation. (Player 2) Focus on
balance and voicing.

Discouraged joint attention, as players focused on different
features

Post Please play through the pieces. Effects of practice (no attention manipulation)

Note. The names of the conditions are listed, along with the instructions that were given to the pianists and the intended manipulations of attention.
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and Pupil Core headsets. They were then given hard copies of the
scores for the pieces. They were allowed up to 30 min to practice
the pieces together. We then recorded one performance of each
piece under seven different conditions. The instructions are summa-
rized in Table 1. Pianists received their instructions individually and
were not told that they and their partner would sometimes receive
different instructions. Note that no specific instructions were given
for the Pre and Post conditions; the pianists were allowed to play
freely.
At the end of each condition, after playing through both pieces,

the pianists completed a questionnaire, which was presented using
the web-based PsyToolkit. On a scale of 1 to 5, pianists were to
rate the following (the direction of the scale as presented in the ques-
tionnaire is indicated in parentheses):

• The quality of their own performance (low–high).
• The quality of the group performance (low–high).
• How responsive their partner was to their playing (low–high).
• Howmuch control they felt that they had over the overall duet
sound (high–low).

• How together they and their partner were overall (high–low).
• How much they enjoyed the performance (low–high).

At the end of the experiment session, pianists completed a musical
background questionnaire, which included questions about how
long they had been playing piano, whether they play professionally,
how often they perform, whether they have (completed or in pro-
gress) a university music degree, and whether they teach piano.

Analysis

Preprocessing of Head and Arm Motion

Small gaps (under 200ms) in body motion data were filled using a
spline interpolation. Data were then smoothed and velocity was
derived using a Savitzky–Golay filter (polynomial order= 3, window
size= 41; “prospectr” package in R; Stevens & Ramirez-Lopez,
2022), and the Euclidian normwas taken of the smoothed 3D velocity
data. Extreme outliers with z-scores outside the range −6 to 6 were
then removed from the data. Velocity data were highly positively
skewed, so a log+ .1 transformation was applied.
Once motion and audio were aligned (see the “Equipment” sec-

tion), data for individual performances were extracted. Performance
onsets and ends were identified manually in audio recordings.
Performances were cropped to begin 1 s before the first note onset
and end at the acoustic end of the piece (i.e., when sound was no lon-
ger audible on the audio recording).

Measures of Motion

Three measures were calculated using head and arm velocity data:
power of cross-wavelet transformation (CWT power), quantity of
motion (QoM), and Surprisal. CWT power indexed the strength of
coupling between players and Surprisal indexed predictability.
QoM and Surprisal were computed per pianist and CWT power
was computed per duo.

Cross-Wavelet Transformation

For the CWT analysis, gaps larger than 200 ms were filled using a
linear interpolation. This was a necessary step as the function that

was used to calculate CWT could not handle missing values. The
first stage of analysis involved identifying the range of frequencies
that would be considered for the analysis. Musicologically, we
would expect body motion to relate to the metrical and bar structure
of the music (Clayton et al., 2019; D’Amario et al., submitted). The
total duration of each performance was divided by the number of
beats in the piece to obtain an average interbeat interval (IBI).
These IBIs were relatively short (M= .43 s, SD= .08 for Waltz
No. 1 and M= .47 s, SD= .07 for Waltz No. 11), making it likely
that periodicity in expressive motion would unfold more meaning-
fully at the level of bars and phrases than at the level of beats. A
broad range of frequencies (.5–16 s) was therefore included in the
CWT analysis. This range corresponded to between one bar (in a
fast performance) to eight bars (in a slow performance).

CWTs were computed per duo and performance, separately
for velocity trajectories of the head, left arm, and right arm.
This was done using the R package “WaveletComp” (Roesch &
Schmidbauer, 2018). Power spectrums were extracted for the periods
corresponding to , 1 bar duration (up to 2 IBIs), 1 bar (+ 1 IBI), 2
bars (+ 1 IBI), 4 bars (+ 2 IBIs), and 8 bars (+ 2 IBIs). The range
of periods that corresponded to each bar level was calculated per per-
formance, since each performance had a slightly different average IBI.
Power data were then averaged across periods at each time index to
obtain an average power series per bar level. Average power data
were positively skewed, so a log+ .1 transformation was applied.

Power spectrums for two performances are shown in Figure 2. The
distributions of CWT power across bar levels for the head and arms
are shown in Figure 3. To determine which bar level corresponded
to the strongest CWT power across the dataset of performances, two
tests were carried out. The first test examined the effect of bar level
on power using linear mixed-effects modeling (LMM). A model
was run for each of head data, left arm data, and right arm data that
included duo crossed with piece and condition as random effects to
account for repeated measures. All models yielded a significant
main effect of bar level ( p, .001), so Tukey honestly significant dif-
ference tests were run and tested against a Bonferroni-corrected
α= .005. For the head, power was higher at the , 1-bar, 1-bar,
2-bar, and 4-bar levels than at the 8-bar level (all p, .005). For the
left and right arms, power was higher at the , 1-bar and 1-bar levels
than at the 2-bar, 4-bar, and 8-bar levels (all p, .005).

The second test extracted the single strongest period for each per-
formance (i.e., the period with the greatest average power) and exam-
ined how often these strongest periods fell into each of the bar-level
bands. These results are shown in Table 2. Proportion tests evaluated
at α= .005 showed lower occurrences at the 8-bar level than at all
other levels for the head, and lower occurrences at the 2-bar and
4-bar levels than at the , 1-bar and 1-bar levels for the right and
left arms (and no occurrences at 8-bars).

In sum, no bar level stood out as significantly stronger in power
than the others. The , 1-bar and 1-bar levels, however, tended to
be stronger than the others and were associated with the highest
occurrence of strongest periods. Therefore, in the interest of brevity,
these bands were combined for the next stage of analysis.

QoM. To obtain QoM, log-transformed velocity data for each
marker (head, left elbow, right elbow) were summed per second.
QoM was then averaged between the left and right elbows for
each pianist.
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Surprisal. A linear interpolationwas used tofill gaps larger than
200ms, which had been left empty during preprocessing. Just as for
CWT, this was needed because the functions that were used to calculate
Surprisal could not handle missing values. A Kalman filter was used to
calculate the Shannon information content (negative log-likelihood) for
each series of marker velocities (head and average of left and right
arms). The filter took parameters from a first-order autoregressive inte-
grated moving average (ARIMA) model, computed for each perfor-
mance using maximum likelihood estimation. Lower Surprisal values
indicate higher predictability.

Effects of Condition on Head/ArmMotion and Ratings of
Playing Experience

The effects of condition on pianists’ ratings of playing experience
were evaluated using LMM. There were two parts to this analysis.
First, a separate model was run for each individual scale. Control
and togetherness ratings were reversed so that all scales ranged from
low to high. Pianist and condition were included as crossed random
effects. (Note that ratings were collected per condition, not per piece,
so the piece was not included here as a random effect.) Second, a
model was run to test the effects of condition on summed ratings.
Thismodel included the sum of ratings across all scales as the response
variable and performer crossed with a condition as random effects.
Again, control and togetherness ratings were reversed, so all scales
ranged from low to high. For all models, Pre was set as the base

condition against which all other conditions were compared, and sig-
nificancewas evaluated at α= .008 following Bonferroni’s correction.

The effects of the condition on the head and armmotion were eval-
uated separately for each measure using LMM. Each model included
condition as a fixed effect, and performer (QoM and Surprisal) or duo
(CWT power) crossed with piece and condition as random effects.
Again, Pre was set as the base condition against which all other con-
ditions were compared. Significance was evaluated at α= .008.

LMM was then used to test how strongly the combination of
motion measures predicted ratings of playing experience. Separate
models were run for head motion and arm motion. These models
included the sum of ratings across all scales as the response variable
and tested the interactions between CWT power, QoM, and Surprisal
as fixed effects. Pianist and condition were included as crossed ran-
dom effects. The “performance” package in R (Lüdecke et al., 2021)
was used to evaluate multicollinearity for the models, and in both
cases confirmed that variance inflation factors were all below 5, indi-
cating acceptably low correlations between predictors. Significance
for these models was evaluated at α= .05.

Results

It was predicted that ratings of playing experience, QoM, and
CWT power would be higher in Group (H1), Matched (H2), and
Post than in Pre (H3), and lower in Self (H1), Mismatched–articula-
tion, andMismatched–timing than in Pre (H2). Surprisal in head and
arm motion was predicted to follow the opposite pattern, being
higher in Self (H1), Mismatched–articulation, and Mismatched–

Figure 2
Power Spectrums for the Performances of One Duo That Were Strongest (Top) and Weakest (Bottom) in Power of Cross-Wavelet
Transformation (CWT Power) for Head Velocity in the , 1-Bar and 1-Bar Bands

Note. The color scale indicates the strength of CWT power. Arrow direction indicates leading and following (which was not analyzed here). See the online
article for the color version of this figure.
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timing than in Pre (H2), and lower (indicating higher predictability)
in Group (H1), Matched (H2), and Post than in Pre (H3).

Effects of Condition on Ratings of Playing Experience

Results from the models testing the effects of condition on indi-
vidual rating scales are listed in Table 3. All of the observed effects

were in line with the hypotheses, though not all predicted effects
were observed. Notably, only two negative effects occurred: pianists
rated their enjoyment lower in Self than Pre and rated their partner’s
responsivity lower in Mismatched-timing than Pre. To follow up on
these results, correlations were calculated between togetherness and
the other scales. All correlations were positive (in order of descend-
ing strength: group playing quality, r= .67; enjoyment, r= .58;
responsivity, r= .57; control, r= .49; individual playing quality,
r= .39; all p, .001).

The model that tested the effects of condition on summed ratings
showed higher ratings than Pre in Matched, Estimate = 3.68, t
(126)= 3.19, p= .002, and Post, Estimate = 4.27, t(126)= 3.71,
p, .001 (Figure 4). No other effects were significant.

Effects of Condition on Head/Arm Motion

Results from themodels testing the effects of condition on head and
arm motion are listed in Table 4, and distributions for the measures of
motion are shown in Figures 5 & 6. Compared to Pre, there was less
head and arm motion in Self, more head motion in Post, and greater

Figure 3
Violin Plots Showing Cross-Wavelet Transformation (CWT) Power Per Bar Level for the Head (Top Left), Right Arm (Top Right), and Left
Arm (Bottom)
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Note. See the online article for the color version of this figure.

Table 2
Frequency Table Showing the Number of Performances Where the
Strongest Period Fell Into the Range of Each Bar Level

Body part Bar level

,1 1 2 4 8 Other

Head 33 40 26 23 5 41
Right arm 62 94 2 2 0 8
Left arm 81 73 2 2 0 10

Note. The reported bar levels include, 1 bar (i.e., periods below the 1 bar
range) and other (i.e., all periods that are not captured by one of the reported
bar levels).
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Surprisal in arm motion in Mismatched-timing. These findings were
in line with the hypotheses. Several effects were also observed in con-
trast to the hypotheses. These included, again compared to Pre, lower
CWT power in head and right arm motion in Matched and Post, more
head and arm motion in Mismatched-timing, and lower Surprisal in
head motion in Mismatched-timing.
The LMM testing the combined effects of the different head

motion measures on summed performance ratings showed a positive

effect of Surprisal, Estimate = .73, t(124)= 2.97, p= .004, and a
negative effect of CWT power, Estimate =−.46, t(124)= 2.57,
p= .01, with no significant interactions. In other words, body
motion became less predictable and coupling became weaker as rat-
ings increased. There were no significant effects on arm motion.

Relationships Between Measures of Motion

Follow-up analyses were carried out to assess the relationships
between CWT power, QoM, and Surprisal. In part, this was driven
by the finding that motion measures were affected differently by
the attention conditions (e.g., CWT power in head motion was
lower in Post than Pre, while QoM was higher).

Linear mixed effects models were run to test the predictive effects
of QoM on CWT, Surprisal on CWT, and QoM on Surprisal. The
models included pianist and condition as crossed random effects.
All motion measures were standardized so that the magnitude of
their effects would be comparable. Significance was evaluated at
α= .05.

QoM had a negative effect on CWT power for head motion,
Estimate =−.17, t(131)= 2.63, p= .01, and arm motion, Estimate
=−.39, t(130)= 3.39, p, .001. QoM also had a negative effect
on Surprisal for head motion, Estimate =−.10, t(130)= 2.10,
p= .04, but not for arm motion. The effect of Surprisal on CWT
power was nonsignificant for head and arm motion.

Additional models were tested to assess the temporal relationship
between QoM and CWT power trajectories. These models were run
using the package “glmmTMB” in R (Brooks et al., 2017) and
included pianist, piece, and condition as crossed random effects
and an autoregressive (order 1) component. For head motion, the
effect of standardized QoM on standardized CWT power was

Table 3
Results of LMMs Evaluating the Effects of Condition on Ratings of
Playing Experience

Rating scale Estimate SE t

Individual quality
Post .82 .25 3.31

Group quality
Matched .77 .24 3.28
Post .86 .24 3.67

Responsivity
Mismatched-timing −.68 .25 2.68*

Control
Post .82 .26 3.15

Togetherness
Group .86 .27 3.17
Matched .95 .27 3.51
Post .95 .27 3.51

Enjoyment
Self −.91 .27 3.32

Note. LMM= linear mixed-effects modeling; SE= standard error. The
columns show the magnitude of the estimate produced by the models for
each rating scale, the SE, and the value of the t-statistic. Only results
significant at p, .008 (*or marginally significant, p= .008) are listed.

Figure 4
Violin Plots Showing Summed Ratings Per Condition
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negative, Estimate =−.11, SE= .01, z= 10.68, p, .001. For left
arm motion, the effect was positive, Estimate = .06, SE= .01, z=
5.16, p, .001. For right arm motion, the effect was nonsignificant.
In summary, complex patterns of relationships were found

between motion measures, with differences between head and arm
motion. Notably, for the head, coupling strength decreased as
QoM and predictability increased.

Discussion

This study addressed the broad question of how togetherness
arises during classical piano duo playing. The aim was to show
how joint and mutual attention contribute to togetherness experi-
ences and expressive body motion, and to what extent experienced
togetherness can be indexed through measurable qualities of body
motion.
Analysis of pianists’ ratings of playing experience showed that the

condition that encouraged joint attention (Matched) elicited
improvement in perceived playing quality and togetherness, while
the condition that encouraged mutual attention (Group) elicited
improvement in togetherness. The condition that discouraged joint
attention (Mismatched-timing) elicited reduced perceived responsiv-
ity, and the condition that discouraged mutual attention (Self) elic-
ited reduced enjoyment. Pianists responded most positively to
Matched and Post, where the sum of all ratings was greater than in
Pre. Analysis of pianists’ body motion showed some predicted
effects, including increased motion in Post and reduced motion in
Self relative to Pre, but also several unexpected effects, including,
notably, reduced interperformer coupling in Matched and Post and
increased motion in Mismatched-timing. These findings suggest
that focus of attention has variable effects on expressive body
motion, and points toward a complex relationship between experi-
ences of togetherness and qualities of expressive body motion that

likely depends on the specific demands of the performance. These
results are interpreted in more detail below.

In this study, pianists’ ratings were treated as ground truth for their
togetherness experiences. Pianists were asked to rate a number of
scales representing presumed component factors of togetherness.
This task was in contrast to some other studies that have assessed
the quality of relationship between ensemble members through picto-
rial tasks (e.g., the Inclusion of Other in Self scale; Aron et al., 1992),
measures of affiliation (Hove & Risen, 2009), indirect measures of
cooperation (e.g., economic games; Launay et al., 2013), or interviews
(Saint-Germier et al., 2021; Smetana et al., 2022). The scales that were
used in the current study allowed for testing how different factors fed
into pianists’ concepts of togetherness. Ratings of togetherness corre-
lated positively with ratings on all other scales, with the highest cor-
relations arising for group playing quality, partner responsivity, and
enjoyment, and lower correlations arising for individual playing qual-
ity and individual control. Thus, the scales that were most representa-
tive of positive group relations rather than individual contributions
related more strongly to togetherness.

In terms of head motion, a greater quantity of motion arose in
Post than in Pre. This effect builds on previous findings showing
that even a brief period of rehearsal (20–60min) encouragesmusicians
in small ensembles to move more (Bishop et al., 2019b; D’Amario et
al., submitted). In the study by Bishop et al. (2019b), the increased
quantity of motion was perhaps less surprising than in the current
study, because the baseline performance took place before the musi-
cians had rehearsed the music at all, so they had to focus on reading
the score. In the present study (as in D’Amario et al., submitted), the
musicians had already rehearsed together for up to 30min before
recording the baseline performance (Pre), and still, a difference
between the first and last performances was seen. The increased quan-
tity of motion in Post that was observed in the present study was
accompanied by strengthened ratings of togetherness, playing quality,
and control. This co-occurrence suggests that the conditions surround-
ing Post (i.e., a performance that was given freely, with no specific
instructions, following a series of repeated performances of the same
music, and the final performance of the experiment), may have encour-
aged a more positive playing experience and greater energy and overt-
ness in body expressivity.

Quantity of motion also differed from Pre in Self and
Mismatched-timing. The reduced motion that was seen in Self is
in line with the hypothesis that self-directed attention discourages
ensemble musicians from moving their bodies in an overtly expres-
sive, communicative way. A parallel finding was reported by
Dell’Anna, Buhmann, et al. (2020), who found that musicians’ peri-
personal space decreased after they improvised with an uncoopera-
tive partner. In that study, the playing conditions may have
encouraged a more self-directed focus. This is also likely what
tends to happen naturally during the earliest phases of ensemble
rehearsal, when the musicians do not yet know the music very
well and have to focus attention on monitoring their own playing
(Bishop et al., 2019b), or when ensemble musicians play together
in visually isolated conditions (Bishop, González Sánchez, et al.,
2021). Whether musicians also move less when playing their part
individually (without the rest of their ensemble) is unclear. Bishop
and Goebl (2020) observed the opposite effect with pianists, who
moved more when playing apart than together, but this may have
occurred because the pianists sat together at the same piano during
the duet condition and, therefore, had less space.

Table 4
Results of LMMs Evaluating the Effects of Condition on Head and
Arm Motion

Body part Motion measure Estimate SE t

Head CWT
Matched −.12 .03 3.53
Post −.17 .03 4.87

QoM
Self −.07 .02 4.03
Mismatched-timing .08 .02 4.67
Post .07 .02 4.55

Surprisal
Mismatched-timing −.02 .01 4.34

Arms CWT (right arm)
Matched −.11 .03 3.73
Post −.09 .03 2.90

QoM (both arms averaged)
Self −.03 .01 3.33
Mismatched-timing .03 .01 3.51

Surprisal (left arm)
Mismatched-timing .17 .06 2.99

Note. LMM= linear mixed-effects modeling; CWT= cross-wavelet
transformation; SE= standard error; QoM= quantity of motion. The
columns show the magnitude of the estimate produced by the models for
each motion measure, the SE, and the value of the t-statistic. Only results
significant at p, .008 are listed.
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In Mismatched-timing, the quantity of motion increased, while
the Surprisal of left arm motion increased and the Surprisal of
head motion decreased. These differences were accompanied by
reduced ratings of partner responsivity. The increased quantity of
motion, which occurred for the head and arms, was contrary to the
hypothesis that pianists would detect that their partner was not fol-
lowing the assigned instructions (recall that pianists were unaware
that their partner sometimes received different instructions), and
consequently experience reduced togetherness and expressive
bodily engagement with the music. Rather, it seems that pianists
detected that their partner was not following the instructions, as evi-
denced by the low ratings of partner responsivity, and responded
with more body motion, perhaps in an attempt to grab their partner’s
attention and/or regulate their own timing amidst conflicting
demands (i.e., following the instructions for a faster tempo vs. main-
taining synchrony with their partner).
Previous studies in music and other domains have shown that peo-

ple modify their bodymotion in a variety of ways when performing a
collaborative task; for example, exaggerating their movements or

moving more predictably (Pezzulo et al., 2019; Vesper et al.,
2011). Ensemble musicians move more when playing music that
is difficult to coordinate (Bishop et al., 2019b; Bishop & Goebl,
2015). In the current study, the reduced Surprisal (i.e., increased pre-
dictability) in head motion that arose in Mismatched-timing is also
suggestive of an attempt to communicate more clearly. The
increased Surprisal of the left arm is less readily explained, but
may reflect decreased fluency in sound-producing motion as a result
of uncertainty about musical timing (Gonzalez-Sanchez et al.,
2019).

It is notable that this combination of effects was observed only for
Mismatched-timing, and not for Mismatched-articulation. In the lat-
ter condition, the manipulation may not have been strong enough for
pianists to detect, whereas Mismatched-timing threatened their tem-
poral alignment and synchronization. These are fundamental musi-
cal features in the classical piano repertoire ( just as with many
other musical forms). MacRitchie et al. (2018) showed that pianists
prioritize synchronizing with their partner when presented with
incongruent indications of tempo, but prioritize their individual

Figure 5
Violin Plots Showing Cross-Wavelet Transformation (CWT) Power Per Condition for the Head (Top Left), Right Arm (Top Right), and Left
Arm (Bottom Left)

Note. See the online article for the color version of this figure.
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instructions when presented with incongruent indications of dynam-
ics. Maintaining synchronization might be not only artistically
important, but also more difficult to avoid given that synchronization
to regularly timed rhythms is largely automatic (e.g., Keller et al.,
2014; van der Steen & Keller, 2013). In piano-playing, articulation
is a composite musical feature that involves manipulations of both
timing (relating to note attacks and offsets and spacing between
phrases; Bresin & Umberto Battel, 2000) and force (loudness).
Articulation also contributes to other composite, higher-order
expressive features such as timbre (Bernays & Traube, 2014).
Pianists may need to listen more attentively, and with a more analytic
ear, to pick up on discrepancies in intended articulation, while asyn-
chronies are disruptive enough to be noticed without effort.
Anecdotally, it is also relevant that when the pianists of the current
study were debriefed after the experiment and told for the first time
that their partner sometimes received different conditions, most duos
immediately recalled Mismatched-timing and remembered that
something seemed wrong in that condition.
In Matched and Post, coupling between players in head and right

arm motion was lower than in Pre (as measured by CWT power),

though the magnitude of the effect was small. This reduced coupling
was in contrast to the hypothesis that coupling would increase in
these conditions alongside greater togetherness. These results sug-
gest that conditions that encourage togetherness can have variable
effects on musicians’ communicative and expressive body motion,
prompting some aspects to change in one direction (e.g., quantity
of motion increases) while other aspects change in a different direc-
tion (e.g., strength of coupling decreases). Indeed, further analysis
showed a negative relationship between the quantity of head motion
and strength of coupling and a negative relationship between the
quantity of head motion and Surprisal.

Conditions that were designed to encourage togetherness may have
prompted more freedom of motion, leading to a dissociation between
the quantity of motion and strength of coupling. Perhaps under differ-
ent performance conditions or with different musical repertoires, dif-
ferent relationships between motion measures might arise. For
example, in the study by D’Amario et al. (submitted), the quantity
ofmotion increased across successive performanceswhile the strength
of coupling remained the same. Other studies have shown that the
strength of coordination in upper body motion, measured using cross-

Figure 6
Violin Plots Showing Quantity of Motion (Top) and Surprisal (Bottom) for Head Motion (Left) and Averaged Left–Right ArmMotion (Right)
Per Condition
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wavelet transform analysis, predicts human viewers’ judgments of
interaction (Eerola et al., 2018) and togetherness (D’Amario et al.,
2022). Further research is needed to show whether coupling between
players is equally as important from players’ perspectives as from
audiences’ perspectives.
These findings have important methodological implications for

research on musical togetherness and interaction, first, demonstrating
how objective and subjective measures of togetherness can be related
in a critical and systematic way. Second, in this domain, it is common
to select one or twomotion parameters to represent the degree of coor-
dination or the strength of the relationship between performers. Such
an approach should be taken with caution, since the specific parame-
ters that are selected may lead to very different conclusions about the
quality of musical interaction. An approach similar to that taken by
Laroche et al. (2022), who used a number of measures in both time
and frequency domains to construct a comprehensive depiction of
ensemble coordination, would be more effective.
A few limitations of the study should be noted. First, a limitation

of the design is that it is not possible to separate the effects of
matched versus mismatched attention focus from the specific musi-
cal parameters that were selected for these conditions. Ideally, both
attention focus and musical parameters would have been counterbal-
anced, but this would have necessitated many more conditions and
led to an unreasonably long and repetitive experiment session. A
second limitation of the design was the subtlety of the manipulations
of attention. This subtlety was deliberate, as part of an effort to main-
tain ecological validity. However, stronger manipulations might
have had clearer effects. A third limitation relates to the ecological
validity of the experiment. Due to university health regulations at
the time of data collection in light of the COVID-19 pandemic,
research participants had to maintain physical distance from each
other; therefore, they played on separate pianos, even though the rep-
ertoire was intended to be played on a single piano. The environment
and equipment setup was also new to most of the pianists, and this,
as well as the knowledge that their body motion was being studied,
may have had some influence on how they moved and played.
Finally, this study only considered the context of classical piano
duo performance. The results may not generalize to other musical
styles, especially those where it is less important for performers to
share intentions or musical goals.
In conclusion, this study shows that joint and mutual attention can

promote togetherness experiences and changes in the quantity and
quality of expressive body motion in classical piano duos. Body
motion was found to be an unreliable indicator of togetherness, as
experienced by the performers. Measures of motion that have previ-
ously been found to support joint action and/or perceived strength of
interpersonal interaction were differently affected by attention
manipulations and did not always relate to togetherness as expected.
These findings show that musical togetherness is a complex phe-
nomenon that cannot be reduced to measures of synchronization
or alignment. Future research should focus on identifying patterns
of behavioral change that reliably occur across performance settings
and with different musical repertoires.
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