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Abstract
The manipulation of acoustic parameters in musical performances is

a strategy widely used by musicians to demonstrate their expressive in-
tentions. In the case of instrumental ensembles, the coordination of these
manipulations between musicians is crucial for the realization of the per-
formance. During a group performance interpreters make use of visual
and acoustic information transmitted continuously by other interpreters
in order to improve their synchronization. We propose to investigate the
interpersonal synchronization/coordination in small musical groups and
the role of gestural/visual communication among the members of the
ensemble. In pursuit of this goal, we adopted two complementary ap-
proaches, the analysis of the body movements of the musicians and the
analysis of acoustic parameters extracted from the audio signal.

One could argue that, in the case of ensemble performances, visual in-
formation have a crucial role in the coordination of musical events. How-
ever, players are also able to follow other musicians solely by listening
to acoustic signals. This performance condition has become trivial as a
consequence of the growth in music industry, where the demand for per-
fection and the need to lower the costs led to an increase in the number of
recordings made in studio. Moreover, different types of body movements
not directly linked to the production of sound can be constantly observed
in any instrumental performance, even in solo performances. In fact, as
pointed out by Gabrielsson (2003, pag. 249), the movement performed
by a musician, in addition to communicate relevant information to the
coordination with others, may also assume many different roles, such
as to communicate expressive intentions, to provide information about
the artist’s personality or simply entertain the audience. Over the past
years, great efforts have been devoted to the study of these movements
and, although there is no consensus on its origins or roles, its existence is
undeniable (WANDERLEY; DEPALLE, 2001).

This thesis is inspired by findings of previous works (KELLER;
KNOBLICH; REPP, 2007; KELLER; APPEL, 2010; LOUREIRO et al.,
2012), which argue that musicians playing in ensemble try to adapt their
actions to the actions of others, and that the quality of this adjustment
could be affected by their movements. In the work we try to review dif-
ferent aspects that integrates the construction of ensemble performance
and map their relevance for the adjustment between musicians.



Resumo
A manipulação de parâmetros acústicos em performances musicais

é uma estratégia amplamente utilizada pelos músicos para demonstrar
suas intenções expressivas. No caso de conjuntos instrumentais, a co-
ordenação dessas manipulações entre os músicos é crucial para a reali-
zação da performance. Durante uma performance em grupo, os intér-
pretes fazem uso de informações visuais e acústicas transmitidas conti-
nuamente por outros intérpretes para melhorar sua sincronização. Neste
trabalho, propomos investigar a sincronização/coordenação interpessoal
em pequenos grupos musicais e o papel da comunicação gestual entre os
membros do conjunto. Para tanto, adotamos duas abordagens comple-
mentares, a análise dos movimentos corporais dos músicos e a análise
dos parâmetros acústicos extraídos do sinal de áudio.

Pode-se argumentar que, no caso de performances em grupo, a infor-
mação visual tem um papel crucial na coordenação de eventos musicais.
No entanto, músicos também são capazes de acompanhar outros músi-
cos escutando apenas sinais acústicos. Esta condição de performance
tornou-se trivial como consequência do crescimento da indústria musi-
cal, onde a demanda por perfeição e a necessidade de baixar os custos
levaram a um aumento no número de gravações feitas em estúdio. Além
disso, diferentes tipos de movimentos corporais não diretamente liga-
dos à produção de som podem ser constantemente observados em qual-
quer performance instrumental, mesmo em performances solo. De fato,
como apontado por Gabrielsson (2003, pag. 249), o movimento realizado
por um músico, além de comunicar informações relevantes para a co-
ordenação com os outros, pode também assumir diferentes papéis, como
comunicar intenções expressivas, fornecer informações sobre a personali-
dade do artista ou simplesmente entreter o público. Ao longo dos últimos
anos, grandes esforços foram dedicados ao estudo desses movimentos e,
embora não haja consenso sobre suas origens ou papéis, sua existência é
inegável (WANDERLEY; DEPALLE, 2001).

Esta tese é inspirada por resultados de trabalhos anteriores (KELLER;
KNOBLICH; REPP, 2007; KELLER; APPEL, 2010; LOUREIRO et al.,
2012), que argumentam que os músicos ao tocar em conjunto tentam
adaptar suas ações às ações dos outros e que a qualidade desse ajuste
pode ser afetada também por seus movimentos. Neste trabalho tentamos
rever diferentes aspectos que integram a construção de uma performance
em conjunto e mapear sua relevância para o ajuste entre músicos.
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1
Introduction

E
NSEMBLE music performance is one of the most challenging
tasks in the art world. Some of this difficulty can be attributed
to the fact that each musician has an individual way of read-
ing the musical text and the resulting need to coordinate the
different conceptions of each group member, which usually

turns out to be a very complex task. Additionally, the lack of agreement
about the directions the performance will follow can be very frustrating
and time consuming. Historically, as musical groups became larger the
interpretative choices ended up being centralized, initially in the figure
of the ensemble leader and, lately (around the beginning of the nine-
teenth century), on the conductor, who is entirely dedicated to direct-
ing the musical performance and did not play any instrument. This cen-
tralized leadership allowed more workable rehearsals and faster results,
bringing more unity and discipline for the musical ensembles (SPITZER;
ZASLAW, 2004). However, this came at the cost of partially restraining
musicians’ individuality. While analyzing aspects of leadership in the
musical realm, Atik (1994) points out that the career of orchestra musi-
cians basically consists of being constantly told what to do by the lead-
ers, and that they often find themselves in the position of suppressing
their needs for individual expression in order to promote the collective
good. Asking musicians what makes an outstanding musical ensemble
often leads to the same standard answer: “. . . there are countless fac-
tors”. One of the factors that is often refereed to is the group unity, the
sense of togetherness experienced by the group members. It seems that
this sense of togetherness is what reverberates the idea that, such as in a
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sports team, one individual of the musical group cannot not solve all the
problems alone.

The idea that the members of a musical ensemble need to have more
experience with each other for accomplishing a better, tighter perfor-
mance is largely propagated, even though the process of building a per-
formance can go much further than purely musical issues. For exam-
ple, one may think about the complex cultural structures involved in the
formation of independent small chamber groups, and how this can in-
fluence from the choice of their repertoire to the choice of the theaters
they should perform. There is also the issue of the individual exper-
tise of each performer. A musician can be exceptional, but if she/he is
not willing to aid the others, or does not have the experience performing
while listening and responding to the musical ideas of others in real time,
the homogeneity of the group can be jeopardized. In this context, musi-
cians often describe some sort of musical empathy, that makes possible
interprets who never met before to perform together in a coordinated,
balanced and natural way. On the other hand, musicians also describe
the opposite situation where, no matter the expertise of the colleagues, a
cohesive performance is impossible to achieve. In some cases it is easier
to give up your own musical identity, sometimes in favor of just one the
members and not the entire group, as a way of moving forward with the
performance. In short, the most fundamental requirement for perform-
ing in ensembles is that the individual parts fit together (GOODMAN,
2002). That is, in musical ensembles the coordination of co-performers
actions is paramount for the realization of the musical task.

1.1 INDIVIDUALITY AND ENSEMBLE PERFORMANCE

Studies in music performance suggests that musicians actively ma-
nipulate acoustical and temporal parameters in order to express their
interpretation of the musical text (GABRIELSSON, 2003). To accom-
plish this musical modeling, performers manipulate variables within the
acoustic limits of their instrument (PALMER, 1997). This subject has been
a matter of discussion on several works in the latest years, although not
much is known about the mechanisms involved in its coding and decod-
ing (AMELYNCK et al., 2014). When performed consistently, these ma-
nipulations can be recognized as a style or “signature” of the interpreter.
Often, this musical signature alone is enough to allow the identification of
musicians (REPP, 1992). However, musicians playing in ensembles need
to coordinate their musical actions with others to achieve cohesion. To
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do so, performers tend to adjust musical parameters jointly, in search for
sound homogeneity (GOODMAN, 2002). The quality of this adjustment
appears to be dependent on numerous factors, but it seems to be some-
how connected to the way individual manipulations are performed.

Since the studies conducted by Seashore (1938), evidence of remark-
able consistency on expressive deviations have been corroborated by a
number of other works. Later studies have also observed similarities of
expressive deviations in performances of the same piece played by dif-
ferent musicians. In his seminal study on performances of Schumann’s
Träumerei, Repp (1992) was able to discriminate “commonalities” among
interpretations of well-known pianists while evidencing their “individu-
alities”. Some of them of irrefutable quality such as the legendary inter-
pretations of Horowitz and Alfred Cortot. Also, according to Repp (1997)
individual musicians will differ in the extent they deviate from conven-
tional norms of expression of a particular style, as well as on which re-
sources they use and whether they do so consciously or involuntarily.

As in solo performance, musicians playing in ensembles also commu-
nicate their expressive intentions through variations in musical param-
eters, with the additional challenging task of coordinating their actions
with co-performers. This is essential for converging to musical cohe-
sion, in which not only note synchronization is achieved, but also mu-
sical ideas are coordinated. In ensemble performance, variations have to
be matched across partners and individual variations give place to co-
variation of musical parameters. Other than abilities for anticipating and
responding to expressive manipulations carried out by ensemble part-
ners, artful, expressive ensemble performance requires expertise and mu-
sical flexibility for producing deviations that allow the statement of her
or his individuality but still adhered to accepted norms of expression.
Therefore, the greatest coordination challenge in ensemble performance
might be to balance one’s own interpretation plans with those of the oth-
ers, either when a leadership role is assumed, i.e. acting as a reference for
other players, or following the musical intentions of others.

By manipulating the acoustic parameters of a musical performance
musicians are able to manifest their expressive intentions. In instrumen-
tal ensemble practice, the control of acoustic parameters is crucial for
both acoustic realization of the desired interpretation and the proper un-
derstanding of the musical ideas by the listeners. In a musical ensem-
ble, musicians share the responsibility of shaping the sounds, either by
serving as a reference for other players (e.g. a conductor) or by follow-
ing the cues indicated by the ensemble leader. Some studies indicate
that musicians anticipate their manipulation of the acoustic parameters
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by taking advantage of both visual and acoustic information, which is
continuously transmitted by other interpreters in order to improve their
synchronization and overall musical expressiveness coordination. This
study attempts to understand how this fine coordination is deployed by
musicians during ensemble performances, in both acoustical and gestu-
ral domains.

In this work we try to introduce the concept of “gestural signature”,
in consonance with the concept of “musical signature”, which is widely
used in the literature to describe an individual set of characteristics re-
sponsible for defining a style of a composer or a performer. The main con-
tributions of this study, therefore, are (1) to demonstrate the existence of
those signatures in real life performances and show how they are linked
to the so-called music signatures; (2) how those signatures evolve during
a duet performance, where the musician in the role of the follower will
have to give away his own signature for that of the leader. The concept
of signature used in this text describes a group of characteristic marks
that serves to set apart or identify a individual, in our case the performer
musician.

1.2 DEFINITION OF THE PROBLEM

To introduce the context of this work we may envisage, as a metaphor,
the realization of a computerized musical accompaniment system. At the
present, no system like that is capable of interacting with other musi-
cians whilst providing the accuracy and the “musical feeling” of a human
player. One of the reasons for that lays on the lack of understanding of
human-to-human musical interaction. Ideally, to afford a system like that
we should first be able to model human-to-human musical interaction by
grasping the whole set of, surely multi-modal, dimensions that are en-
rolled in the process of creating collaborative musical performances. This
proposition has the potential of yielding a number of studies in several
scientific fields, ranging from musical performance to computer science
passing through cognition and psychology, and of course social/cultural
contexts.
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1.3 HYPOTHESES

Previous studies have shown that musicians actively try to adjust
the acoustic parameters of their performances. Other studies presented
evidence of coupling between sound and the body movement of listen-
ers and musicians. For example, experiments conducted by Caramiaux,
Bevilacqua and Schnell (2010) demonstrated that parameters extracted
from the gestures of listeners (position, velocity, normal accelerations)
were correlated with acoustic parameters (Loudness and Sharpness) ex-
tracted from the sounds they heard. In another study conducted by Dahl
and Friberg (2007) participants watched and rated silent videos of percus-
sionists playing under different emotional intentions (happy, sad, angry,
and fearful). The results demonstrated that the gestures of percussionists
influenced the perception of expressive intentions by the audience.

Given these and other results, it would be possible to observe some
kind of relationship between performers’ body movement and the acous-
tical result produced during group performances. Therefore, the hypoth-
esis supported by this study is that, when playing in ensemble, musi-
cians not only try to adjust acoustic parameters, but also tend to synchro-
nize/coordinate their body movements with those of others. This would
happen even for movements that are not essential for sound production
(accompanying gestures), since they would carry information about the
interpretative intentions of the performers, therefore, serving as a means
of communication. The formulation of our hypothesis, which is accom-
panying gestures carry information about the interpretative intentions
of the performers, is based on observations made in previous studies
(KELLER; KNOBLICH; REPP, 2007; KELLER; APPEL, 2010; LOUREIRO
et al., 2012), which suggested that musicians try to adjust the acoustic
parameters of their interpretation in order to adapt their musical actions
to the actions of co-performers; and that the quality of this adjustment is
influenced by their movement (GOEBL; PALMER, 2009).

1.4 OBJECTIVES

The aim of this study is to investigate the synchronization/coordina-
tion process in small musical ensembles through the acoustic and gestu-
ral responses collected during real musical performances. In this work
we try to model musicians interactions in typical performance scenarios,
using visual and acoustical responses collected during a series of record-
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ing sessions. As a consequence, we expect to map acoustic and gesture-
related elements that could influence the adjustment between musicians.
Regarding the inherent multi-modal complexity in music ensemble inter-
actions, we propose to divide this research into different investigations,
which used complementary approaches involving the analysis of kine-
matic and acoustic parameters. Each investigation is related to a publica-
tion realized during the course of this research and is focused on one of
the following topics:

1. Modeling intra- and inter-performer synchronization in clarinet
duos

2. The effect of leader consistency in ensemble cohesion

3. Gestural signatures formation and disturbance during ensemble
performances

4. The adjustment of acoustic parameters and its reflection on musi-
cians gestures

1.5 RELEVANCE

Currently, we have witnessed a rapid growth of interest in the re-
lationship between body movement and human communication. This
growth was driven especially by the development of new technologies
of motion capture, which significantly expanded the perspectives of re-
searchers in this field. In the context of music research, several stud-
ies have demonstrated the relevance of human movement as a means
of communicating intentions and emotions in musical performance. De-
spite great attention paid to the issue, the processes behind the relation-
ship between gesture and music are still not clear. By investigating the
multi-modal relations occurring in musical performance we hope we can
help to clarify the process of construction of a musical interpretation and
demonstrate how gesture information contributes to it. Furthermore, the
recurrence observed in the musicians’ gestures strongly suggests that en-
coded musical information can be somehow embedded on them. How-
ever, the interaction between gesture and music points to a complex rela-
tionship, dependent on innumerable variables. A closer investigation of
this relationship may reveal underlying mechanisms involved in collab-
orative musical interpretation.
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1.5.1 Implications of results and/or applications in musical prac-
tice

Applications of this research may emerge for educational environ-
ments where computational visualization tools can help raise awareness
of the movements being performed and their effect on the coupling of
the sound between musicians. Also, new interfaces for digital musical
instruments, or intelligent accompanying systems, able to “follow” ges-
tural and acoustic cues using communication strategies similar to those
employed by real musicians.

1.6 OUTLINE OF THE RESEARCH

As stated before, this work was accomplished by conducting different
complementary studies. By using gestural and acoustical information,
each of these studies aimed at different aspects of musician’s interactions
in typical performance scenarios, in an attempt to build a model for en-
semble performance interaction. First, Chapters 1 and 2 try to define
the focus of the study by presenting its objectives and hypotheses, fol-
lowed by a review and discussion of the relevant literature for the work.
Chapter 3 presents an overview of the experimental procedures and mu-
sical materials used in the work, including a systematic review of modern
note identification methods and a discussion about the validity of those
methods for synchronization studies. The following chapters present the
studies conducted during this work, which are grouped in two main ap-
proaches:

• Studies addressing the acoustical component of musical ensem-
ble performance (Chapter 4)

Section 4.1 discuss the synchronization between musicians and how
different leaders may influence in the adjustment of the duo, after
shortly reviewing the theoretical basis of the self-other effect in syn-
chronization of musical tasks.

Section 4.2 discuss the concept of rhythmic signature, its formation
and the effect of the leader rhythmic consistency in the synchroniza-
tion of the duo.

• Studies addressing the gestural component of ensemble musical
performance (Chapter 5)
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Section 5.1 discuss the concept of gestural signature, how it can
be use to identify musicians and, moreover, how musicians tend
to keep their original gestural signature while following their own
recordings.

Section 5.2, focus on how musicians change their gestural signature
while following other musicians and, furthermore, tend to bend
their gestures patterns towards the leaders’.

• Lastly, Chapter 6 summarizes the achievements of the research and
discuss the combined implications of the results and future studies
derived from this work.



2
Background of the research

I
N this chapter we present a brief review of studies with histori-
cal relevance for the synchronization of musical performances and
draw an overview of the theoretical background supporting the hy-
potheses proposed in Section 1.3. We focus on studies regarding the
investigation of cognitive processes involved in the collective mu-

sical practice. Further, we present an overview of the research in musical
gesture, outline the concepts of gesture and gestural signature used in
this work and briefly discuss how gesture-music interactions can influ-
ence in the coordination of musical ensembles.

2.1 OVERVIEW OF ENSEMBLE SYNCHRONIZATION RE-
SEARCH

One of the earliest studies investigating synchronization in musical
ensembles is Rasch (1979). It presents a framework of time measures for
describing what the author calls “asynchronization” in ensemble perfor-
mances. In this work, synchronization was measured with specially de-
signed recording and analysis methods, using directional microphones
in an anechoic room. The narrow angle of sensitivity of the microphones
and the lack of reverberance in the room allowed a good separation of the
sound sources which, in turn, were feed to a analog-to-digital converter
and to a computer where the envelop of the signals were calculated. The
onsets were estimated as the point where the signal reached a thresh-



CHAPTER 2. BACKGROUND OF THE RESEARCH 10

old of 15 dB below the maxima of each note. The collected data showed
that asynchrony, defined as the standard deviation of differences in on-
set time of simultaneous notes, had typical values of 30 to 50 ms. The
work also discuss the implications of these findings for perception and
performance, citing one of his previous studies about the perception of
polyphony (see: Rasch (1978)) to discuss how the chosen energy thresh-
old and other factors such as the perception of tone order and motor con-
trol aspects of the bowing technique of violin players could influence in
the results. One of the key problems for synchronization studies is the
estimation of the onset instants. The energy-based onset detection pro-
cedure applied in this study is fairly reliable, although the method disre-
gards the influence of attack times in the perception of note onsets, thus,
lacking the precision of modern methods. Nowadays, most note segmen-
tation systems make use of multiple spectral features extracted from the
sound signal in order to estimate the segmentation points which, in turn,
provide further robustness to the procedure.

Shaffer (1984) describes studies of timing in solo and duet piano per-
formances, in which musicians gave repeated performances of the music.
In both solo and duet performances there was expressive use of timing,
modulating the tempo of the music and the phase relationship between
the voices. The expressive forms were similar in successive performances
of the piece. (HURON, 1993) perform an analysis of 15 two-part inven-
tions by J. S. Bach to show that the amount of onset synchrony is sig-
nificantly less than would be expected by chance, and so suggests that
synchronous onsets are intentionally minimized by the composer. The
results are consistent with the objective of maintaining the perceptual
independence of the polyphonic voices. Keller (2001) presents the the-
ory of Attentional Resource Allocation in Musical Ensemble Performance
(ARAMEP), which accounts for how attentional flexibility is influenced
by various musical and extra-musical factors, a cognitive model of at-
tention allocation for ensemble performances. Goodman (2002) reviews
aspects of ensemble performance: coordination, communication, the role
of the individual and social factors. Glowinski et al. (2014) investigated
expressive non-verbal interaction of musicians in a string quartet, per-
forming a piece of Schubert in two different conditions. The first, in a
concert-like situation and the second in a perturbed situation, where the
first violinist gave alternative interpretations for the score without the
knowledge of the others performers. Results show that musicians’ head
movements were higher in the perturbed condition, and that musicians
pay more attention to other performers’ heads to better predict their up-
coming actions.
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Marchini et al. (2014) describes a novel method for building com-
putational models of ensemble performance. Using machine learning
algorithms to produce models for predicting musical parameters ma-
nipulations. Bishop and Goebl (2014) investigated the potential instru-
ment specific effects of expertise on sensitivity to audiovisual asynchrony
among highly-skilled clarinetists, pianists, and violinists, using mis-
matched video clips of performances. In their pilot experiment partici-
pants were asked to view video clips and indicate as quickly as possible
whether the audio and video were from the same performance or differ-
ent performances by pressing one of two marked keys on the computer
keyboard. Results suggest that participants detected audiovisual mis-
matches most readily in violin stimuli and least readily in piano stimuli.
In their main experiment participants were asked to view each item and
indicate as quickly as possible whether or not the audio and video were
synchronized by pressing one of two marked buttons on the computer
keyboard. Results indicated that perceptual-motor expertise relates to
improved prediction of observed actions.

2.1.1 Skilled joint action performance and Perception-action Cou-
pling

As previously mentioned, is common sense that in musical ensembles
the coordination of co-performers actions is paramount for the realization
of the musical task. A central question for this work is how do we manage
to become effective in performing such coordinated actions, either when
we play as leaders or as followers. The problem of action coordination is
not exclusive to the musical field, it can be observed in different types of
human interactions carried out in tasks such as in groups of people danc-
ing, in the practice of collective sports or even ordinary everyday situa-
tions such as washing dishes with a partner. In the literature this process
is often refereed to as Skilled Joint Action Performance which is defined
by Sebanz, Bekkering and Knoblich (2006) as a moment “[. . . ] when two
or more people coordinate their actions in space and time to bring about a
change in the environment”. But how do people coordinate their actions?
A popular hypothesis from cognitive psychology supports that the act of
anticipating the effects of other peoples actions may be in the center of
this process (KNOBLICH; FLACH, 2001). In the light of this hypothesis,
the processes of perception and action would be connected through the
underlying cognitive functions common to both systems (JEANNEROD,
2001; WOLFGANG, 1997; SEBANZ; BEKKERING; KNOBLICH, 2006).
This perception-action coupling process implies that observing the act
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performed by another person activates a simulation corresponding to
that action in our own motor system (LEMAN; NAVEDA, 2010; KELLER;
KNOBLICH; REPP, 2007) and, accordingly, would be strengthened as a
result of the training process (NOVEMBRE; KELLER, 2014).

This is the fundamental assumption of the so called Common-coding
Theory (HOMMEL et al., 2001), which holds that actions are coded in
terms of the perceptible effects they should generate. According to this
theory, the observation of an act performed by another person would
activate a mental simulation corresponding to that action in the motor
system of the observer. Thus, similar motor representations would be ac-
tivated in the observation and the production of actions. Some studies in
neurophysiology pointed to evidence that this coupling between percep-
tion and action could be implemented at a neuronal level. For instance,
an experiment performed by Gallese et al. (1996), where neuronal activity
of monkeys was recorded during the observation and the realization of
simple tasks, indicated that the pre-motor cortex neurons of the animals
were activated not only when the monkeys realized movements to grab
objects, but also while observing the experimenter performing the same
acts. A more recent study showed evidence of the same process taking
place in a musical task. Meister et al. (2004) asked piano students to par-
ticipate in functional magnetic resonance imaging (fMRI) sessions in two
conditions, playing an excerpt of a Bartok piece with their right hand on a
plastic soundless keyboard and imagining themselves playing the same
piano piece. The results indicated that the neuronal activations during
the imagery condition corresponded to those in the music performance
condition.

2.1.2 Distinction between first and third person, the self-other
effect

One consequence of the interaction between action and perception
cognitive functions is that it can contribute to the prediction of future
outcomes of currently perceived actions. Furthermore, if the internal
models formed in previously performed actions are applicable to cur-
rently observed actions, we should be better in predicting the results of
our own recorded actions than the results of actions performed by others
(KNOBLICH; FLACH, 2001). In Knoblich and Flach (2001) the authors
asked the subjects to watch videos of themselves and other trowing darts
at a target board and, later, to predict the darts landing position. The re-
sults indicated that the participants were more accurate in predicting the
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outcome of their own actions. This hypothesis implicates that the previ-
ous experiences could be of crucial importance to the results obtained in
a collaborative task. For instance, while learning how to pass a ball to
a colleague during a soccer match one may be subjected to different in-
formations that should be relevant for the internalization of the cognitive
model, such as the weigh of the ball, the roughness of the ground, the air
resistance and her/his own kicking strength. When the situation is in-
verted and the person has to receive the same pass this model scheme
would serve as a reference frame for all the internal calculations that
would enable this person to accurately position her/himself to receive
the pass. Hence, we can imagine that the more variables in the processes
stay unchanged, the more predicable the outcome would be, and this
would include information related to the other person’s body, like their
kicking strength. The rationale behind this exemple could be extended
to all tasks where the prediction of another person’s actions are required,
even the musical tasks.

The self-other effect, therefore, flirts with the idea that you your-
self may be your best co-performer in terms of achieving a tighter co-
ordination in an ensemble performance. The synchrony between mu-
sicians playing together would result from the simulation of the action
performed by the other. That is, during the group performance, the mu-
sician would simulate how the accompanying instruments (the parts of
the others) should be played. This process would be independent of how
the musician is playing his part. The simulated parts would evoke the
characteristic traits of the musician (articulations, variations of dynamics
and agogic, etc.), reflecting how this musician would execute that part.
As a result, the musician, when accompanying himself, should be able to
predict more accurately any significant variations introduced in the per-
formance. In addition, this hypothesis implies a possible correlation be-
tween synchronization accuracy and self-recognition, that is, musicians
that recognize themselves more easily would also be able to better syn-
chronize with themselves. Some studies approached this topic by testing
how musicians react while following their previously recorded perfor-
mances. For instance, Keller, Knoblich and Repp (2007) recorded pianists
playing both parts of a duet and later asked them to follow recordings
made by themselves and others. Results indicated that participants were
not only better synchronized with their own recordings, but also were ca-
pable of recognizing themselves very accurately. Mota (2012) and Mota,
Loureiro and Laboissière (2013) replicated this study using clarinet duos,
achieving fairly similar results.
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2.2 GESTURE AND MUSIC

Body movements can be observed in any instrumental performance.
Some of those movements are essentially linked to sound production, like
the movement of the fingers of a pianist, or the wrist of a violinist. How-
ever some of those movements cannot be linked to sound production,
like body sway or head movements. Gabrielsson (2003, p. 249) suggests
that movements performed by musicians may take several roles besides
communicating relevant information to the coordination with others. He
states that they can also serve to communicate expressive intentions, pro-
vide information about the personality of the artist or simply entertain
the audience. In recent years, great attention have been devoted to the
study of this kind of movements and, although there is no consensus
about its origin or function, its existence is undeniable (WANDERLEY;
DEPALLE, 2001). Based on the observations made by Delalande (1988)
Cadoz, Wanderley et al. (2000) proposed to differentiate body move-
ments that are directly related to the production of sound (instrumen-
tal gestures) from those that are not (ancillary gestures). They suggested
that the latter present tighter relations to the performer’s expressive in-
tentions, making inferences about the role played by each one in musical
performances (see also: Wanderley (1999), Jensenius et al. (2010)). To sup-
port this theory, the authors analyze the interaction between experienced
musicians and their instruments by reviewing the use of the term ges-
ture in the musical and human-machine interaction domains. Their aim
is to propose a discussion about the different classifications of gestures,
presenting topics from other disciplines that may be relevant to the dis-
cussion about gesture and music. This study is one of the first attempts to
define a typology of the musical gesture. Other works like Wanderley et
al. (2005), Rasamimanana (2012), Desmet et al. (2012) attempted to char-
acterize and quantify physical gestures involved in musical performance,
in order to identify their musical significance.

Authors like Eduard Sievers (1850-1932), Gustav Becking (1894-1945)
and Alexander Truslit (1889-1971) pioneered the combined analysis of
music and gesture. The early interest in the subject departs from the
concept of “auditory motion information”, in which the movement in-
formation would be encoded in the expressive microstructure of the per-
formance (REPP, 1993b, p. 168). The first attempts to empirically in-
vestigate the relationship between movement and music dates from the
early twentieth century, made by Gustav Becking in 1928, and Alexan-
der Truslit in 1938. These authors have focused their work on the as-
sumption that the music could be described by gestural information. As
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pointed out by Repp (1993b), their work present results of a series of ex-
periments aimed at the reconstruction of gestural information contained
in music. Gustav Becking (1894-1945) devoted himself to the systematic
study of the music of several composers, through the characterization
of the musical tempo extracted from diagrams drawn by subjects per-
forming gestures, similar to those of a conductor, while listening to mu-
sical excerpts. Becking intended to extract meaning from the comparison
of curves extracted from similar musical excerpts. Nettheim and Beck-
ing (1996) presents a synthesis of the book Der musikalische Rhythmus als
Erkenntnisquelle written by Becking in 1928, pointing out the similarities
between Becking’s work and more recent research on gesture. The book
of the musicologist Alexander Truslit (1889-1971) Gestaltung and Bewe-
gung in der Musik contains reflections on the nature of the musical ges-
ture and its role in musical performance, part of these speculative and
lacking scientific rigor. However, the book presents relevant ideas for the
most contemporary research on the field, acting as a source of hypothe-
ses for more precise questions, whose approach has become feasible only
recently due to the technological advances that have enabled the accurate
collection of gesture data. A comprehensive review of Truslit’s work can
be found on Repp (1993a). The author, Bruno Repp, is the main responsi-
ble for the dissemination of the book, which was previously restricted to
small groups of researchers.

Clynes (1995), proposed a review of Becking experiments making use
of a device invented by himself called The Sentograph, used to detect vari-
ations in the pressure exerted by the tip of the listener’s finger while ac-
companying the music. As Becking, Clynes focused on describing the
nuances found in performances of the works of some composers, propos-
ing what he called composers’ inner pulse as a way to determine specific
curves for each composer studied. Clynes argued that the meaning of
music would come from essentic forms – dynamic curves that characterize
basic emotions, defined by the musical structure, and that the composers’
inner pulse should somehow manifest in the expressive microstructure of
the performance. In the study, data were collected from five groups of
subjects with different levels of musical proficiency, including renowned
musicians such as Vladimir Ashkenazy and Yehudi Menuhin, music stu-
dents at various levels of experience and non-musicians, totaling 135 sub-
jects. The subjects listened to forty four-bar excerpts extracted from com-
positions of Beethoven, Mozart, Haydn and Schubert, executed by a com-
puter, in which the “inner pulse” of the different composers was incor-
porated almost randomly, so that for every four performances one would
incorporate the “correct” pulse and three would incorporate the “wrong”
pulse. The subjects were instructed to indicate their preferred perfor-
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mances. The results showed that the greater the musical proficiency the
listeners had, the higher the preference for “correct” performances. The
results obtained by the author are controversial because of the lack of sci-
entific rigor and internal inconsistencies in the theory of the composer’s
personal pulse. Nevertheless, the article is relevant in the historical con-
text of research in musical gesture because of its methodological initia-
tives, which involve concepts from different areas such as experimental
psychology and neuroscience.

In the early 1990s, Neil Todd proposed structure-level models of
expressive performance, based on observations of rhythms variations
(TODD, 1989a; TODD, 1989b) and intensities (TODD; NEIL, 1992). Un-
like Becking and Clynes, Neil Todd focused on the mental representa-
tions by making analogies between rhythmic/dynamics variations and
physical movement. In more recent studies, data extracted from these
models were compared with time and dynamic curves produced by in-
terpreter’s head movements during piano performances. The results in-
dicated a partial similarity between the actual and model curves, but no
quantitative evaluation was performed (REPP, 1993b; WIDMER; GOEBL,
2004). The results led the author to suggest the hypothesis that there
would be a direct interaction between the motor system and auditory
system, so that internal representations would be evoked directly in the
cerebral motor center by sensory stimuli that correspond to these rep-
resentations. This would indicate a close connection between the body
language and musical expression, as the performers hear their own per-
formances (TODD, 1999). Dahl and Friberg (2007) indicate that the re-
lationship between music and movement can be described by different
aspects. Of these, the most notable is the fact that the sounds of tradi-
tional acoustic instruments are produced from the human motion, so that
specific motion characteristics will be inevitably reflected in the resultant
sound.

2.2.1 Gesture in ensemble performance

It is also well known that body movements can communicate inter-
pretative intentions in music performance. In ensemble performance, an-
cillary body movements may provide a valuable resource for improving
communication of intended expression, which facilitates musical coordi-
nation. According to Keller (2014), ancillary movements “[. . . ] generate
kinesthetic feedback that aids the performer in regulating technical and
expressive parameters of sound production” (p. 268). On a previous
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study, Keller (2008) suggested that the coupling of such movements in
ensemble performance might reveal the quality of interpersonal coordi-
nation. The author proposed three ensemble skills required for achieving
the remarkable precision and flexibility of ensemble performance coor-
dination. One of them, the ability for anticipatory auditory imagery, as-
sumes that such anticipation involves mixtures of auditory and motor
imagery.

In a more recent study, Keller (2014) argues that musicians playing
in ensemble activate anticipatory musical imagery, "[. . . ] an advanced
cognitive-motor skill that is refined through musical experience" (p. 273),
which functions as internal representations for their own interpretation
plans, as well for the predictions of those of the partners. He claims
that abilities to use anticipatory imagery to predict the actions of co-
performers facilitate interpretation, planning and execution and may de-
termine the quality of ensemble cohesion. In a study on piano duets
conducted with expert pianists, Keller, Knoblich and Repp (2007) ob-
served that participants predicted better the results of their own record-
ings, hence the author’s suggestion that upcoming events should have
been simulated by the cognitive-motor system.

In contrast, only a few studies have addressed the relation between
expressive coupling and body movement in ensemble performance.
Aiming at investigating the cognitive-motor skills that mediate interper-
sonal interaction in musical ensembles Keller and Appel (2010) were able
to identify systematic relations between sound synchrony and interper-
sonal body sway in piano duos. Goebl and Palmer (2009) investigated
timing and synchronization aspects as well as finger kinematics and head
motion in duet piano performance. They showed evidence of system-
atic interactions of both timing and motion between co-performers. They
also observed an increase in musicians’ body movements when auditory
feedback was reduced, particularly, finger heights above the keys and
head movements, which became more synchronized, even with note syn-
chrony decrease.

2.2.2 Gestural signature

Recurrence of gestural patterns has been observed even in different
musical contexts. Wanderley et al. (2005) pointed out that individual per-
formers tended to maintain consistent patterns of movement throughout
“standard” and “exaggerated” performances of the same piece. This re-
currence was also observed in listeners’ free body movement responses
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to music (AMELYNCK et al., 2014). As stated before, recurrence in the
manipulation of musical parameters was observed and fairly discussed
in different studies, which supports the concept of a musical signature
of performers. In a similar manner, it could be possible that musicians
would tend to exhibit recurrence on body movement patterns as a ges-
tural signature. The occurrence of gesture signatures in everyday tasks
has been the objective of several studies, some examples are: Farella et
al. (2006) and Loula et al. (2005). Likewise, recurrence in gestural pat-
terns was also observed in musical performances, where musicians con-
sistently reproduce the same pattern of gestures while executing similar
musical content (WANDERLEY et al., 2005; NUSSECK; WANDERLEY,
2009).

2.3 GESTURE-MUSIC AND ENSEMBLE COORDINATION

As previously stated, in ensemble music performance synchroniza-
tion can be achieved by means of acoustical or visual streams, but a num-
ber of studies shows that the combination of these sensory modalities
can improve the overall synchronization of any ensemble. A study con-
ducted by Nusseck and Wanderley (2009) indicated that changing the
kinematic properties (amplitude of the movements) of a musician move-
ments can influence the perceptual impressions of his performance. In
the study, the authors used kinematic displays, a stick figure representa-
tion of musicians’ body. They ask subjects to rate specific music-related
dimensions of the performances (Perceived tension, intensity, fluency
and professionalism). Results shows that participants judged as more
intense the interpretations with the range of motion digitally enhanced,
even without any changes in the audio streams. We believe that the co-
herence between these modalities should play a key role in this process.

Leman (2007) focus on the theoretical coupling between the musical
experience (mind) and the audio signal (matter). The author proposes a
theory (embodied cognition theory) capable of addressing the problem of
mediation existing between these two domains, assuming the human
body as a mediator biologically shaped to transfer physical energy to
a mental level, also acting in the reverse process, transferring a mental
representation into the material form. The author argues that, in certain
circumstances, the natural mediator (human body) can be extended with
artificial mediators, as in the case of a musical instrument or a human-
machine interface. The author describes ways to analyze these cases and
propose possible applications of his theory, for example, the integration
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with musical instruments and the retrieval of musical information. The
book is a reference in the field of studies of music and movement. It con-
denses the results of two decades of research on the topic, culminating in
the elaboration of a theory that forms the basis of much of the research
on musical gesture currently performed.

Dahl and Friberg (2007) suggested that the gestures performed by
musicians during a performance would act as a vehicle for the expres-
sion of their musical intentions, in order to provide a channel of direct
communication with the listener, independently of the auditory informa-
tion. In support of this hypothesis the authors performed an experiment
to explore the transmission of emotional intentions through the gesture
of the musician. Subjects were instructed to rate musical performances
according to their perceived intentions. To that end, they watched silent
videos of musicians playing under four distinct emotional intentions.
The videos were presented under different viewing conditions, show-
ing only certain parts of the instrumentalist’s body. The results demon-
strated that certain emotions were better communicated than others, and
that the identification of the intention transmitted was little influenced
by the conditions of visualization.

Goebl and Palmer (2009) observed an increase in musicians’ body
movements when auditory feedback was reduced, particularly, finger
heights above the keys and head movements, which became more syn-
chronized, even though note synchrony decreased. Pianists were in-
structed to assume musical roles as leader and follower. Analyses of
the timing variability suggested that playing with another performer af-
fected the follower more than the leader. The follower’s timing was less
precise when playing with the leader than when playing alone. The fol-
lower adapted his or her timing more than did the leader. Keller and Ap-
pel (2010) investigated the role of anticipatory auditory imagery in mu-
sical ensemble performance, by identifying systematic relations between
sound synchrony and interpersonal body sway in piano duos. Their re-
sults shows that ensemble coordination was not markedly affected by
whether pianists were in visual contact during the experiment. The only
hint of such an effect was seen in the higher variability of asynchronies
observed when visual contact was present than when it was absent.

Caramiaux, Bevilacqua and Schnell (2010) explores relationships be-
tween gesture and sound, by reading the gestural responses produced
by subjects while listening to different sounds. To do so, the authors
use Canonical Correlation Analysis (CCA) to measure the linear rela-
tionship between two sets of variables, extracted from subjects’ body
movements and from audio samples used in the experiments. Data were
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collected in experiments where subjects were instructed to perform free
body movements while listening to recorded sounds, imagining that the
sounds were produced by themselves. The canonical correlation analysis
(CCA) clearly demonstrates the existence of some relationship between
the variables: the gesture of the subjects and the recorded audio sam-
ples. Tsay (2014) demonstrates that across six studies, visual information
dominated rapid judgments of group performance. It suggests that coor-
dination in musical ensembles involves the activation of multiple sensory
modalities that are assumed to work in a coherent manner. Likewise, it
supports that if we assume the existence of musical information encoded
on the gesture of a musician, and that this information contributes to the
coordination of the ensemble, we can also assume that changes in the
kinematic representation of a musician can affect the overall synchroniza-
tion of their peers musicians.



3
Methods

S
TUDIES presented in this work were realized with data col-
lected over several recording sessions made in the CEGeME
laboratory (Escola de Música da Universidade Federal de Mi-
nas Gerais, Belo Horizonte, Brasil). In this section we make an
overall description of the recordings sessions and the prepro-

cessing methods applied. Some methods that are specific to certain inves-
tigations will be discussed in detail as appropriate. The execution of this
work required the development of a multi-modal analysis framework ca-
pable of accessing the relationship between the movement of musicians
and the acoustical result produced in ensemble performances. Towards
the development of this framework, we made use of methodologies that
already revealed important aspects of this connection, which where de-
veloped in previous studies such as Loureiro et al. (2009), Loureiro, Cam-
polina and Mota (2009), Mota (2012).

3.1 DATABASE COLLECTION

The realization of this work required the acquisition and organization
of a performance database that included gesture and sound data aligned
to the performed scores. This database had to be recorded simulating
typical performance scenarios which were familiar for professional sym-
phony orchestra musicians. The objective was to interfere as little as pos-
sible in the typical routine of the musicians during the recordings, by
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providing a more conventional environment for the data collection, in
the hope that this could provide more consistent results with their musi-
cal practice.

The choice of instruments was initially guided by the proposal of an-
alyzing body movements that are not essential for sound production. In
wind instruments, body movements directly related to sound produc-
tion, the so-called effective gestures (CADOZ; WANDERLEY et al., 2000),
are limited to movements of small amplitude, such as fingers, jaw, lips,
tongue and chest. This characteristic facilitates and induces the musi-
cian to engage in a wide variety of movements of legs, arms, head and
postural variations, which are less dependent to sound production and,
hence, more related to musical intentions. Moreover, focusing on move-
ments not directly necessary to sound production facilitates movement
data aquisition which can be easily done without hampering the playing
technique of instrumentalists. An instrument with the aforementioned
characteristics allows the collection of movement data without major ef-
fects for the instrumentalists, which would otherwise interfere in the re-
sults obtained. Furthermore, we have accumulated considerable experi-
ence in the analysis of acoustic data produced by woodwind instruments,
as demonstrated by Loureiro et al. (2009), Loureiro, Campolina and Mota
(2009), Loureiro et al. (2012) and others.

The experimental protocol was designed to simulate the recording
of a two-part musical excerpt, where musicians play over the recording
of another musician. This performance condition has become trivial for
most musicians as a consequence of the growth in the music industry
over the last century, where the demand for perfection and the need to
lower the costs led to an increase in the number of recordings made in
studio. We recruited six musicians, five professional clarinetists and one
student to participate in the experiments. Previous experience in orches-
tra and/or other ensembles was mandatory. They were asked to play
two musical excerpts, the first one from Symphony No. 5 in E minor,
Op. 64 by Pyotr Ilyich Tchaikovsky, the opening 20 bars of the first move-
ment (Figure 3.1); and the second one from the “Dance of the Peasant and
the Bear” from the ballet Petrushka by Igor Stravinsky, extracted from the
Quatrième tableau No 100, first three bars (Figure 3.2). In both passages
first and second clarinets play a solo melody in unison (soli a 2), which
requires the synchronization of each note. Recordings were performed
in two sessions separated by an interval of two days. In the first session,
musicians were instructed to play four times as the leader of the duo.

At the end of the session, participants were asked to select their pre-
ferred performance to be used in the next session. In the second ses-
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sion participants were asked to play as second clarinetist, following lead-
ers’ recordings selected in the first session, including those performed by
themselves. They were instructed to follow the leader, as they would do
in an actual orchestra rehearsal. Metronome beats were included at the
beginning of leader recordings in order to facilitate synchronization of
the first note. Tempo was estimated by the detected duration of the notes
on the first bar. Participants were recorded in a single run, playing as
second clarinetist while listening to leaders’ recordings through a head-
set in one of their ears. They were allowed to listen once to the entire
leader execution before recording. The use of the headset was required
to prevent the audio from the first clarinet to be recorded along the au-
dio of the second clarinet. Leader recordings used in the second session
were presented in randomized order to the participant. Musicians were
not made aware of which clarinetist they were following, even when fol-
lowing recordings made by themselves. No visual information was pro-
vided.
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Figure 3.1: Excerpt from Tchaikovsky’s fifth symphony, opus 64 (first 20 bars).

Figure 3.2: Excerpt from the “Dance of the Peasant and the Bear” from the ballet
Petrushka by Igor Stravinsky, extracted from the Quatrième tableau
No 100 (first three bars).
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3.1.1 Audio data

Note Identification

One of the key points for studying the synchronization in musical en-
sembles is the ability to detect note onsets with accuracy. To the present,
analysis of timing and synchronization in musical performance studies
has been limited by the precision of note detection methods. Although
several solutions were proposed along the years, there is no consensus
about which method is more appropriate for timing related tasks. To
mitigate this issue, in recent years, the majority of works dealing with
synchronization are tied to the use of MIDI interface devices (e.g. elec-
tronic keyboards) leaving aside acoustic instruments and voice. This
poses a problem and leads to a narrow interpretation of what synchronic-
ity means, by completely disregarding its (clearly) multidimensional na-
ture. The concept of musical note itself represents a major issue in mov-
ing away from this keyboard centered setup.

There is still a lot of debate over the exact moment in which the onset
of a note is perceived. Depending on the method used to segment the
signal the resulting asynchronies can vary largely. Energy based methods
tends to work better for percussion-like signals but are not well suited
for pitched signals. The lack of energy discontinuity in note transitions is
actually one of the goals pursued by highly skilled musicians, a feature
that makes the use of energy based methods even more difficult. On
the other hand, pitch based methods are problematic when dealing with
repeated notes. A combination of those methods should be ideal, but the
shortage of understanding of how human internal segmentation process
work can still lead to inconsistent results.

Although several methods exist for performing the task, there is no
consensus about the best or the more precise of them all. A great review
about the subject is Bello et al. (2005) and, even though the study is more
than ten years old, not much has changed since then. Bello et al. (2005)
states that the distinction between the concepts of attacks, onsets and tran-
sients is key for the categorization of the onset and, furthermore, this con-
cept may vary depending on the aimed application. The authors describe
the attack as the region where the energy envelop increases, the transient
as a short interval where the signal show a non-deterministic behavior
and the onset as a single instant, chosen by the detection system within
the time interval of the transient region. Yet, most of the time the chosen
onset instant will coincide with the start of the transients region. In this
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definition, the concepts of attack and transients are often superposed and
their disambiguation will depend on the onset detection criteria, which
will be responsible for selecting where in the transient region the onset
instant will be marked. This is true if the onset method used is aware
of the importance of the transients, but most onset detection techniques
are energy based methods which demonstrate great robustness for per-
cussive sounds but lack of precision on notes with softer, longer attack
times, for instance, woodwinds instruments.

Recently, authors have questioned those limitations and their impact
on the obtained results. For example, Novembre and Keller (2014) ar-
gues that repetitive movements, as finger-tapping tasks, do not capture
a crucial component of human action: its structure. This is causing an
expansion of the methods towards more musical-friendly experimental
setups. This notion vouches for the use of acoustic instruments in syn-
chronization experiments, but the question of which segmentation meth-
ods should be used is still controversial. Some studies tried to apply
this approach to the problem, reaching feasible solutions. For instance,
Palmer et al. (2013) defined the note onsets as the point after each mini-
mum at which the signal exceeded the minimum by more than 5% of the
maximum-minimum difference. In a similar approach, Wing et al. (2014)
and Timmers et al. (2014) detected the local maximum of the signal cor-
responding to successive notes, and note onset times were determined
using an adaptive threshold applied to the “valley” preceding each max-
imum. This event detection method was visually cross-validated with
their spectral analysis for the entire data set.

Perceptual onset vs acoustical onset

Another factor to be considered is the distinction between the con-
cepts of perceptual onset and physical onset, i.e. two notes that are phys-
ically synchronous may not be perceptually synchronous. In Vos and
Rasch (1982) the authors suggested discriminating perceptual and phys-
ical onsets by its energy levels. The experimental results demonstrated
that perceptual onsets usually takes place in about 6 to 15 dB below the
maximum energy value of the note. Nevertheless, Dixon (2006) points
out that the work do not take into account factors like masking or tem-
poral order thresholds that usually take place in complex musical works
and can definitely influence the onset perception.

A perceptual onset is not always comparable to its physical counter-
part, for instance, it is reasonable for the physical onset to be extracted
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from the audio signal, relying solely on a set of predefined rules. How-
ever the estimation of perceptual onsets should consider the influence
of subjective factors that could be related to one’s individual musical
experience. For example Leveau and Daudet (2004), whilst describing
a methodology for evaluation of onset detection algorithms by cross-
validation with manually annotated databases, points out several ele-
ments that can disturb one’s decision in manually estimating onset in-
stants on real world performances. Examples are: room acoustics effects
(by increasing the release time), polyphony (broken chords can be con-
sidered as a note sequence or a block), super-positions of the previous
and current notes (e.g. on bowed instruments).

Description of the current method

For this study the audio was captured in one channel using an om-
nidirectional microphone placed at an approximate distance of 1 meter
from the instrument, in a room with basic acoustic treatment. Each clar-
inetist used his own instrument and materials during recording sessions.
Audio tracks were semi-automatically segmented at note level using the
tool Expan (for a complete description, see Loureiro, Campolina and
Mota (2009)). This tool is one of the projects of the CEGeME laboratory
and it is in active development since 2008. It is a live project where de-
velopers and contributors are constantly in search for new methods to
increase the tool’s efficiency. The system uses a combination of spectral
and temporal parameters of the audio signal to perform the segmenta-
tion: detecting abrupt changes in windowed RMS (Root Mean Square)
signal and pitch variations. As said before, the detection of abrupt vari-
ations in the amplitude envelope is the most common method used for
note onset identification (BELLO et al., 2005). Although this approach is
very suitable for percussive sounds, such as drums, the piano or plucked
strings instruments, it is very inefficient for instruments with a control-
lable energy envelope, such as wind instruments (clarinet, oboe, trumpet)
or of bowed strings (violin, cello, double bass).

As a way around this limitation our system looks for variations of
pitch values greater than ca. 6%, which is approximately the size of a
semitone, in order to estimate the onsets. For repeated notes, i.e subse-
quent notes of the same pith, our system relies on the small energy gap
between repeated notes, which causes a more evident variation on the
RMS values and, hence, the onset detection. If this variation is not high
enough the system will discard the onset. The Expan system performs
note onset calculations on windowed signals, defaulting to windows of
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1024 samples (23.2 ms in a 44100 sampling rate) with a superposition be-
tween windows of 256 samples (5.8 ms in a 44100 sampling rate), which
gives the system a precision of ca. 6 milliseconds for onset detections.

3.1.2 Gesture data

The system Optotrak Certus1 was used to track the tridimesssional po-
sition of two rigid bodies2, the clarinet bell and the head of musicians. To
accomplish this, a group of three markers were used in each rigid body.
The sampling rate used for gestural data collection was 100Hz. The first
group of markers was fixed on the bells of the clarinets and the second
on the heads of the participants, in order to allow the tracking of the six
degrees of freedom of the bodies with minimal interference in the move-
ment of the musician - for more details and examples of configurations
of similar experiments, see Wanderley et al. (2005), Goebl and Palmer
(2009), Keller and Appel (2010). The positioning of markers is demon-
strated in Figure 3.3.

Previous studies have shown that the movement of the clarinet bell
is responsible for much of the movement performed during the per-
formance of the instrumentalist (WANDERLEY, 2002; PALMER et al.,
2009a). For instance, in Wanderley et al. (2005) the body movements of
clarinetists and the clarinet were quantified by calculating the differences
between successive frames of video recordings. The results showed that
30% of the total movement was performed by the bell, compared to 20%
for head movements and 10% for leg movements. Based on this results,
we chose to limit our analysis to the movement of the clarinet bell.

The trajectory of the clarinet bell is coupled to the translational move-
ments of the musician’s body. This means that any movement produced
by up and down, side to side, anterior/posterior and rotational move-

1Optotrak Certus (manufactured by North Digital Inc. [NDI]) is a three-dimensional
motion capture system that uses infrared light emitting diodes (LEDs) as active markers.
These markers are individually identified by a frequency of optical pulses and their
positions are measured by a trinocular camera system. The system can simultaneously
measure up to 512 individual markers or a large number of rigid bodies with markers
embedded.

2Rigid body is a conceptual representation of a solid body of finite size in which the
deformation is disregarded. That is, the distance between any two points of a rigid body
remains constant over time regardless of the external forces exerted on it. The spatial
position of a rigid body can be represented by the coordinates of a body reference point
(usually coincident with the centroid of the solid), and its angular position, described
by the rotation about the reference axes.
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Figure 3.3: Kinematic representation of a clarinetist body, showing marker po-
sitions on the head and the clarinet bell.

ments can be reflected in the clarinet trajectories. This could be inter-
esting if we wanted to describe the clarinet bell’s movement from the
perspective of the audience or the co-performers. Although this combi-
nation of body and bell movements could contain relevant information
for the synchronization between musicians, it can be very problematic
to find which body part is influencing the bell’s trajectory. For example,
some observed bell movements could be caused both by knee flexion,
arm movement or any combination of them. Moreover, it can also in-
crease the amount of movement in bell’s trajectories and variations be-
tween takes making it more difficult to identify possible gestural recur-
rences. A solution to work around this problem would include collect-
ing the movement of different body parts in order to find and link the
source of movement to a possible musical counterpart. Although exam-
ples demonstrating the feasibility of this approach exists in the literature
(for an example see: Leman and Naveda (2010)) this would substantially
increase the complexity of the analysis framework proposed, thus falling
outside the scope of this study.

The movements of the clarinet bell can be much more informative if
we use the perspective of the clarinetist as reference frame. In musician’s
daily practice, bell movements are easier and less disruptive to execute
than whole body movements because most of this practice is performed
in seating position. This would favor their fixation as reference model
for musical matters and, thus, increase their relevance for this study. To
focus our analysis only on the clarinet’s bell movements, i.e. from the
musician’s perspective, we define the origin of the coordinate system in
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the interpreter’s head. To do so, we calculated the centroid of the mark-
ers placed on the clarinetist’s head. The origin of the coordinate system
was assigned to the musician’s head, in order to subtract the influence of
translational movements made by participants.

Signals Alignment

In order to carry out the combined analysis of the acoustic and ges-
tural data, it was necessary that all the signals coming from a given
recording were perfectly aligned, avoiding a misreading of the obtained
results. As previously mentioned, the audio samples from the second
session were recorded simultaneously, simulating the recording of a two-
part musical excerpt. This process was carried out on two computers,
one responsible for the audio and another for the motion capture sys-
tem. The audio from the microphone was recorded in a dedicated audio
interface and forwarded for the Optotrak’s ODAU analog-to-digital con-
verter, where it was recorded with a sample rate of 44100 Hz. The ODAU
audio is thus synced with the mocap data, although it does note have
the proper quality for the audio analysis. This is due to the fact that the
signal-to-noise ratio of the ODAU II converter is high, since the equip-
ment is designed to handle amplitude signals around ± 10 V. In conse-
quence, the noise level in the audio recorded by the ODAU II proved
to be significantly higher than expected for the audio signals, making it
impossible to detect the temporal events or the proper extraction of any
acoustic parameter. The signal recorded by the audio interface had good
quality, but the recordings were exported separately and therefore were
not aligned. The synchronization between the two signals was accom-
plished by first finding the lags between the high quality audio and the
ODAU audio, and then performing a cross-correlation between the high
quality audio and the ODAU audio, thus guaranteeing that the two were
perfectly synchronized.

Parametrization

The magnitude of the resultant velocity of each three-dimensional po-
sition, estimated by Euclidean distance between two subsequent samples
(velocity), was used to parameterize the motion of the clarinet bell, which
we named the velocity profile, as shown in equation (3.1):
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vi =
1
s f

√
(xi+1 − xi)

2+(yi+1 − yi)
2+(zi+1 − zi)

2 (3.1)

where x, y e z represent spatial coordinates, and i the sample number.
A low-pass, linear-phase Butterworth filter of the sixth order and cutoff
frequency of 5 Hz was used for discarding movements of low amplitude,
such as those caused by the impact of the fingers on the instrument, or
adjustments to the embouchure.

In order to preserve information that may be relevant, such as prepa-
ration and finalization gestures, we consider the movement to be ana-
lyzed starting at a metrical pulse before the first note and ending at a
metric pulse after the end of the last note. The estimation of the tempo of
each execution was made from the pulse calculated by the notes on the
first bar. The difference between body weights, heights and ages of the
participants seem to have influenced the amplitude and speed of move-
ment, resulting in greater variability of absolute speed values across the
subjects. In order to minimize the variability related to individual body
characteristics and optimize the detection of “gestural signatures” due
to temporal details that emerge from the interpretive intentions of the
musicians, the amplitude of the velocity profile of each performance was
normalized by its root mean square value, defined as equation (3.2).

vQ =

√√√√ 1
N

N

∑
i=1

v2
i (3.2)

where vi is the amplitude of each of the N samples.

Movement data temporal adjustment

Due to the variability of tempi of each performance, the velocity
curves were adjusted to the same number of samples, using the tech-
nique of time warping, as suggested by Wanderley (2002) and Wander-
ley et al. (2005), which assigns the same tempo for all performances. The
mean values for each note onset of all performances was used as a tim-
ing model. This procedure aimed at minimizing the misalignment of the
velocity curves with the musical structure. The superposition of veloc-
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ity profiles of two performances by the same musician is shown in Figure
3.4. It can be observed that the misalignment of the two curves intensi-
fies over time, resulting in a total duration difference of ca. 400ms. The
bottom panel of Figure 3.4 shows the result of the time warping adjust-
ment. This procedure was applied to each velocity profile, allowing per-
formances of different tempi to be compared. The instants where these
peaks occur vary according to the movements adopted by the interpreter,
which makes it difficult to compare executions with different tempos or
temporal variations (rubato, accelerando, etc.).

The first step in the temporal adjustment process is the definition of
a temporal model, which will serve as the basis for the normalization of
all executions. One option is to create a synthetic model, built from the
values extracted from the score. Another possibility is to use the aver-
age of the onsets values of all the recordings to create the model. The
second option has as an advantage the representation of the instrumen-
talists’ temporal intentions. In this study, we opted for the second possi-
bility. The temporal model used in the time-warping process is defined
by a sequence of temporal instants (beginning of each note) calculated
as the average of the beginnings of a given note, extracted from all exe-
cutions. Therefore, this result can be seen as the mean temporal profile
of this data set. The velocity profiles are then re-sampled between the
values of each time instant provided by this model using cubic spline
interpolation. In Figure 3.4 we can verify that the temporal adjustment
improves the alignment of the peaks of velocity profiles. This suggests
that the movement of the clarinetist follows some type of intrinsic orga-
nization that causes the musician to perform certain movements in spe-
cific positions of the score, once the velocity profiles were adjusted in
relation to the performed notes. One hypothesis raised is that this orga-
nization could be dictated by some structural element of the music (tempi,
rhythms, melodic profile, intensity profile, etc.). We apply this procedure
to all recordings in our dataset. This allowed the comparison of record-
ings made under different temporal constraints which, in the case of this
study, are dictated by the leader clarinetist.
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Figure 3.4: Temporal adjustment of velocity profiles performed with different tempi. The top panel shows the original curves
performed by the same musician in two different takes. It is possible to observe the gradual increase of the lag
between them. The lower panel shows the same curves after the time warping process, in which the consistency
between the two curves can be more easily observed.



4
Synchronization and

Consistency

4.1 INTRA- AND INTER-PERFORMER SYNCHRONIZA-
TION IN CLARINET DUOS

As stated in sections 1 and 2.1, the synchronization between musician
may depend on several factors which are not yet well understood. In this
section we address the question of synchronization in clarinet duos. For
this investigation, we use recordings of the Tchaikovsky 5th symphony
collected as described in the section 3.1, which contains 24 recordings of
solo performances and 36 performances of duets.

Overall synchronization accuracy

Asynchronies were calculated by subtracting leader onsets from fol-
lower onsets. Positive values indicate that the follower is playing behind
the leader. The overall mean signed asynchrony values were 24 millisec-
onds, with standard deviation of 111 milliseconds, indicating a tendency
for followers to play behind the leaders. This result is fairly obvious if we
consider that the followers will try to adjust to leaders’ notes after they
listen to them, which would result in every note being played slightly
behind, but it does not seem to be the case. As Figure 4.1 shows, the
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mean signed asynchrony values for each note in the excerpt tells a dif-
ferent story. As expected, asynchrony values vary widely among notes,
suggesting that some notes are harder to follow than others. But, follow-
ers’ onsets of some notes, such as note 31, were played before the leaders’
onsets, suggesting that at those notes musicians tried to predicted the po-
sition of the next leader’s onset, but failed. Also, higher variability can
be observed around at notes 29, 30 and 31, where most mean negative
values of asynchrony were measured. Those notes occur in a region with
soft dynamics which may limit the comprehension of the recordings and
influence the synchronization accuracy. The last five notes also exhibit
higher values of asynchrony, which is expect because leaders tended to
slightly variate the tempo at the end of phrases. Although signed asyn-
chrony values are as high as 833 milliseconds, note means varied between
216 milliseconds and -68 milliseconds. The highest values of asynchrony
occur on the first note, which could be explained by the difficulty in pre-
dicting the onset position only by listening the metronome beats played
at the beginning of recordings.

Signed asynchronies of isolated notes can be helpful for illustrating
tendencies for playing ahead or behind the leader. However, not much
can be inferred if we calculate the total mean of all the notes of the ex-
cerpt, because the result will tend towards zero. This could be caused
by different reasons, for instance, for most of the time, musicians will
play after the leader, but in some passages they may try to compensate a
previous delay and end up playing ahead. Also, different musicians or
even different takes may influence this result. As we can see in Figure
4.1, of all 36 takes resulting from the interaction between the 6 partici-
pants, only notes 1 and 6 have every observed value higher than zero.
All the other notes range from negative to positive values, despite their
distributions being skewed to one side or the other. Therefore, in this
case is hard to define a clear tendency of notes to be ahead or behind,
even more a global tendency for all notes together. To accurately assess
the effect of asynchronies in the duets we can calculate their absolute
values and rely solely on unsigned values. This provides a good way
to measure the temporal coordination, although discarding information
related to rushes and delays. Figure 4.2 shows unsigned asynchronies
for all 63 notes of the Tchaikovsky excerpt. The mean value of unsigned
asychronies for the entire excerpt is 77 milliseconds with a standard de-
viation of 84 milliseconds. Comparison of these results with signed asyn-
chronies (M = 24.4,SD = 111.9) reveals how the variety of executions can
help to zero out the mean – the lower value for signed asynchrony mean
(24.4 ms) does not reveal better adjustment between musicians, since lo-
cal asynchronies are hidden.
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Symphony No. 5 in E minor
Pyotr Ilyich Tchaikovsky
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Figure 4.1: Signed asynchronies for all 63 notes of the Tchaikovsky excerpt. Gray dots represent asynchronies values recorded
for every note on duet performances. Means are represented by black dots and the error bars indicate one standard
deviation of the means.
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Figure 4.2: Unsigned asynchronies for all 63 notes of the Tchaikovsky excerpt. Gray dots represent asynchronies values recorded
for every note on duet performances. Means are represented by black dots and the error bars indicate one standard
deviation of the means.
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Between performer asynchrony

Musicians that took part in the experiment played following record-
ings of every other musician, including those made by themselves. This
gave us the opportunity to inspect their individual playing characteristics
and to examine how they interact with the others. We expect to see dif-
ferent responses to how each participant deal with the dueting task, like
differences in the overall synchronization they achieved. Furthermore,
we tried to investigate how this could be related to their ease in perform-
ing with the others. Individual differences between musicians may arise
from different levels of expertise or other idiosyncrasies in their play-
ing styles, like years of experience, musicians from similar performance
schools, or trained by the same master, or ensembles with previous per-
formance experience.
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Figure 4.3: Unsigned asynchrony means for 6 clarinetists in the role of follower.
Gray dots represent asynchrony values recorded for every note on
duet performances. Means are represented by black dots and the
error bars indicate one standard deviation of the means.

Figure 4.3 shows the averages for unsigned asynchrony achieved by
each participant playing as follower. We can see that each musician have
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a slightly different asynchrony response as follower, but what stands out
the most is the inner variation differences between performers. Some par-
ticipants have standard deviations as high as 113.9 ms, which is the case
of clarinetists C6 (M = 106.8,SD = 113.9) and C1 (M = 79.4,SD = 100.8).
Other clarinetists presented lower standard deviation values like C3
(M = 61.3,SD = 59.6) and C2 (M = 63.1,SD = 60.9), which could sug-
gest they had more control over the dueting task. Indeed, by calcu-
lating Pearson’s correlation coefficient of the average asynchrony val-
ues of each follower against their standard deviations we can see that
higher values of asynchrony are linked to greater standard deviations,
r(6) = +.91, p < .01.

We can think about the synchronization in a music ensemble as a
moving target point and shoot task, where the success rate would de-
pend on the ability to predict the exact point the target would be at the
moment of the shoot. In the case of the musical ensemble, it is very com-
mon for leaders to deviate their timing profiles as an expressive resource,
sometimes even at live performances, thus making the synchronization
accuracy rely mostly on the followers abilities to predict the onset time
of the leader’s forthcoming notes. From this perspective it seems that
followers with lower asynchrony means had more ease in predicting the
onset values of forthcoming notes, because the lower standard deviation
values would indicate that they try and miss less then the others.

Each follower should also display a different adaptation profile, with
some notes or passages being easier to adjust than others. Figure 4.4
shows the superposition of the mean asynchrony values, note by note
for each follower. We can see that roughly all musicians have a similar
adaptation profile, that is, they tend to have greater difficulty in the same
notes, which suggests that a technical or musical issue may be influenc-
ing this result. The most difficult musical passages to be synchronized
seem to occur near notes 1, 9, 31, 47 and the last five notes. This result
could be linked to reduced auditory feedback participants may have had
during the performance of those passages, since they occur on regions
with lower dynamic markings on the score and they didn’t have visual
feedback from the leaders to rely on. Nevertheless, some musicians had
a more difficult time at some notes than others. For example, clarinetists
C1 and C6 had more problems synchronizing note 31 than the other clar-
inetists, which registered almost half the mean asynchrony values on the
same note.
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Leader and follower interactions

As stated before, recordings made in the first session of the exper-
iment were used to represent each participant in the second session,
where the task was to follow other participants previous recordings. In
the first session participants were instructed to play assuming the role
of leader (first clarinet) of the duo. Therefore, we can also investigate
the asynchrony induced by each leader, i.e. the amount of asynchrony
observed in performances where musicians followed a given leader, and
if different leaders can exert different effects on the followers. First, by
looking at the overall mean induced by each leader we can see that some
of them are harder to follow than others. This is the case of clarinetist
C2 which induces a mean asynchrony of 92 ms (SD = 93.3) on its fol-
lowers, in contrast with clarinetist C4 that induces an average of 65 ms
(SD = 76.3) of asynchrony on their co-performers. Figure 4.5 shows the
differences between the mean asynchrony induced by each leader.
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Figure 4.5: Unsigned asynchrony means induced by different clarinetists in the
role of leader. Gray dots represent asynchrony values recorded for
every note on duet performances. Means are represented by black
dots and the error bars indicate one standard deviation of the means.
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As we did with the followers profile, we can also check if there is par-
ticular passages or notes where leaders induce more or less asynchrony
on co-performers. Figure 4.6 shows how musicians that followed a given
leader tended to adjust each note to the leader performance. This result
is somehow different from the adaptation profile exhibited by the follow-
ers. For instance, clarinetist C1 induces lower asynchrony values around
note 31, breaking the tendency observed on other leaders. This result in-
dicates that the followers could predict better the onset position of notes
30 (M = 83.1,SD = 83.3) and 31 (M = 47.3,SD = 48.4) with more preci-
sion when following the recording made by clarinetist C1. On the other
hand, on the same note 31, leader clarinetist C6 induced an average of
301 ms (SD = 258.6), suggesting that none of the followers were able to
accurately predict the position of this onset.

Self-other

Musicians that took part in the experiment performed following
recordings of all other musicians, including those made by themselves.
This allowed us to test if the act of following their own previous record-
ings have an effect on the temporal adjustment of the duo, which is an
hypothetical concept of the Common-Coding Theory (HOMMEL et al.,
2001). Its fundamental assumption is that actions are coded in terms of
the perceptible effects they should generate. Therefore, the observation
of the act performed by another person would activate a mental simu-
lation corresponding to that action in our own motor system. Similar
motor representations would be activated in the observation and the pro-
duction of actions. By watching the reproduction of our own previously
recorded actions this mechanism would allow us to predict with more
precision the outcome of the observed actions. Thus, if internal models
are applicable to observed actions, we should be better in predicting re-
sults of our own recorded actions than the results of actions performed
by others (KNOBLICH; FLACH, 2001). This self-other effect was previ-
ously observed in several studies where subjects were asked to predict
the outcome of actions, like dart throwing (KNOBLICH; FLACH, 2001),
handwriting strokes (KNOBLICH et al., 2002), self recognition in point
light displays (LOULA et al., 2005) and music-related tasks (KELLER;
KNOBLICH; REPP, 2007; LOUREIRO et al., 2011), to cite but a few ex-
amples. The cognitive psychology hypotheses behind this concept sup-
ports that this behavior is activated through the interaction between ac-
tion and perception processes, which is referred in literature as Perception-
action Coupling (NOVEMBRE; KELLER, 2014; LEMAN; NAVEDA, 2010;



CHAPTER 4. SYNCHRONIZATION AND CONSISTENCY 43

KELLER; KNOBLICH; REPP, 2007). In this scenario, action and percep-
tion processes would be connected through underlying cognitive func-
tions, common to both systems (JEANNEROD, 2001; WOLFGANG, 1997;
SEBANZ; BEKKERING; KNOBLICH, 2006).

The overall mean asynchrony of duets with self-generated perfor-
mances (M = 62.1,SD = 58.5) was indeed 18 milliseconds lower than
duets made with other-generated performances (M = 80.2,SD = 88.4),
which points towards the manifestation of a self-other effect. But be-
fore testing this hypothesis we investigated if the synchronization pro-
file along the excerpt, observed on duets with self-generated perfor-
mances differs from the profile observed on the other duets. Figure
4.7 presents the synchronization profiles for performances with self- and
other-generated performances, along the excerpt. Mean values of asyn-
chrony are shown for each note in the excerpt, with self-generated perfor-
mances (gray dots) and other-generated performances (black dots). As
we can see in Figure 4.7, average values of asynchrony for most notes
on the self-generated performance condition were lower that the other-
generated condition. Most important, both self- and other-generated con-
ditions seems to present a variable adaptation profile, i.e. musicians seem
to be trying to actively synchronize the notes instead of simple playing
from memory. In the case of the self-generated condition we could expect
that musicians would play in the same exact manner as they did on solo
performances, resulting in a fixed (or almost fixed) single value of asyn-
chrony for all notes. This result would indicate that in the self-generated
condition musicians were not trying to adjust to the leader they were lis-
tening to. In that case, the lower values of asynchrony observed would
be explained by musicians repeating the same performance as before,
but with a somehow fixed delay. The variable adaptation displayed for
both conditions in Figure 4.7 suggests that this is not the case, musicians
were actively trying to follow all recordings, no matter if the leader was
her/himself or other.
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How each clarinetist adapt to their colleagues?

The hypothesis that musicians synchronize better with their previ-
ously self-generated performances supports that musicians would some-
how be able to predict with more precision the outcome of those actions.
This implies that the musical information contained in the acoustical
stream would be more familiar to them, even if they are not aware of
it. Thus, if musicians synchronize better with their own performances,
we could also expected that they would respond differently to the differ-
ent leaders they followed, because some of them may have more familiar
playing styles or musical ideas. In order to investigate this possibility we
fit a linear regression model with the overall mean as fixed intercept to es-
timate how much each leader/follower interaction would diverge from
it. This approach entails the assumption that the adjustment between
musicians would partially depend on some concealed feature of leaders’
performances, which would facilitate the follower to achieve lower asyn-
chronies.

As we can see in Table 4.1 most interactions between leaders and fol-
lowers do not diverge from the overall mean, especially considering the
precision (around 6 milliseconds) of the onset detection system used to
segment the notes. Interactions with confidence intervals that includes
zero within its range cannot be considered to have a strong effect size,
even more if their estimates are bellow the threshold of onset detection
precision.

After excluding non relevant interactions there seem to be some ef-
fect on interactions between follower C3 and leader C1 (-26.1 ms, 95%
CI -46.4, -5.7), follower C6 and leader C1 (42.7 ms, 95% CI = 22.4, 63.1),
follower C6 and leader C2 (58.2 ms, 95% CI = 37.8, 78.8), follower C1
and leader C4 (-33.2 ms, 95% CI -53.5, -12.9), follower C4 and leader C4
(-28.5 ms, 95% CI -48.8, -8.2), follower C6 and leader C4 (38.2 ms, 95% CI
17.8, 58.5), follower C6 and leader C5 (32.7 ms, 95% CI 12.4, 53.1) and fol-
lower C1 and leader C6 (40.8 ms, 95% CI 20.5, 61.2). Interestingly, some of
the lowest asynchrony means observed were not yielded by interactions
with self-generated conditions, as predicted by the common-coding the-
ory, such as the interactions between clarinetists C1 and C4. The observed
asynchrony when clarinetist C1 followed himself (M = 63.8,SD = 54.8)
was around 19 milliseconds higher than when he followed clarinetist C4
(M = 44, SD = 40.3), and about 33 milliseconds lower than the overall
average. However, if we consider all leader-follower combinations, the
self-generated performances presented lower asynchrony means, despite
these contradictory results for individual interaction pairs. Moreover,
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Table 4.1: Summary of linear regression model analisys with the overall mean
as fixed intercept and follower-leader interaction as predictor.

Dependent variable:

Follower Leader Asynchrony C.I. 95%

C1 C1 −13.4 (−33.7, 6.9)
C2 C1 −12.2 (−32.6, 8.0)
C3 C1 −26.0∗∗ (−46.4, −5.7)
C4 C1 −8.2 (−28.5, 12.1)
C5 C1 12.6 (−7.6, 32.9)
C6 C1 42.7∗∗∗ (22.4, 63.0)
C1 C2 18.4∗ (−1.9, 38.7)
C2 C2 −9.8 (−30.1, 10.5)
C3 C2 0.2 (−20.0, 20.5)
C4 C2 10.3 (−10.0, 30.6)
C5 C2 13.5 (−6.8, 33.8)
C6 C2 58.2∗∗∗ (37.7, 78.7)
C1 C3 −9.4 (−29.7, 10.9)
C2 C3 −18.9∗ (−39.2, 1.4)
C3 C3 −24.3∗∗ (−44.7, −4.0)
C4 C3 −17.0 (−37.3, 3.2)
C5 C3 5.0 (−15.2, 25.3)
C6 C3 15.4 (−4.9, 35.7)
C1 C4 −33.2∗∗∗ (−53.5, −12.8)
C2 C4 −19.4∗ (−39.8, 0.8)
C3 C4 −19.4∗ (−39.8, 0.8)
C4 C4 −28.5∗∗∗ (−48.8, −8.1)
C5 C4 −9.6 (−29.9, 10.6)
C6 C4 38.1∗∗∗ (17.8, 58.5)
C1 C5 9.8 (−10.4, 30.1)
C2 C5 −13.3 (−33.7, 6.9)
C3 C5 −8.1 (−28.5, 12.1)
C4 C5 −1.7 (−22.0, 18.5)
C5 C5 −4.9 (−25.3, 15.3)
C6 C5 32.7∗∗∗ (12.4, 53.0)
C1 C6 40.8∗∗∗ (20.5, 61.1)
C2 C6 −10.6 (−31.0, 9.6)
C3 C6 −17.2∗ (−37.6, 3.0)
C4 C6 13.7 (−6.5, 34.0)
C5 C6 4.6 (−15.7, 24.9)
C6 C6 −9.5 (−29.8, 10.8)

Observations 2,267
R2 0.065

Adjusted R2 0.050
Residual Std. Error 82.326 (df = 2231)

F Statistic 4.334∗∗∗ (df = 36; 2231)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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except for clarinetist C2, all participants presented lower mean asyn-
chrony values when following their own performances. Figure 4.8 shows
mean asynchrony values for each clarinetist following self- and other-
generated performances. Clarinetists are represented by different lines,
gray intensities and point shapes.
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Figure 4.8: Mean asynchrony values for each clarinetist following self- and
other-generated performances. Clarinetists are represented by dif-
ferent lines, gray intensities and point shapes.

Comparing models of performer interaction

The effects previously described influence, in different ways, the dis-
tribution of asynchrony values observed during the duet task. To es-
timate the relative importance of those effects, we try to integrate all
previous hypotheses into different models and evaluate the contribution
of each effect in explaining the observed asynchronies distribution. To
do so, we use linear mixed-effects models under the R environment (R
Core Team, 2017), using the lme4 package (BATES et al., 2015). A “linear
mixed-effects model” describes the linear relationship between response
variables (the asynchrony between musicians, in the case of this inves-
tigation) and covariates observed during data collection. It is so called
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Model 1 Model 2 Model 3 Model 4 Model 5
(Intercept) 80.28∗∗∗ 80.30∗∗∗ 80.29∗∗∗ 80.31∗∗∗ 80.30∗∗∗

(5.53) (6.80) (3.99) (7.66) (9.33)
whoself −18.12∗∗∗ −18.14∗∗∗ −18.13∗∗∗ −18.15∗∗∗ −18.14∗∗∗

(4.13) (4.67) (4.73) (4.65) (4.02)
AIC 26062.00 26478.49 26522.44 26468.25 25968.55
BIC 26084.90 26501.39 26545.34 26496.88 26002.91
Log Likelihood -13027.00 -13235.24 -13257.22 -13229.12 -12978.28
Num. obs. 2267 2267 2267 2267 2267
Num. groups: note 63 63
Var: note (Intercept) 1747.87 1755.21
Var: Residual 5374.74 6883.88 7036.10 6822.05 5084.98
Num. groups: follower 6 6 6
Var: follower (Intercept) 255.74 256.28 260.39
Num. groups: leader 6 6 6
Var: leader (Intercept) 72.99 74.00 78.34
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05

Table 4.2: Summary comparison of five mixed-effects models using the un-
signed asynchrony as the response variable, with the single fixed ef-
fect WHO with levels self and other. P-values for the fixed effects are
calculated from F-test based on Sattethwaite’s approximation.

mixed because it has fixed and random effects as predictor variables. In
a mixed-effects models one or more covariates have to be categorical, i.e.,
it has to represent experimental or observational units of the data set,
which in our case are considered to be the subjects taking part in the ex-
periment. The fixed portion of a mixed model can be described as a sim-
ple linear regression (BATES et al., 2015). In short, mixed-effects models
allows us to test if some combination of those fixed effects (attributed to
manipulated variables or conditions) and the random effects (which can
be attributable to specific sources of random error) would minimize the
error on the fitted functions.

For this analysis we fitted five mixed-effects models using the un-
signed asynchrony as the response variable, with the single fixed effect
WHO with levels self and other. The random part of the model included
the effects FOLLOWER and LEADER, each one with six levels, one for
each clarinetist taking part on the experiment and NOTE with 63 lev-
els, one for each note in the excerpt. Models were created in increasing
complexity of the random effects structures, from the inclusion of just
one random effect to the inclusion of all random effects (LEADER, FOL-
LOWER and NOTE). To compare those models we use the Akaike infor-
mation criterion – AIC (SAKAMOTO; ISHIGURO; KITAGAWA, 1986), as
a metric for the stepwise selection of the optimal model. To automate the
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model selection process, we use the package lmerTest (KUZNETSOVA;
Bruun Brockhoff; Haubo Bojesen Christensen, 2016). According to the
documentation of the step function from the package lmerTest, this
process is carried out by first performing a backward elimination of the
random part followed by a backward elimination of the fixed part, which
is done one effect at a time. Although the lmerTest returns p-values our
intention is to compare the models to find how much of the random er-
ror can be explained by the inclusion of those effects, the lower AIC value
obtained by the chosen model along with the effect size of its terms can
demonstrate the importance of the results. The comparison of the five
mixed-effects models is summarized in Table 4.2. The resulting model
incorporated all terms, confirming the reduction of 18 milliseconds in
asynchrony values for the self condition (β = −18.1,SE = 4.0, t(2193) =
−4.5, p < 0.0001; 95% CI -26.0 to -10.2). Figure 4.9 presents the results
for Fixed effect WHO, showing the mean reduction of unsigned asyn-
chronies for performances in the self-generated condition compared with
the other-generated condition. The mean difference between conditions
is represented by the circle, the confidence interval is represented by lines
around the mean. The horizontal axis represent unsigned asynchronies
in milliseconds, zero is the intercept of the model, which is the expected
mean value of the response variable (asynchrony) when all coefficients
are equal to zero.

Asynchrony (ms)

Figure 4.9: Fixed effect WHO, showing the mean reduction of unsigned asyn-
chronies for performances in self-generated condition compared
with the other-generated condition. The mean difference between
conditions is represented by the circle, the 95% Confidence Interval
is represented by lines around the mean. The horizontal axis repre-
sent unsigned asynchronies in milliseconds, zero is the intercept of
the model, which is the expected mean value of the response vari-
able (asynchrony) when all coefficients are equal to zero.
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Figure 4.10: Results for the random effect NOTE, indicating the influence of each note on the intercept of the model. Notes
that contribute to lower the overall asynchronies are showed in black. Notes in gray contribute to raise overall
asynchronies. Vertical bars indicate the 95% Confidence Interval.
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The results for the NOTE random effect (χ2
d f (1) = 501.7, p < 0.0001)

confirms that the influence of the different notes should be taken into
account, supporting the previous assumption that some of the notes
were more difficult to follow than others. Figure 4.10 shows the results
for the random effect NOTE, indicating the influence of each note on
the intercept of the model. Results for LEADER random effect (Figure
4.11) indicates that some leaders were more easy to follow then others
(χ2

d f (5) = 19.3, p < 0.0001). The most successful leader, clarinetist C4 in-
duced an average reduction of 10 milliseconds in the asynchrony values
of their followers, while the least successful leader, clarinetist C2 induced
an average of 12 milliseconds increase in their followers asynchronies.
Likewise, results for random-effect FOLLOWER supports that partici-
pants responded in different ways to the task (χ2

d f (5) = 79.5, p < 0.0001),
meaning that some followers were more successful in synchronizing with
the leaders than others. The best synchronized follower, clarinetist C3,
was in average 15 milliseconds more synchronous then the overall mean,
while the least synchronized, clarinetist C6, was in average 28 millisec-
onds less synchronous.
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Figure 4.11: Results for random effects LEADER and FOLLOWER showing the
average increase/decrease in asynchrony values for interactions
with each clarinetist. The estimate for each clarinetist is represented
by the circle, the 95% Confidence Interval is represented by lines
around the estimate. The horizontal axis represent unsigned asyn-
chronies in milliseconds, zero is the intercept of the model, which
is the expected mean value of the response variable (asynchrony)
when all coefficients are equal to zero.
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4.1.1 Discussion

The selected model demonstrates that there was interaction between
subjects. In a way, this result is somewhat obvious, as it is to be ex-
pected that some musicians would induce greater or lesser asynchronies
to their partners performances, and that some notes would be easier to
synchronize than others. However, in order to consider the contribution
of LEADER and FOLLOWER small effects sizes to the observed asyn-
chrony differences, we need to take into account the perceptual thresh-
olds for detection of auditory onset asynchronies, as well as the adopted
methodology for onset detection.

Zera and Green (1993), one of the most prominent studies on the per-
ception of asynchronies, indicates that the threshold for the detection of
auditory onset asynchronies can be as low as 1 millisecond. Nevertheless,
those tests were performed in a well-controlled laboratory environment,
a configuration that distances itself from the complex reality of musical
performance. Regarding the detection methodology, as stated in section
3.1.1, the concept of note onset assumed by the system used in this study
is based on variations of pitch and RMS values. Note transitions where
the frequency varies more than 6% – approximately the size of a semi-
tone, are considered to be a note onset. For repeated notes, i.e subse-
quent notes of the same pith, our system relies on the small energy gap
between the notes for onset detections. In the case of instruments of con-
tinuous excitation, the sensation of transitions between notes of the same
pitch is created by a small excitation gap. On the clarinet, the instrument
used in this study, this is accomplished by the instrumentalist touching
her/his tongue on the reed, decreasing its vibration and quickly breaking
the air vibration into the tube. This causes a fast and abrupt pitch varia-
tion which, allied to the high temporal resolution used in the system, is
enough for the detection of the onset on those cases. The criteria used by
this automated system guarantees the estimate of onset instances with a
resolution of ~6 milliseconds.

The results observed for LEADER and FOLLOWER effects are larger
than the human threshold for detection of auditory onset asynchronies,
although they are barely outside the resolution of the note segmentation
system used. Nonetheless, these results present some evidence that there
is a tendency to participants to adjust their interpretation to certain musi-
cians better than others. These results also supports that some musicians
seems to have better follower skills than others. Yet, the number of in-
teractions between musicians is not substantial enough for consistently
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estimate the importance of the observed effects. A number of replica-
tions of this experiment have to be done in order to confirm if the size of
those effects can be representative of the observed behavior. Apart from
that, if we compare, for instance, the LEADER effect size between results
for clarinetists C4 and C2 the effect increases its importance, with about
22 milliseconds, favoring clarinetist C4 as the best leader. In this per-
spective, the difference between those two musicians in the leader role
is more likely to be considered relevant, because a 22 milliseconds effect
size is further away from the perceptual and technical limits stated be-
fore. Within this margin of 22 milliseconds it is more viable to raise ques-
tions about which musical parameters are involved in this tendency to
induce synchrony or asynchrony. In this context, the immediate question
we can raise is why clarinetist C4 induces lower asynchrony compared
with clarinetist C2?

If we consider the concept of the Common-Coding Theory (HOM-
MEL et al., 2001) the follower’s ability to predict the outcome of the
leader’s musical actions would be the most important factor influenc-
ing this result. This would mean that the musician in the role of the
follower would be able to predict more clearly the leader’s intentions
if she/he could be able to better understand what would happen in the
next note, i.e what kind of temporal, pitch or timbre manipulations the
leader would perform. Thus, if the follower is able to better predict the
outcome of the leader’s musical ideas, the resulting adjustment between
them would be better. Another possible explanation would be the re-
semblance between the leader and the follower musical ideas. This could
occur if the follower and the leader had naturally similar musical signa-
tures, so that they would tend to rely their performances in their own
musical ideas, as they would do when playing solo, abstaining from in-
teracting – or stop interacting – with the leader for most of the time. Even
so, it is hard to believe that participants would not interact at all along the
entire performance.

Hence, we envisage two main hypothesis to explain the lower asyn-
chrony values induced by some leaders: I) the follower plays in a very
similar fashion to that of the leader with less interaction with the record-
ing; or II) the follower actively interact with the recording and somehow
can better predict the musical ideas of the leader. In parallel, this reason-
ing can be extended to the perspective of the follower. A follower with
more experience in ensemble performance would have a superior ability
to predict the musical proposition of any leader she/he plays with.

We can discuss the first hypothesis – musicians who have similar mu-
sical signatures would have greater ability to adjust, by examining the
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self interactions, where the musicians play following their own record-
ings. If they were simply playing from memory, repeating the same
rhythmic ideas from their own solo performance, the result of the syn-
chronization would be somewhat invariant, i.e. there would be smaller
variations between notes. However, what we observed in the results is
the opposite. We observed a note-to-note adjustment, even when they
play following their own executions, suggesting they also have difficulty
in predicting how certain notes would be played by themselves as lead-
ers, as they do in other-generated interactions. Even when they play with
themselves they need to be aware of the musical information being con-
veyed in order to predict what will happen in the immediate future. We
may also expect that the same would happen with musicians who have
similar musical signatures, or which came from the same musical schools
or share some other level of similarity in the way their musical signa-
tures were constructed. We also would not expect that musicians would
simply adjust themselves to the performance of another without actively
trying to predict the outcome of the other’s actions. The second hypoth-
esis – which indicates that musicians in the role of leader organize their
performances in a way that they would be more intelligible, more easier
to predict, is more akin to our conceptualization of this interaction pro-
cess. Another hypothesis would be the influence of the consistency in
the execution of rhythmic values. As the musicians who participated in
the experiment had access to only one recording of each leader, we can
expect that this recording would contain all the relevant information to
explain the observed effects, fully encapsulated in the musical informa-
tion transmitted through the leader performance.

4.1.2 Conclusion

This section introduced a discussion about the synchronization in
clarinet duos on different performance scenarios. Notably, we tried to
observe how each musician adapts her/his performances to previously
recorded executions of other players and of their own. We observed
that each musician assuming the role of follower responds differently to
the task, suggesting that different musicians have different ability lev-
els as follower. In parallel, a similar result was observed for the musi-
cians in the role of leader. Some participants induced greater asynchrony
in the performance of their colleagues, while others induced less. We
also discussed which elements may influence this behavior. When musi-
cians played following their own performances it was expected that they
would achieve a greater synchrony, as observed in the results. But even
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in those cases there is still an attempt to adjust to the recording, which
occurs note by note. This suggests that the familiarity with the recorded
performance facilitates the understanding of the musical information be-
ing transmitted and increases the predictability of the musical ideas of
the leader.

We also discussed the concept of a musical signature. We hypoth-
esized the existence of a musical signature for each performer and that
musicians with similar musical signatures would have a better chance
to adjust to each other. In this context, the best adjustment case would
be when the musician plays following his own previously recorded per-
formance. In the next section we further explore the concept of musical
signature, discuss how they may be created and their influence on the ad-
justment of musical groups. We investigate repetitive rhythmic patterns
with various occurrences in the excerpt and try to identify rhythmic pro-
portion signatures that could be occurring. Afterwards, we try to verify
if there is any relationship between these rhythmic signatures, their con-
sistency and the results of leader and follower effects that were observed
in this section.
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4.2 DOES LEADER CONSISTENCY IMPROVES ENSEMBLE

SYNCHRONIZATION?

Results of the last section suggested that musicians have different
responses to synchronization tasks, which corroborates results of other
studies (KELLER; KNOBLICH; REPP, 2007; LOUREIRO et al., 2012). This
result is expected, as each participant has to have a particular training
experience, which surely leads to idiosyncrasies in their playing style.
Nonetheless, this result raises questions about which factors, apart the
obvious influence of social-cultural contexts, contributes to make a mu-
sician “easier” to play with. A study conducted by Gingras et al. (2011)
suggested that the more expressive the judgment about a recording was,
the easier was to listeners to recognize the performer. The authors men-
tion the performer consistency in the use of expressive patterns as a rel-
evant factor for the results. In the investigation that follow, we tested
recordings from the database to investigate if the rhythmic consistency of
performers is somehow related to the asynchrony induced by them when
playing in the role of leader. The definition of consistency used in this
study can be regarded as a measure of technical precision, which can be
represented in terms of similarities in the timing profiles during repeated
performances of the same piece (REPP, 1995; WöLLNER; WILLIAMON,
2007).

Prior research suggests that the quality of the fit between interpreters
would be linked to the anticipation of the manipulations performed by
other members of the ensemble. For example, Keller, Knoblich and Repp
(2007) showed that musicians playing on duets achieved greater rhyth-
mic/temporal adjustment when accompanying their own recorded per-
formances, suggesting that musicians can more easily anticipate the ma-
nipulations which they are more familiar with. This leads to the hypoth-
esis that the consistency in performing these manipulations could act as a
facilitator of the communication between interpreters, meaning that mu-
sicians with greater consistency would be better leaders. The objective of
this investigation is to identify musicians signatures on repeated rhyth-
mic patterns and investigate how they change in order to achieve musical
cohesion on duet performances. Furthermore, we try to relate the consis-
tency of different leaders to the amount of asynchrony they induce on their
partners. In this investigation we used the recordings of Tchaikovsky 5th
symphony excerpts, collected in two sessions, as described in Section 3.1.
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Signature

As stated in Section 3.1, each participant recorded four solo takes as
the Leader of the duet. They were asked to perform as they would in a real
orchestral rehearsal. They were told that their recordings would be used
in the second session of the experiment and that other musicians would
have to follow those recordings. Our intention was to create a favorable
environment for musicians to naturally exercise their expressiveness, in
the same way as they would during a real performance. This would al-
low the idiosyncrasies of each musician, expressed through the manipu-
lations of the different musical parameters, to be revealed. Here the con-
cept of signature is used to describe a group of characteristic marks that
serves to set apart or identify an individual, in our case the performer.
Our concept of signature goes with the idea of reproducibility. To be con-
sidered a signature, a given aspect of some structure (like the qualities of
someone’s handwriting or the natural features of a mineral) or a behavior
(in our case the temporal manipulations performed by the interpreters)
must be able to be reproduced in a similar fashion every time they are
executed or observed. Furthermore, it must also have its own character-
istics that are identifiable by others. The reproducibility which affords
our conceptual basis of a signature is therefore linked to consistency in
the repetition of the executed patterns. In order for a signature to be
unique, individual, its own characteristics must be different from those
of the others.

Different studies address the issue of consistency in the execution of a
musical excerpt. For example, Repp (1995) assessed pianists consistency
through comparisons between their temporal profiles in repeated perfor-
mances of the same piece. The author suggested that the consistency in
musical performances can be seen as a measure of technical precision,
taking into account that the musician did not intend to play differently
on each repetition. In a more recent study, Wöllner and Williamon (2007)
systematically removed the sensory feedback from pianists while they
performed repeated performances of the same musical excerpt. They
compared the consistency achieved by the pianists on three different con-
ditions, with reduced auditory, visual and kinaesthetic feedback. The
authors pointed out that the consistency in musical performance can be
measured in terms of similarities of time and intensity profiles, as well as
the total duration of the piece in repeated performances.

In general, most studies discussing consistency in musical perfor-
mance implement some sort of comparison between repeated perfor-
mances of the same excerpts. In the case of the experiment conducted
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for our investigation the participants had access to only one recording of
the excerpt from each leader clarinetist. Therefore, measuring the consis-
tency by comparing multiple interpretations of the excerpt by one mu-
sician is not feasible. Yet, the internal consistency in the repetition of
similar rhythmic patterns occurring in the same excerpt could also be
regarded as being a manifestation of a signature. The excerpt used in
this investigation has rhythmic patterns that are repeated several times,
as can be seen in Figure 4.12. Despite the harmonic and melodic differ-
ences in each of the occurrences we would expect that the interpretation
proposed by the musician for that rhythmic pattern would be executed
according to the same reference of note duration proportion. In this con-
text, we hypothesized that greater consistency on the realization of this
rhythmic proportion would facilitate the synchronization between the
musicians as the follower would more easily predict how the rhythmic
pattern would be executed in the next occurrence.

Figure 4.12: Rhythmic pattern chosen for the consistency analysis, with eight
occurrences in the Tchaikovsky excerpt. Composed by three rhyth-
mic figures, a dotted quarter-note and two sixteenth-notes, with a
total duration of a half-note.

During solo performances the musicians were instructed to follow
their own musical ideas. This resulted in small tempo variations be-
tween different performances, as well as internal rhythmic variations in
each take, as would be expected in a real performance. The purpose
for this freedom of interpretation was to encourage musicians to reveal
their musical signatures. On the other hand, comparisons of occurrences
in the same performance, between performances of one musician, and
especially between performances of different musicians became much
more difficult. This is because at each occurrence of the rhythmic pattern,
note durations would slightly change as a result of the temporal fluctu-
ations employed throughout the performances. This was caused by the
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slightly different tempo chosen by musicians as well as local expressive
timing variations, such as rubatos, ritardandi and accelerandi. In order
to compare occurrences of the rhythmic pattern it is essential that all ex-
ecutions were subdued to the same standardized temporal base, so that
tempo variations would not interfere with the analysis. This can be done
by ignoring their real durations and focusing on their relative durations
within the target rhythmical pattern.

A simple method to achieve this, widely described in the literature, is
the use of the inter-onset-interval (IOI), the distance between the onsets of
two subsequent notes, disregarding any interruption of sound between
the two events. Representing note durations as IOI values limit the effect
of timing variations occurring before the rhythmic pattern, however it is
not sufficient to minimize the problem of comparing the internal rhyth-
mic structure of the pattern, since they might have different durations
within the same take due to local expressive timing variation.

In order to compare the realization of the chosen rhythmic pattern, we
directed the analysis to the temporal proportion among the constituent
notes of the rhythmic pattern, instead of the measured value of their du-
ration. Local rhythmic proportions are less dependent to duration of the
total rhythmic figure and are closer to the way musicians subdivide tem-
poral units into shorter rhythmic figures. The ratio between the durations
of the rhythmic figures within the rhythmic pattern can reliably represent
the individual rhythmic outcome of each occurrence besides being able
to be compared to other occurrences of the rhythmic pattern in the same
excerpt or in other musicians’ performances.

The rhythmic pattern chosen for the analysis is composed by three
rhythmic figures, a dotted quarter-note and two sixteenth-notes, with a
total duration of a half-note. The resulting rhythm of the pattern is de-
termined by four note onsets, the three onsets of each note of the pat-
tern, plus the onset of the subsequent note. The canonical sub-division
of the rhythmic pattern, attributes 75% of the total duration to the dotted
quarter-note and 12.5% to each one of the subsequent sixteenth notes. It
can be represented by the ratios of its individual figures to a reference
duration, in this case the total duration of the pattern. Accordingly, only
two ratios of durations are necessary to fully represent the pattern, since a
third ratio would be redundant. We chose to consider the dotted-quarter-
note proportion related to the total duration of the pattern and the ratio
between the duration of the first sixteenth-note and the total duration of
both sixteenth-notes.
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Figure 4.13: Illustration of the two variables used to estimate the consistency of
performers: A) the ratio of the IOI (Inter Onset Interval) between
the dotted quarter-note to the total duration of the rhythmic pattern
(one half-note); and B) the ratio between the first sixteenth-note to
the total duration of both sixteenth-notes (an eighth-note).

In summary, two variables were considered in the analysis, as seem in
figure 4.13: A) the ratio between the duration of the dotted quarter-note
to the total duration of the pattern (one half-note); and B) the ratio be-
tween the first sixteenth-note to the total duration of both sixteenth-notes
(an eighth-note). These two dimensions allowed us to delineate what can
be regarded as an individual performance space, where the performer’s
musical signature would be manifested. In this individual performance
space, each occurrence of the rhythmic pattern is represented by a point
in two dimensions, and at each new occurrence of the pattern a new point
is marked. As a way to investigate the formation of the rhythmic sig-
natures, the four solo performances of each participant were examined
in search for idiosyncratic temporal features that could be used to iden-
tify interprets. A Multivariate Analysis of Variance (MANOVA) was per-
formed for each pair of musicians using the two variables. By comparing
temporal features of different musicians we were able to identify that
participants exhibited somehow distinct “rhythmic signatures”.

Table 4.3: Resulting MANOVA p-values calculated for pairs of clarinetists.

C2 C3 C4 C5 C6
C1 0.15 0.05. 0.57 0.05* 0.00***
C2 - 0.86 0.26 0.79 0.01***
C3 - - 0.14 0.98 0.01***
C4 - - - 0.08. 0.00***
C5 - - - - 0.01***

0 "***", 0.001 "**", 0.01 "*", 0.05 ".", 0.1 " "

Table 1 shows p-values resulting from MANOVA calculation for each
interaction between pairs of clarinetists. Values marked with (*) indicate
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Figure 4.14: Pairwise comparison of individual performance spaces, represent-
ing a similarity measure between clarinetists. The upper triangle
indicates the p-values resulting from a MANOVA calculated be-
tween each clarinetist pair. The lower triangle shows the pairwise
comparison of ellipses representing a 50% confidence level of each
clarinetist distribution.

that clarinetists of that pair perform the division of rhythmic values dif-
ferently, suggesting they have distinct rhythmic signatures. Pair of clar-
inetists with values above 0.05 have more similar rhythmic signatures.
Figure 4.14 shows the superposition of ellipses calculated as a 50% con-
fidence level of the data distribution for each musician. The rhythmic
pattern occurs eight times during the excerpt, therefore each player has
32 observations of each variable (8 occurrences x 4 performances).
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Consistency

During the duet performances musicians only listened to one of the
recordings made in the first session, the one chosen by each musician to
represent her/himself. Thus, all the musical information relevant to the
synchronization between leader and follower is expected to be contained
in this performance. As discussed earlier, in the individual performance
space each point represents one occurrence of the rhythmic pattern on
leader performances. The scattering of these points can be used as a met-
ric to calculate the rhythmic consistency of each musician. Musicians
who perform the rhythmic pattern always in a similar manner will be
considered more consistent, on the other hand, musicians who varies the
relative durations of the rhythmic figures at each occurrence will have a
lower consistency.

A linear regression analysis was used to investigate the relation be-
tween the rhythmic consistency of the leaders and the amount of asyn-
chrony they induce to theirs followers, with asynchrony as the dependent
variable and consistency as the predictor. As stated in section 4.1, the
asynchrony was calculated by subtracting the onsets of the leader from
the onsets of the follower. As mean asynchrony values tended to zero ab-
solute values were used. In order to represent the amount of asynchrony
induced by each leader the asynchrony values were averaged across the
interactions between each leader with all followers, resulting in six mean
values of induced asynchrony, one for each leader. The internal rhyth-
mic consistency of each leader is represented as the standard deviation
of the values in the individual performance space, calculated across the
eight repetitions of the pattern on the leader solo performance. Incorpo-
rating a combination of the standard deviation of both variables did not
revealed a relation between asynchronies and consistency, therefore we
investigated each one of the variables separately. Figure 4.15 shows the
mean leader induced asynchrony versus the standard deviation of rhyth-
mic pattern occurrences. The left panel shows results for the first variable
( u� /,) and the right panel shows the results for the second variable (

©
� /

�
� ).

Results for the first variable ( u� /,) suggested a relation between the lack
of consistency and the asynchrony induced by the leader (F(1, 4) = 33.26,
p < .01, R2 = .86), although the results for the second variable (

©
� /

�
� ) fail

to reveal any connection to the leader consistency (F(1, 4) = 0.63, p > .05,
R2 = -.07).
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Figure 4.15: Mean leader induced asynchrony versus the standard deviation of
rhythmic pattern occurrences. Left panel shows results for the first
variable ( u� /,). The right panel shows the results for the second
variable (

©
� /

�
� ). Asynchrony values are presented in milliseconds.

Leaders with higher consistency (smaller standard deviation) in-
duce less asynchrony in the performance of their partners.

This result points towards inconsistency being a predictor of asyn-
chrony in ensembles, but it does not seem to be the case for notes with
shorter durations. The question now is why the asynchrony in the first
ratio, but not the second, is correlated with the consistency of the leader?
One possible explanation would be the duration of the notes, it would
be easier for musicians to understand (and hence to predict in future oc-
currences) the rhythmic subdivision of the first ratio simply because its
longer duration would be easier to apprehend, as opposed to the shorter
notes as those of the second ratio where the musicians would have dif-
ficulty apprehending the subdivision. In other words, the effect of con-
sistency in predicting the rhythmic subdivision performed by the leader
would be more noticeable in the longer notes, while in notes with shorter
durations followers would have more difficulty predicting the outcome
of this subdivision in future occurences, regardless of the leader’s con-
sistency in performing that pattern. Indeed Repp, Windsor and Desain
(2002) points out several psychological and motor control experiments
that suggests qualitative differences in the perception and production of
short and long note durations with a discriminatory boundary of about
200 to 300 ms, and hypothesize that “[. . . ] this boundary may reflect a
rate limit of a mental clock that generates metrical subdivisions and paces
discrete motor actions” (p. 567). The authors also mention evidence sup-
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porting the tendency of obligatory grouping of smaller durations, caus-
ing “[. . . ] interval ratios to be generally perceptually distorted, especially
within the range of short durations” (p. 567). Is possible that this ef-
fect, in turn, could make musicians naturally shift their attention to notes
with larger durations. The distortion in the perception of short durations
could explain the difference in the consistency/induced-asynchrony re-
sults, which is indeed supported by the independence of the two ratios,
which were tested for correlation yielding a fairly poor result: r(46) =
-.14, p = .32. Indeed, values of unsigned asynchrony on the large inter-
val ratio are higher (M = 127.5, SD = 137.9) than the small interval ratio
(M = 72.1, SD = 75.7), perhaps mainly due to the local timing variations
that occur before the dotted half-note. But higher asynchrony on the dot-
ted half-note doesn’t seem to be linked to higher asynchrony on the two
sixteenth-notes in the pattern.

Acquaintance to leader rhythmic signatures

Given the observed results suggesting the influence of leader consis-
tency in the asynchrony induced to the followers, we could raise the hy-
pothesis that at each new pattern occurrence, musicians would be more
aware of the leader subdivision strategy, making it easier for them to
predict its outcome and thus rendering lower asynchrony values. We
investigate this hypothesis by testing whether the asynchrony values in
leader/follower interactions would decrease in each pattern occurrence.
Figure 4.16 shows the average values of unsigned asynchronies of the
notes in the rhythmic pattern grouped by occurrence in the score, num-
bered from 1 to 8. They appear in four pairs, each of them presenting the
pattern in sequence without interruptions between them. We can see in
Figure 4.16 that the first pattern of each pair has the tendency to assume
higher values of asynchrony, with a substantial decrease in the follow up
occurrence. This result could implicate that there is a process of acquain-
tance between leaders and followers taking place over the course of the
duet performance, although there is not a clear asynchrony decrease from
the first to the eighth occurrence of the pattern. This may be due to the
large asynchronies registered in the fifth occurrence, which comes after a
region where timing manipulations were abundant. Indeed, by remov-
ing the fifth occurrence from the analysis we achieve a reasonable fit in a
linear regression with asynchrony as dependent variable and occurrence
as the predictor (b = -4.22, F(1, 753) = 10.9, p < .001, R2 = .014). This result
indicates a 28 ms decrease from the first to the last occurrence, although
the size of the effect (4 ms decrease for each occurrence) may still lack
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significance.
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Figure 4.16: Average values of unsigned asynchronies of the notes in the rhyth-
mic pattern grouped by occurrence in the score, numbered from 1
to 8. Vertical bars indicate one standard deviation around the mean.

Adaptation to leader signatures

The hierarchy between leader and follower is part of the culture in or-
chestral music, although it is normally not imposed, but, on the contrary,
is used as a strategy to facilitate the construction of collective perfor-
mances involving greater number of musicians (ATIK, 1994). Nonethe-
less, all musicians are expected to exhibit some level of individuality
that may be expressed through their performance decisions, whether by
rhythmic, timbral or temporal manipulations. We believe that, when
those manipulations are performed in a consistent, repetitive way across
several performances, such behavior would approach the concept of a
signature. When playing solo, all musicians that took part in the exper-
iments described in this investigation exhibited this characteristic in the
performance of the chosen rhythmic pattern. Thus, we consider that all
participants have somewhat distinctive rhythmic signatures. In this con-
text, musicians playing as followers should voluntarily put themselves
in a position where they have to somehow waive their own signatures in
order to adjust their performances to the leaders’ decisions.
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To test this hypothesis we investigated the extent to which musicians
sustain their signatures, i.e. the subdivisions of interval ratios, when
playing with others. To that end, we compare the subdivisions of the
two interval ratios from solo performances with those made as follow-
ers in duet performances and conducted a multivariate analysis of vari-
ance (MANOVA) with both interval ratios as dependent variables and the
condition, solo or duet, as the predictor. We also tested for interaction ef-
fects between the condition and the subjects. The results did not revealed
any difference between the conditions solo and duet (Pillai Trace = 0.011,
F(2,322) = 1.89, p = .15), nor for the interaction between condition and
subjects (Pillai Trace = 0.006, F(10,646) = 0.20, p = .99). Nonetheless, the
results for subject as predictor indicates that even in the duet condition
there is a difference between the way each musician perform the interval
ratios subdivisions (Pillai Trace = 0.186, F(10,646) = 6.65, p < .0001), sug-
gesting that musicians do not entirely give up their musical signature,
even when following others.

4.2.1 Conclusion

The hypothesis raised in this investigation is that leaders who play
more consistently induce less asynchrony to their followers. This no-
tion seems to be a common sense among performing musicians and was
suggested in studies like Repp (1995), although there is still no sufficient
data to support this assumption. In this investigation we considered the
existence of individual rhythmic signatures on performances of six clar-
inetists and examined how those rhythmic signatures are affected dur-
ing ensemble performances. To do so, the rhythmic adjustment between
pairs of clarinetists was tested in order to verify how much individual
rhythmic signatures were modified when musicians interacted with each
other. The results of a MANOVA for pairs of clarinetists suggests the
existence of individual rhythmic signatures, which is surprising for a
short rhythmic pattern of only three notes. This result also highlighted
the different values of consistency in the repetition of rhythmic patterns
for each musician. Furthermore, we tested the hypothesis that rhythmic
consistency may influence the quality of adjustment between musicians.
Results were not conclusive, although they point towards supporting the
hypothesis that musicians with higher rhythmic consistency would be
easier to follow.



5
Gestural Interactions

5.1 GESTURAL INTERACTIONS IN ENSEMBLE PERFOR-
MANCE

In this section we discuss aspects of gestural interaction in musical
ensemble performance, by focusing on gestural responses produced by
musicians following recordings of themselves and others. Through the
presentation of a case study, we propose that musicians exhibit signature-
like gestural patterns while playing solo and that these patterns change
due to ensemble interactions. First, we observed that gestural patterns
collected across solo performances were consistent enough to allow per-
formers identification, like a signature. Then, we observed that these sig-
natures were disturbed when musicians followed recordings, even with-
out visual contact between co-performers. Moreover, disturbances were
smaller when musicians followed recordings made by themselves.

5.1.1 Leader and follower interactions

Why some musicians feel more comfortable playing with a particu-
lar partner? The answer for this question may rely on technical aspects
related to expertise such as rhythmic and tuning precision or either on
cultural or social factors, as for example, musicians from similar perfor-
mance schools, or trained by the same master, or ensembles with pre-
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vious performance experience. Wöllner and Cañal-Bruland (2010) ob-
served that expertise might also play an important role in this effect.
They provided evidence connecting motor expertise and perception of
visual cues, by asking string musicians, non-string musicians and non-
musicians to identify entries given by a violinist to a string quartet in a
series of progressively occluded videos. Hence, it seems that musicians
with more expertise in ensembles would tend to have less trouble for
understanding the intentions of others, and so accomplishing a more co-
hesive performance.

So what makes a musician a better follower? Would it be due to
resemblance of playing styles or to greater flexibility while playing? A
similar question can be extended to leaders. Could it be related to musi-
cians’ ability to demonstrate musical intentions in a more comprehensible
way? Some studies such Goebl and Palmer (2009) and Fairhurst, Janata
and Keller (2014) attempted to investigate this issue. Nonetheless we are
still trying to make sense of the underlying processes involved in this in-
teraction. Approaching this issue from the perspectives of leaders and
followers might help to reveal the effect that each partner exerts over the
other.

In the sequence, we discuss the results of a case study, which draws
attention to the effect of auditory cues yielded by leaders on the gestural
response of followers in ensemble performance. Specifically, we focus on
the different gestural responses produced by musicians while following
recordings of others and of their own.

5.1.2 Parameterization

We defined a scalar parameter by calculating the normal tangential
velocity (speed) using the tri-dimensional coordinates of the clarinet’s
bell. The resulting curves were filtered using a Butterworth low-pass
filter of order 6 and cutoff frequency at 5Hz to suppress high frequency
noise in the data. The speed curves contain information about movement
distribution along the performance but they have different scales for each
musician due to individual differences of height and arm length, which
could interfere in the comparison between participants. Therefore, we
scaled speed curves by dividing each one by their sum of squares. In
addition, when comparing speed curves, regions with low values would
appear as being highly similar when in fact this is a consequence of lack
of movement. To avoid this unwanted effect we represent the curves in
logarithmic scale, further referred as energy curves.
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During the recording of solo performances participants were free
to perform timing manipulations at their preferred tempo. As overall
tempo differences between performances were not relevant to the anal-
ysis, we applied a time warping technique, as indicated in Section 3.1.2,
in order to be able to compare energy curves of performances of different
tempi. The normalization of gestural events in relation to note onset in-
stants rendered a common scale that enables comparison. It was accom-
plished by re-sampling the energy curves between note onsets according
to a common timing model, calculated as the average of each note onset
in all executions.

5.1.3 Results

First, we tested solo performances for gestural consistency by calcu-
lating the standard deviation of all energy curves. The result can be seen
as a whole-group gestural consistency measure (Figure 5.1). Higher val-
ues represent regions with lower consistency within participants. Lower
values represent regions where participants distributed energy in a sim-
ilar way. As stated before, this measure could be misleading if we had
not consider that low variability can also be caused by the lack of energy
where musicians do not move at all. Indeed, Wanderley et al. (2005) ob-
served that musicians tended to perform less movements on more tech-
nically challenging passages. We observed that participants exhibited
similar energy distribution in particular regions, mostly related to en-
ergy local maxima, where significant movement took place. Moreover, it
is possible that these regions are closely related to musical structure, as
the lowest values of standard deviation occurred usually around relevant
musical inflections, such as the beginning of important musical phrases
(notes 1, 9, 17, 31, 39, 47, 53). We also observed larger values on the final
notes of the excerpt, indicating that participants tended to move more
differently towards the end of the excerpt. To further explore the indi-
vidual gestural characteristics of each musician we focus these regions
with higher consistency in order to verify whether performers’ gestural
signatures could be identified. Within these regions of high whole-group
gestural consistency, we selected four phrases with the same rhythmic
and melodic structure: six descendant phrases of quarter-notes 17 to 22,
23 to 28, 47 to 53, and 53 to 58.
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Figure 5.1: Opening bars of the first movement of Symphony No. 5 in E minor, Op. 64 by Pyotr Ilyich Tchaikovsky (Panel A).
Standard deviation of solo speed curves and consistency regions highlighted in grey (Panel B).
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Figure 5.2: Overview of the gesture analysis process. Gesture parameteriza-
tion (LEFT), using two variables, the position and the value of the
peak; signature identification (CENTER), representation of each per-
formance as a single point in an 8-dimensional feature space; LDA
classification (RIGHT), search for a linear combination of features
that characterizes each performer.

On initial visual inspection it was possible to observe some impor-
tant differences in the movements performed on the vicinity of the four
chosen phrases: (1) some musicians tended to make larger, slower move-
ments, while other musicians tended to make shorter, faster movements;
(2) some musicians performed movements before the first note of the
phrase, others during the first note, and others after the first note. Taking
into account the observed characteristics we applied a simple parame-
terization consisting of two variables, the position and the value of the
nearest peak registered in the energy curve around the first note of the
phrase (Figure 5.2, left and middle panels).

Linear Discriminant Analysis (LDA) was used to test whether the ob-
served individual characteristics would be sufficient to separate the mu-
sicians (Figure 5.2, right panel). Each of the four solo takes recorded in
the first session were represented as a single point in an 8-dimensional
feature space, corresponding to the position and energy values for each
phrase. This arrangement was chosen to account for inherent musical dif-
ferences between the phrases, which could induce different gestural re-
sponses. The LDA model correctly classified 100% of solo performances,
even though the simplified parameterization applied discards part of the
information contained in the energy curves. The high accuracy of the
identification of musicians is an indicative of how participants main-
tained their gestural signatures along different executions of the excerpt.
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Figure 5.3: Asynchrony and gestural signatures disturbance during self-self
and self-other interactions.

Next, we examined movement data collected during the second
recording session, when participants performed following recordings of
themselves and of the others, aiming at verifying if any disruption on ges-
tural signatures due to such interaction could be detected. We adopted
the same parameterization of movement data used with solo perfor-
mances. Data collected on the first session (solo recordings) was used to
estimate an average gestural signature for each musician. We proceeded
by calculating, for each musician, distances between the average solo ges-
tural signature and the gestural signatures collected during duet perfor-
mances. This would measure how much musicians moved away from
their original gestural signatures when playing as second clarinetist, re-
ferred here as “disturbance”. Due to scale differences between the two di-
mensions, Mahalanobis distance (MAHALANOBIS, 1936) was used. We
considered the hypothesis that musicians would tend to keep their orig-
inal gestural signatures when following their own recordings, but not
when following others. Disturbance values were first log-transformed to
remove skewness and then averaged across interactions between leaders
and followers. Mean disturbance of self-self duets (M = 0.48; SD = 0.42)
were lower than self-other duets (M = 1.13, SD = 0.43), t(34) = 3.35, p <
.01, 95% CI [0.25, 1.03], suggesting that participants were more likely to
preserve their solo gestural signatures when duetting with themselves
than when duetting with others (Figure 5.3, right panel).

Note synchronization accuracy was also investigated by subtracting
onsets of the follower from the onsets of the leader. Mean asynchrony
values tended to zero, therefore, absolute values were used in the anal-
ysis. Around 25% of the notes had values of absolute mean asynchrony
higher than 100 ms. The majority of those notes were either the first or the



CHAPTER 5. GESTURAL INTERACTIONS 73

last five notes of the excerpt. Errors on the first note can be explained by
the difficulty of predicting the exact moment where the onset would oc-
cur, despite the presence of metronome beats at the beginning of leader
recordings. Synchronization of phrase endings tends to be more diffi-
cult due to timing variations performed by leaders, as most musicians
do. Both cases may be related to the lack of visual interaction between
leader and follower during recording sessions. Asynchrony values were
averaged across interactions between leaders and followers and Welch’s
approximation was used to account for unequal variances. The overall
asynchrony for the whole group was 77 ms (SD = 84 ms). Mean asyn-
chrony values for conditions OTHER and SELF were 80 ms (SD = 9.27
ms) and 62 ms (SD = 22.55 ms) respectively. Asynchrony values were
18 ms lower when participants followed themselves, t(19.199) = 3.24, p <
.01, 95% CI [6.45, 29.85] (Figure 5.3, left panel).

5.1.4 Discussion

The musical relevance of regions where gestural consistency was ob-
served in solo performances, suggests that temporal energy allocation of
movement may be related to internal representations of expressive inten-
tions. It is possible that those movements act as preparatory gestures,
perhaps condensing an undetermined amount of mixed information into
one single gesture, which in turn would function as a mental represen-
tation of the desired acoustical outcome. This would facilitate the musi-
cian to refer to an eventual inner “musical expression library” containing
predefined solutions for that particular set of musical actions. Indeed,
Leman and Naveda (2010), whilst analyzing gestures of dancers, pointed
out that a pattern of repetitive gestures could act as a mental representa-
tion, a spatial temporal reference frame for dance patterns and/or could
be related to the motor domain, where it would act as a reference for
motor activity in response to auditory input.

Higher variability of energy curves, observed at the end of the ex-
cerpt, indicated that participants tended to move with less consistency
in comparison to other parts of the score. In turn, such decrease of ges-
tural consistency suggests that it could be related to the higher timing
variability observed. Moreover, the challenge of note synchronization, as
well as of expressive coordination in the absence of visual information
might also explain the gestural disturbance observed in these passages.
The choice of high consistency regions to investigate individual gestural
characteristics was not arbitrary. We aimed at envisaging multiple hier-
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archical levels of discrimination from the more general, such as musical
style, or musical school, to the more individual, such as the ensemble, or
the performer. Perhaps, gesture disturbances could be seen as a reflection
of how far distant two musicians are situated across these levels - would
musicians with similar gestures synchronize better?

It is clear that the duetting task influenced the gestural signature of
the participants, by changing both temporal position and energy distri-
bution of the gestures relative to the score. Higher values of energy en-
sures that this effect is not related to eventual decrease in the amount
of movement. They seem to be related to musicians’ attempt to adjust
to the musical intentions proposed by the leader. As there was no vi-
sual information exchanged during the recordings, it is not possible to
determine if this pattern change would be caused by an impulse to pro-
duce visual cues to the partner. The asynchrony results suggested that
musicians tend to better adjust to their own recorded performances com-
paring to recordings made by others. A similar result was observed for
movement data, as the disturbance of gestural signatures of participants
was smaller when they followed their own recordings. The influence of
self-generated actions in the outcome of musical tasks was observed in
previous studies, which also indicated that self-generated actions usually
achieve better accuracy in the results of the performed task (KELLER; AP-
PEL, 2010; KELLER; KNOBLICH; REPP, 2007; WÖLLNER, 2012). Keller,
Knoblich and Repp (2007) also suggests that the recognition of musical
actions are related to motor components, by means of internal representa-
tions and motor imagery. Thus, the synchronization of musicians would
be achieved by each interpreter upon internal simulation of the actions of
other members of the group, based initially on how they would perform
the same excerpt. Therefore, when duetting with themselves, musicians
would associate the musical actions of the leader to self-generated ac-
tions, which, in turn, would facilitate synchronization.

When musicians play in ensembles they face a complex task, which
is to align their individual performance choices to those of the co-
performers. Consequently, the flexibility of a musician should play a
significant role in the overall adjustment of the ensemble. The distur-
bance observed during the duets could be a reflection of this adjustment
and may be related to the accompanying skills of the follower. Further in-
vestigation in that direction could reveal how gestural disturbance could
relate to measured synchrony, and therefore to musicians accompanying
skills.

An intriguing hypothesis would be that musicians have predefined
motor schemes that are triggered when they perform. Those motor
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schemes would be built along years of training, under the influence of nu-
merous (not yet quantifiable) variables, which would also be influenced
by the interaction with other musicians. One may say that this motor
scheme would function as a reference table to a collection of interpreta-
tion strategies encapsulated in simple gestural events. Thus, when per-
forming a certain musical action, musicians would use this motor scheme
as a way to gain access to those predefined strategies. When facing a
situation that conflicts with their own predefined musical settings, mu-
sicians would have reduced control of this motor schema - disturbance
on gestural signatures would reflect the challenge posed by the musical
interaction demanded by the task.

5.1.5 Conclusion

In solo musical performances, recurrent patterns can be easily ob-
served in the way musicians manipulate audio features. This recurrence
could be described as a “musical signature” which is a representation of
the individual interpretation choices made by the performer. We were
also able to observe that musicians presented distinctive, highly con-
sistent, patterns of body movement while performing. When compar-
ing performances of six different musicians, regions of inter-performer
commonality, i.e regions where all musicians performed similar gestures,
were detected. Those regions tended to occur in positions of great musi-
cal significance, which strongly suggests a connection of such behavior to
the musical structure. Furthermore, inside those regions of commonality,
we were able to detect individual characteristics, a gestural signature of
each performer. Duet performances were investigated in search for dis-
turbances of gestural signatures of the followers. Results indicated that
gesture signatures were less disturbed when musicians followed their
own recordings, as compared to the situation when they followed record-
ings made by others. Moreover, a similar effect was observed on audio
asynchrony, corroborating findings from other studies. To conclude, we
believe that further investigation on gestural disturbance and its possi-
ble association to audio synchronization could give new insights on the
underlying mechanisms involved in ensemble performance interaction.
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5.2 INFLUENCE OF EXPRESSIVE COUPLING IN ENSEM-
BLE PERFORMANCE ON MUSICIANS BODY MOVE-
MENT

This section approaches the gestural adjustment between leader and fol-
lower. We tested the hypothesis that while playing on ensemble, the
“gestural signatures” of a musician suffers the influence of the “gestural
signatures” of the colleagues. To test this hypothesis, we try to demon-
strate that: (i) the kinematic data contains sufficient information to iden-
tify “gestural signatures” of musicians; and (ii) the “gestural signatures”
of different musicians could be influenced by different situations of in-
terpretation, for example when following the expressive intentions of the
leader. Evidence of modifications were found in the “gestural signatures”
of the followers when they followed different leaders, even when there was
no eye contact between them.

Gesture and music

Several empirical studies in music performance have shown evi-
dences that musicians manipulate note durations, articulations, intensity,
pitch and timbre, in order to convey musical intentions of a particular
interpretation (GABRIELSSON, 2003). Notable differences may arise be-
tween interpretations of distinct performers or even between the same
performer in different situations (PALMER, 1997). Constancy on such
manipulations may be acknowledged as a style or a signature of the in-
terpreter. It is also well known that body movements in music perfor-
mance also communicate interpretative intentions. In recent years, great
efforts have been devoted to the study of these movements. Cadoz, Wan-
derley et al. (2000) proposed to differentiate body movements directly re-
lated to the production of sound (instrumental gestures) from those that
are not (ancillary gestures), suggesting that the latter present tighter rela-
tions to the performer’s expressive intentions. Attempts have been made
to characterize and quantify physical gestures involved in musical per-
formance, in search for their musical significance (WANDERLEY et al.,
2005; RASAMIMANANA, 2012; DESMET et al., 2012). In order to iden-
tify how the information contained in body movements relates to the mu-
sic structure and consequently to the musician’s intention, some authors
tried to create segmentation models of this gestural data (TEIXEIRA et
al., 2015; CARAMIAUX; WANDERLEY; BEVILACQUA, 2012). Teixeira
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et al. (2015) investigated the musical significance of clarinetists’ gestures
in performances of excerpts from classical and romantic repertoire. They
were able to detect high recurrence of movement activity correlated to
relevant harmonic and melodic changes, which they considered as evi-
dence that musical significance is expressed in musician’s body move-
ment.

Ensemble performance

In instrumental ensemble performances, musicians have to coordi-
nate their actions in order to converge to musical cohesion, which enables
the accomplishment of a consistent performance where not only the notes
are synchronized, but also the musical ideas are coordinated. To do so,
musicians have to anticipate the expressive manipulations of the notes
played by other members of the group. The burden of this coordination
is shared among all musicians engaged in the musical task, either playing
as a leader (serving as reference for other players, such as a conductor, a
spalla, or Clarinet I), or as a follower of the musical interpretation pro-
posed by the leader. As pointed out by Gabrielsson (2003), the goal of
the movement performed by a musician, in addition to giving relevant
information for the coordination with others, may also be used for com-
municating expressive intentions, which provide information about the
artist’s personality or simply entertain the audience.

Goals of the present investigation

Even though ancillary movements have important roles in the trans-
mission of expressiveness and in the synchronization of ensemble per-
formances, the precise way in which instrumentalists adjust their move-
ments when playing with others is still an open research question. The
present section is aimed at an empirical exploration of this issue. More
precisely, we sought to determine whether the body movement of mu-
sicians contains information related to the interpretative intentions in a
performance. To test this hypothesis, we attempt to demonstrate: (i) that
body movement data contain sufficient information to identify “gestu-
ral signatures” of musicians from recurrent kinematic patterns; and (ii)
whether “gestural signatures” of different musicians could be influenced
by different interpretive situations, for example in instrumental duet per-
formances, where musicians have to follow the musical conception of the
leader.
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Although musicians take advantage of visual information conveyed
by body movements of other members of the ensemble, in order to im-
prove their synchronization and overall musical coordination, they are
able to follow other musicians solely by listening to what they play, with-
out any visual contact. This facilitates the methodological design for ap-
proaching the question proposed by this investigation: does musicians
change their gestural signature when playing with others?

5.2.1 Results

Musical gesture recognition

Results of previous studies suggests that musicians have a “musical
signature”. This signature can be observed in acoustic parameters that
describe characteristics of tempi, timbre and articulation of notes. For
instance, a significant decrease in mean asynchrony between notes, mea-
sured over 4 subsequent takes, was observed in Loureiro et al. (2012),
suggesting that musicians have the ability to quickly learn to predict the
expressive intentions of their partners, which may indicate evidence of
interpretive coupling in ensemble performance. As observed by differ-
ent studies (WANDERLEY, 2002; WANDERLEY et al., 2005; NUSSECK;
WANDERLEY, 2009), the consistency in gestural patterns exhibited by
musicians performing similar musical content suggests that they might
also present “gesture signatures”. In fact, “gesture signatures” in every-
day task performances were demonstrated by several studies, such as
Farella et al. (2006) and Loula et al. (2005). In this investigation, the ex-
istence of individual “gestural signatures” was evaluated with pattern
recognition techniques applied to the kinematic data extracted from solo
performances of clarinetists. We use recordings of the Stravinsky excerpt
extracted from the ballet Petrushka – the Quatrième tableau No 100, first
three bars, collected as described in the section 3.1. For the analysis we
used the instantaneous velocity of the centroid of the markers attached to
the bell of the clarinet, and applied the time warping technique described
in Section 3.1.2 to minimize the misalignment of the signals. This causes
all velocity curves to have the same number of samples, around 1500 at
the 100Hz frame rate used for the motion capture. Thus, we consider
each of these samples as one dimension in the data space and applied
Principal Component Analysis (PCA) to further prepare the dataset for
the K-means Cluster Analysis, applied to identify the 6 players.

Principal Component Analysis was able to explain over 90% of the
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Figure 5.4: K-means clustering of the solo performances, represented in a two-
dimension subspace composed by the two first PCs. The velocity
curves of the four solo executions of each clarinetist are shown with
points in different shapes for each subject. The ellipses show the
result of the k-means algorithm when six classes are required.

dataset variance with 13 principal components. Note that the goal of
PCA here is not to find a reduced space for the representation of the data,
even though this process led to a reduction of dimensionality. Actually,
reducing the number of explanatory components is a necessary step for
avoiding the “high dimensional, low sample size data” problem (QIAO;
ZHOU; HUANG, 2009). Without this, any attempt to classify the data
using a small number of groups would be meaningless. K-means Cluster
Analysis, applied to the 13 first PCs was able to classify all solo execu-
tions into 6 groups, corresponding to the 6 players with 100% accuracy.
This may indicate that each performer have a consistent way of moving,
which appears to be distinct from the others. This suggests the existence
of individual “gesture signatures”, corroborating the findings of previous
studies. Figure 5.4 shows the partition of the first two principal compo-
nents into 6 players with 100% accuracy.

Gestural coupling

Having demonstrated that the kinematic data contains sufficient re-
currence to identify individual “gestural signatures” of musicians, we
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Figure 5.5: Geometric illustration of the vector projection procedure. The points
in the velocity profile space corresponding to the solo performances of
the first and the second clarinetists are indicated by A and B, respec-
tively. The performance of the first clarinetist following himself is
represented by Aa, while Ab represents the performance following
the other clarinetist.

tried to verify if musicians would change their “gestural signatures” by
influence of different interpretative conditions imposed by the musical
conception of a leader. The adaptation of the followers’ gestures to those
of the leaders was evaluated by projecting their velocity profiles, while
playing as second clarinetist, onto the dimension that separate the lead-
ers apart.

This was done as follows. First, we represent the leader performances
of two clarinetists in the space of velocity profiles (points A and B in Fig-
ure 5.5). The vector that connects the point A to the point B is denoted
vl. We then consider the performance of the first clarinetist when play-
ing with her- or himself (point Aa) and when playing with the second
clarinetist (point Ab). The amount of change in the kinematic pattern is
evaluated by computing the projections of the vector A←→ Aa (vs, the
"self" condition) and the vector A←→ Ab (vo, the “other” condition) onto
the vector vl. These are the vectors represented as projvl vs and projvl vo,
respectively, according to equation (5.1).

projvl vs =
vs · vl
||vl||

projvl vo =
vo · vl
||vl||

(5.1)
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Figure 5.6: Distance from solo gestural signature in Self and Other performance
conditions. Mean values are shown with dots and the standard error
bars are shown in gray.

The length of the projected vectors were adopted as a metric to differ-
entiate executions where musicians follow themselves from those where
they follow others. Small values of projvl vs indicate that musicians main-
tain their gestural signature when accompany her/his own recordings,
while increased values of projvl vo indicate that they would abandon their
own gestural signature to adjust to that of the other.

A two-tailed t-test with Welch’s correction was applied to the self and
other conditions. In total, 240 vector projections were considered, they
correspond to four takes of the two projections in each of the 30 pairs
of clarinetists, ordered without repetition (n(n − 1)). Results indicated
significant mean difference between projvl vs (M = 0.338,SD = 0.118) and
projvl vo (M = 0.438,SD = 0.173); t(184.3) = 4.91, p < .0001, suggesting
that musicians tended to maintain their original gestural profile while
following their own executions, but shifted towards others’ gestures pro-
files when following them (Figure 5.6).

Results of a one-way ANOVA performed on the subgroup self sug-
gests a significant decrease of the distance along subsequent takes, in-
dicating an adaptation towards the original “solo” gestural signature,
F(3,108) = 5.054, p < .01, as shown in Figure 5.6 left panel, while no
significant differences related to takes, F(3,102) = 0.097, p > .96 was ob-
served for the subgroup other (right panel). This might additionally argue
towards the existence of individual “gestural signatures” in musical per-
formances.
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Figure 5.7: Distance from solo gestural signature in Self (left panel) and Other
(right panel) performance conditions across takes. Mean values are
shown with dots and the standard error bars are shown in gray.

5.2.2 Discussion

This investigation aimed at determining whether body movement
of musicians contains information related to the interpretative intention
during a performance, by verifying the occurrence of gestural coupling
in clarinet duos. Our experiments enabled us to investigate the influence
of different interpretive situations on individual patterns of body move-
ment. The procedures used aimed at identifying gestural pattern recur-
rence in solo performances, which we considered as individual “gesture
signatures”, and to verify if those “signatures” would be affected when
the performer followed recordings of other musicians.

The previously discussed self-other effect was adopted as a framework
for our experiment design, as it was mentioned in earlier studies on syn-
chronization of music ensembles, (KELLER, 2001; KELLER; KNOBLICH;
REPP, 2007; KELLER; APPEL, 2010; LOUREIRO et al., 2012). The most
accepted hypothesis for explaining the self-other effect suggests that the
coordination between musicians is achieved by each interpreter inter-
nally simulating the actions of other members of the group, initially re-
lying on how they would perform the music themselves. Hence, when
following their own recorded performances, they would recognize the
musical actions of the first clarinetist as self-produced and would more
easily adapt to them.
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In the present experiment, we tested the existence of gesture coupling
between two clarinetists playing duets in unison, without any visual con-
tact between them. First, we were able to recognize musicians in solo
performances with 100% accuracy. Next, we were able to observe that
clarinetists, when following themselves, tended to retain their “original”
gestural signature, as recorded in solo performances. Yet, when follow-
ing others, it was observed that they tended to deviate from it. Moreover,
our results indicates a tendency of adaptation between the gestural sig-
nature of the follower to that of the leader, even without visual contact
with the partner.

The observed gestural variations observed in the different perfor-
mance conditions could indicate an involuntary attempt of musicians
to anticipate the interpretive intentions of the leader, only by hearing
her/his manipulations of acoustic parameters. Therefore, these results
are favorable to the hypothesis that ancillary gestures contain some sort
of musical significance, corroborating what has been demonstrated by
several studies, such as the experiments carried by Caramiaux, Bevilac-
qua and Schnell (2010), which showed that parameters extracted from the
gestures of listeners, such as position, velocity, normal and tangential ac-
celerations, curvature, radius and torsion, were correlated with acoustic
parameters, such as loudness and sharpness.

5.2.3 Conclusion

We propose a multimodal analysis framework intended to access the
interactions between gesture and music in ensemble performances. Hu-
man communication is not limited to the use of only one form of sensory
information. Just as in verbal communication, music makes use of vari-
ous mechanisms not directly associated with the production of sound as
a means of communicating the desired interpretation, such as the move-
ments of the body, or the facial and gesture expressions of a conductor.
We believe that the gestural recurrence observed between performances
of the same musician is strongly connected to the planning of the inter-
pretation to be realized. On the other hand, by considering that musi-
cians tend to bend their gestures towards the gesture of the leader, we
might hypothesize that such gestural adjustments would reflect her/his
ability of musically “fitting” to performances of others musicians. As mu-
sicians in an orchestra commonly get used to the gestures of a conductor,
it might be possible to assume that musicians are able to learn how to
read the movement of their partners. Further multimodal investigations
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of musical ensemble performances may facilitate the comprehension of
the creative process underlying musical interpretation, which could shed
light on questions such as: why some musicians feel more comfortable
playing with a particular partner, and would gestural information con-
tribute to this? We think that the framework proposed in this investiga-
tion would contribute to answer these questions.



6
Conclusion and Future Works

I
N this work we tried to address the issue of adaptation between
leaders and followers in clarinet duets, by focusing on acoustical
and gestural responses yielded by musicians during solo and en-
semble performances. Firstly, we presented an overview about en-
semble performance and gesture-related research literature, focus-

ing on synchronization and coordination in musical ensemble, discussing
their importance to the field. We then presented the experimental proce-
dures used in the work, discussing specifically the onset detection strate-
gies available and how they can influence the results of time related mu-
sical research. We also discussed what this field of research could gain
from a move towards more organic experiment setups that are more re-
latable to real performances scenarios.

We chose to approach the topic of coordination in ensemble perfor-
mance in multiple studies, each one focused on different aspects of this
interaction. In Chapter 4 we focused on the rhythmic aspects of ensemble
interactions, specifically, in Section 4.1 we tried to move forward in in-
vestigating in detail which factors influence leader/follower interactions
and which factors would make a musician an ideal co-performer. We
were able to verify the occurrence of the self-other effect in different mu-
sical conditions. The most accepted hypothesis to explain the self-other
effect suggests that coordination between musicians may be achieved by
each interpreter internally simulating the actions of the other members
of the group, relying initially on how they would perform the excerpt
(KELLER, 2001; KELLER; KNOBLICH; REPP, 2007; KELLER; APPEL,
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2010; LOUREIRO et al., 2012). Therefore, when following themselves,
they would recognize the musical actions of the first clarinetist as self-
produced, which would enable them to a better adaptation. The self-other
effect observed in this investigation, showed results consistent with those
reported by Keller, Knoblich and Repp (2007), corroborating the idea that
musicians tend to follow their own executions more efficiently. We were
also able to observe evidences that 1) some participants exhibit better
accompanying skills than others; 2) some participants induce more asyn-
chrony to their co-performers, i.e. they are harder to follow (induced
asynchrony effect); and 3) some participants coordinate better with cer-
tain co-performers.

The section discussed the synchronization in clarinet duos on differ-
ent performance scenarios. We tried to observe how musicians adapt
their performances to different partners. We observed that each musician
assuming the role of follower responds differently to the task, suggesting
that different musicians have different ability levels as follower. In paral-
lel, a similar result was observed for the musicians in the role of leader.
Some participants induced greater asynchrony in the performance of
their colleagues, while others induced less. We also discussed which
elements may influence this behavior. When the musicians played fol-
lowing their own performances it was expected that they would achieve
a greater synchrony, as observed in the results. But even in those cases
there is still an attempt to adjust to the recording, which occurs note by
note. This suggests that the familiarity with the recorded performance
facilitates the understanding of the musical information being transmit-
ted and increases the predictability of the musical ideas of the leader. We
also discussed the concept of a musical signature. We hypothesized the
existence of a musical signature for each performer and that musicians
with similar musical signatures would have a better chance to adjust to
each other. In this context, the best adjustment case would be when the
musician plays following his own previously recorded performance.

In the following section (4.2) we further explored the concept of mu-
sical signature, discussing how they would emerge and influence on the
adjustment of musical groups. We investigated repetitive rhythmic pat-
terns with various occurrences in the excerpt and tried to identify rhyth-
mic signatures that could be occurring. The results of a MANOVA for
pairs of clarinetists suggests the existence of individual rhythmic sig-
natures, which is surprising for a short rhythmic pattern of only three
notes. This result also highlighted the different values of consistency in
the repetition of rhythmic patterns for each musician. Afterwards, we
tried to verify if there was any relationship between these rhythmic sig-
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natures, their consistency and the observed asynchrony induced by lead-
ers. We observed that musicians that induce greater asynchrony are less
consistent on the realization of repeated rhythmic patterns which, in the
light of the Common-Coding Theory (HOMMEL et al., 2001), would in-
dicate that they are less predictable for their co-performers. The hypoth-
esis raised here was that leaders that play more consistently induce less
asynchrony on their followers. This notion seems to be a common sense
among performing musicians and was suggested in studies like Repp
(1995), although there is still no sufficient data to support this assump-
tion.

In Chapter 5 we addressed the gestural component of ensemble mu-
sical performance to investigate how gestural information would con-
tribute to the synchronization in musical groups. In section 5.1, we tried
to extend the concept of “musical signature” to “gestural signatures”.
This reasoning was driven by the high gestural recurrence observed dur-
ing the performances. Further, we investigated if the interaction with
different musicians would disrupt this “gestural signatures” when fol-
lowing others. We observed that musicians presented distinctive, highly
consistent, patterns of body movement while performing, which fits well
with the concept of gestural signature proposed in this study. Moreover,
we observed that musicians gestural signatures are disrupted when they
play in duets, suggesting that some gesture adaptation may be taking
place.

When comparing performances of six different musicians, regions of
inter-performer commonality, i.e regions where all musicians performed
similar gestures, were detected. Those regions tended to occur in posi-
tions of great musical significance, which strongly suggests a connection
of such behavior to the musical structure. Furthermore, inside those re-
gions of commonality, we were still able to detect individual characteris-
tics. Duet performances were investigated in search for disturbances of
gestural signatures of the followers. Results indicated that gesture sig-
natures were less disturbed when musicians followed their own record-
ings, as compared to the situation when they followed recordings made
by others, a similar effect already observed on acoustic asynchrony.

And, finally, in section 5.2 we further explored the hypothesis of the
gestural signatures by applying an alternative approach with a differ-
ent musical excerpt, and tested if the disruption observed in followers
signatures were related to the signature of the leaders. The results of
kinematic data analysis indicate that when participants followed them-
selves they tended to retained their original gestural profile, as recorded
in solo executions. However, when they followed other clarinetists, they
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tended to deviate from their original profile. Moreover, it was observed
that the gesture patterns of followers tended to slightly adapt to those
of leader clarinetists. Finally, since there were no visual interaction be-
tween the participants during recordings, the observed behavior could
suggest a connection between variations in the gestural patterns and the
manipulation of musical parameters carried out by leader clarinetists. In
other words, when clarinetists followed the leaders they tried to adapt
their performance to the intentions of the other, consequently, it is pos-
sible that the observed changes in gestural patterns could be a reflection
of this attempt. These results are favorable to the hypothesis of coupling
between gesture and music. Several studies have demonstrated evidence
of this relationship, such as Glowinski et al. (2013), Palmer et al. (2009b),
Amelynck et al. (2014), Keller and Appel (2010), Dahl and Friberg (2007).
We believe that the gestural recurrence observed between performances
of the same musician is strongly connected to the planning of the inter-
pretation to be realized. On the other hand, by considering that musi-
cians tend to bend their gestures towards the gesture of the leader, we
might hypothesize that such gestural adjustments would reflect her/his
ability of musically “fitting” to performances of others musicians. As mu-
sicians in an orchestra commonly get used to the gestures of a conductor,
it might be possible to assume that musicians are able to learn how to
read the movement of their partners. Further multimodal investigations
of musical ensemble performances may facilitate the comprehension of
the creative process underlying musical interpretation, which could shed
light on questions such as: why some musicians feel more comfortable
playing with a particular partner, and would gestural information con-
tribute to this?

6.1 GENERAL DISCUSSION

Informally, we may say that the main question driving this study is
“who is your ideal co-performer, and why”? A fundamental concept for
this approach is that of the signature, which we applied to both acoustic
and gestural domains. Different authors make reference to what we call
“musical signatures” of interpreters. Most of them indicate that those sig-
natures are linked to the interpretative intentions of musicians, and are
usually observed in solo performances (REPP, 1992; REPP, 1995; REPP,
1996; GOODMAN, 2002; KOREN; GINGRAS, 2014). Similarly, we have
observed the manifestation of these signatures in all performers analyzed
in this work, which supports previous findings in the literature. The re-
sults presented in Section 4.2 have demonstrated evidence for consistent,
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individual musical signatures that are expressed not only in higher levels
of the musical performance (phrase organization, articulations, etc.) but
also in small micro-timing variations inherent to each performer.

Other studies supports that movements performed by musicians dur-
ing musical performances are consistent and, to a certain extent, reflect
some relation with the musical characteristics of the performed music
(JENSENIUS et al., 2010; CARAMIAUX; WANDERLEY; BEVILACQUA,
2012; TEIXEIRA et al., 2015). In previous works (MOTA, 2012; MOTA;
LOUREIRO; LABOISSIèRE, 2013), we verified that these movements, be-
sides being consistent, exhibit unique characteristics of each performer,
allowing them to be identifiable and, therefore, to function as a signature
for each musician. The idea of gesture signatures is the focus of sev-
eral studies that discuss its relevance and application for multiple pur-
poses, such as personal identification systems (FARELLA et al., 2006),
human computer interaction (BEVILACQUA et al., 2010) and the recog-
nition of humans and their activities (LOULA et al., 2005; CHELLAPPA;
ROY-CHOWDHURY; ZHOU, 2005). Likewise, many studies in musi-
cal performance observed the recurrence of musicians gestural patterns
(NUSSECK; WANDERLEY, 2009; DESMET et al., 2012; TEIXEIRA et al.,
2015) and discussed its use for musical interfaces (WANDERLEY et al.,
2005; CARAMIAUX; WANDERLEY; BEVILACQUA, 2012).

When playing in groups it is assumed that the musical signature of
an interpreter is altered in order to adapt to the expressive choices of the
other members of the group, which could be verified in different stud-
ies (see: Shaffer (1984), Goodman (2002) and Keller (2014)). However, in
the case of gestural signatures this process seems more complex, because
they can reflect musical characteristics of the performed music and be re-
plete with gestural idiosyncrasies of each interpreter at the same time. If
we consider the gesture-music relationship as a multimodal amalgam in
the light of theories such as embodied cognition (LEMAN, 2007), it is ex-
pected that during ensemble performances a personal signature would
present changes reflecting the musical choices of the other members of
the group, because of their mutual musical or gestural influence. On
the other hand, if we consider the movement of the musicians as a re-
flection of the aforementioned gestural idiosyncrasies of each individ-
ual, we would expect that these signatures would be unchanged despite
the different performance condition. Nonetheless, what we have ob-
served in this study is somewhat of a mixture between the two hypothe-
ses. Not only, we observed that certain gestural characteristics, specific
to each performer, were maintained throughout ensemble performances
but, also, some changes reflecting musical adaptation could be verified,
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similar to what happened to musical signatures.

Indeed, what we observed is that musicians do not entirely give up
their gestural signature, even when following others. Yet, the results in-
dicate that this gestural signature is disturbed when musicians have to
waive their musical signature, supporting the connection between the
two modalities. One strong hypothesis derived from this work is that the
so called ancillary gestures could have a function of firstly, serving as a
reference frame for the acting musician, and secondly transmitting this
reference frame for co-performers.

In conclusion, we believe that applications of this research may
emerge for educational environments where computational visualization
tools can help raise awareness of the movements being performed and
their effect on the musical coupling in ensemble performance. Other
possible applications would be new interfaces for digital musical instru-
ments, or intelligent accompanying systems, able to “follow” gestural
and acoustic cues using communication strategies similar to those em-
ployed by real musicians. It is also possible to elaborate performances
with synthesized movements using sampling from elements extracted
from real musicians (e.g. average movements of several musicians). Will
those performances be identified as real? Do they influence the coupling
between musicians?

6.2 FUTURE WORKS

We are currently in the process of investigating whether changes in
the kinematic representation of musicians in the role of leader may influ-
ence the perception of musical parameters by co-performers. In ensemble
music performance, synchronization can be achieved by means of acous-
tical or visual streams, but a number of studies, such as Repp (2005), Repp
and Su (2013), Wöllner and Cañal-Bruland (2010) shows that the combi-
nation of these sensory modalities can improve the overall synchroniza-
tion of an ensemble. We believe that the coherence between these modal-
ities should play key role in this process. A study conducted by Nusseck
and Wanderley (2009) indicated that changing the kinematic properties
(amplitude of the movements) of a musician movements can influence
the perceptual impressions of her/his performance. In the study, the au-
thors used kinematic displays, a stick figure representation of musicians’
body. They ask subjects to rate specific music-related dimensions of the
performances (perceived tension, intensity, fluency and professionalism).
Results showed that participants judged as more intense the interpre-
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tations with the range of motion digitally enhanced, even without any
changes in the audio streams. From that perspective, we aim at investi-
gating the contribution of ancillary body movements to the synchroniza-
tion of musical ensembles.

The question that we ask is: to what extent gesture information influ-
ence the synchronization of musical tasks? To answer this, we propose
to test if changes in the kinematic representation of a musician can affect
the overall synchronization of their peers musicians. We propose to test if
the absence of gestural information and misleading gestural information
have an effect in the synchronization of musically experienced subjects.
We are focusing on testing if the incongruence of modalities (mixing ges-
ture from one musician and the audio from another) would have any ef-
fect in the synchronization results of a third player. We present the visual
stimulus combined to a variable mixture of recorded audio and a masker
signal. We regulate the amount of musical information the listener will
have access by controlling the Signal to Noise Ratio (SNR) in the audio
streams, ranging from highly noise to no noise. Our hypothesis are: 1) in
incongruent conditions it would be harder to follow; 2) at a given SNR the
effect of congruence would cease to exist, rendering similar asynchrony
values for the curves of congruent and incongruent conditions. We be-
lieve that coherence between these modalities should play a central role
in this process. Consequently, disrupting this coherence we expect to
see a decrease in the overall synchronization registered. Furthermore, by
tricking participants’ cognitive processes we expect to see if participants
choose to waive one modality in favor of the other.
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