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Abstract 
In this study we investigate synchronization/coordination in musical ensembles, using two complementary 
approaches, kinematic and acoustical analysis. We conducted an experiment divided in two sessions: In the 
first session, musicians were instructed to play as first clarinetist (primo). In the second session, musicians 
were instructed to play as second clarinetist (secondo). Results from the audio analysis show that the 
participants tend to follow more efficiently their own recordings. Results for gesture analysis indicate that 
when clarinetists follow themselves they tend to retain their “original” gestural profile, as recorded in solo 
executions. However, when they follow other clarinetists, they tend to deviate from their “original” profile. In 
those cases, it was observed that the curves of secondo clarinetists tend to slightly adapt to the curves of 
primo clarinetists. 

Resumen 
En este estudio investigamos la sincronización/coordinación en conjuntos musicales, utilizando dos abordajes 
complementarios, análisis cinemática y acústica. Fue realizado un experimento dividido en dos partes: En la 
primera sesión, los músicos fueron instruidos a tocar como primero clarinetista (primo). En la segunda 
sesión, los músicos fueron instruidos a tocar como según clarinetista (secondo). Los resultados del análisis 
del audio muestran que los participantes tienden a seguir de forma más eficiente sus propias grabaciones. 
Resultados para análisis gestual indican que cuando clarinetistas acompañan sus propias ejecuciones ellos 
tienden a mantener su perfil gestual "original", como registrado en las ejecuciones suelo. Sin embargo, 
cuando acompañan otros clarinetistas, ellos tienden a desviarse de su perfil "original". En esos casos, se 
observó que las curvas de secondo clarinetistas tienden a adaptarse ligeramente en a las curvas de los 
clarinetistas primo. 

Resumo 
Neste estudo investigamos a sincronização/coordenação em conjuntos musicais, utilizando duas abordagens 
complementares, análises cinemática e acústica. Foi realizado um experimento dividido em duas sessões: Na 
primeira sessão, os músicos foram instruídos a tocar como primeiro clarinetista (primo). Na segunda sessão, 
os músicos foram instruídos a tocar como segundo clarinetista (secondo). Os resultados da análise do áudio 
mostram que os participantes tendem a seguir de forma mais eficiente as suas próprias gravações. 
Resultados para análise gestual indicam que quando clarinetistas acompanham suas próprias execuções eles 
tendem a manter o seu perfil gestual "original", como registrado nas execuções solo. No entanto, quando 
eles acompanham outros clarinetistas, eles tendem a se desviar do seu perfil "original". Nesses casos, 
observou-se que as curvas de secondo clarinetistas tendem a se adaptar ligeiramente às curvas dos 
clarinetistas primo. 
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Introduction 

By manipulating the acoustic parameters of a 

musical performance musicians are able to 

manifest their expressive intentions. In 

instrumental ensemble practice, the 

coordination between musicians is crucial for 

both the acoustic realization of the desired 

interpretation and the proper understanding of 

the musical ideas by the listeners. In a musical 

ensemble, musicians share the responsibility of 

shaping the acoustic parameters, either by 

serving as a reference for other players or by 

following cues indicated by others. Some 

studies indicate that musicians anticipate the 

manipulations of acoustic parameters by taking 

advantage of both visual and acoustical 

information, which are continuously 

transmitted by other interpreters in order to 

improve their synchronization and overall 

musical expressiveness coordination (Keller et 

al., 2007; Keller; Appel, 2010). Through 

analysis of body movements and acoustic 

parameters, this study attempts to understand 

how this coordination is accomplished by 

musicians during ensemble performances and 

how musicians’ body movements contribute for 

collaborative music interpretation.  

Coordination strategies in ensemble 

performance were investigated considering the 

hypothesis of coupling between musician’s 

body movements and intentional acoustic 

manipulations. More precisely, we ask if 

coordination strategies are reflected in 

musicians’ body movements, even without any 

visual contact during the performance. In order 

to verify this hypothesis, we designed an 

experiment simulating an orchestral 

environment to record performances of 

professional clarinetists, and looked for 

evidence of adaptation in the gestural patterns 

of the player assuming the role of follower to 

those of the ensemble leader. 

Methods 

We focus this study on movements not related 

to the sound production, called ancillary or 

accompanist gestures, as defined by Cadoz, 

Wanderley et al. (2000). The choice of the 

instrument was motivated by the variety of 

gestures observed in clarinet performances 

that are not related with sound production. Six 

professional musicians were recruited in Belo 

Horizonte, Brazil. All of them had previous 

experience in orchestral practice. 

Musical material 

The music used in the experiment was an 

excerpt from the "Dance of the Peasant and 

the Bear" from the ballet Petrushka by Igor 

Stravinsky, taken from the Quatrième tableau 

No 100 (Figure 1), which was familiar to all 

subjects. In this passage, first and second 

clarinet play solo in unison, requiring the 

synchronization of each note. 

Experiment 

The experiment was divided in two sessions 

separated by a time period of two to three 

days: In the first session, musicians were 

instructed to play as first clarinetist (primo), 

i.e., following their own interpretative 

intentions. In the second session, musicians 

were instructed to play as second clarinetist 

(secondo), following the performance of all 

primo clarinetists recorded in the first section, 

including those executed by themselves. 

 

 

Figure 1: Excerpt from the “Dance of the Peasant and the Bear” from the ballet Petrushka by Igor Stravinsky, 
taken from the Quatrième tableau No 100 (first three bars). 
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The only instruction given was to follow the 

primo as good as possible. Three metronome 

beats included at the beginning of each primo 

recording, cued the tempo to the secondo 

clarinetist, which was estimated by an 

extrapolation of the length of the first and 

second bars. After listening to the primo 

execution once, participants played as secondo 

clarinetists four times while listening to the 

primo recordings through a headset in their 

right ear. All primo recordings used in the 

second session were randomly distributed. 

Data acquisition and parameterization 

Gesture 

The system Optotrak Certus was used to track 

tridimensional position of two rigid bodies, the 

clarinet bell and the head of the musicians, 

using a sampling rate of 100Hz. The analysis 

here reported was restricted to the movement 

of the clarinet bell, based on results showed in 

other studies (see Wanderley et al. (2005)). 

Body movement kinematics was represented 

by the instantaneous velocity of the clarinet 

bell, which is derived from the three-

dimensional spatial coordinates, estimated as 

the Euclidean distance between consecutive 

spatial positions: 

     21

2

1

2

1 i+ii+ii+ii zz+yy+xx=v   

where x, y and z represent spatial coordinates 

and i the sample number. The resulting curves 

(here referred to as velocity profiles) were 

filtered using a third order low-pass 

Butterworth filter with a cutoff frequency of 

5Hz, normalized to zero mean and variance 1. 

Time Warping 

Figure 2 (upper panel) shows the superposition 

of two velocity profiles, performed by the same 

musician in different takes. It is noticeable that 

the discrepancy between the curves is 

intensified over time. This is due to a small 

variation in the tempo between the two takes, 

resulting in a difference of approximately 

400ms between lengths in this example. 

Time warping technique was applied to 

minimize this misalignment, as suggested by 

Wanderley (2002) and Wanderley et al. 

(2005). This procedure ensures the same 

approximate tempo for all executions by re-

sampling the signals between two time instants 

(note onsets) according to a timing model, 

defined as the average note onset from each 

note in all executions. Figure 2 (lower panel) 

shows the result of the time warping. 

Audio 

The audio was captured with a sampling 

frequency of 44,100 Hz, in one channel, using 

an omnidirectional microphone in a room with 

basic acoustic treatment. Each clarinetist used 

his own instrument during recording sessions. 

The captured audio was simultaneously 

directed to the Optotrak's Data Acquisition Unit 

(ODAU), which is an analog-to-digital 

converter. This system ensures that the 

external data is synchronized with movement 

data obtained by the Optotrak cameras. 

 

Figure 2: Temporal adjustment of velocity profiles performed with different tempi .Top panel shows original 
curves; lower panel shows adjusted curves. 
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Segmentation 

Audio tracks were automatically segmented in 

the notes level using a tool developed in a 

previous study (Loureiro et al, 2009). This 

system uses a combination of spectral and 

temporal parameters of the audio signal to 

perform the segmentation: detecting abrupt 

changes in windowed RMS (Root Mean Square) 

signal, and variations greater than 6% of the 

pitch values. 

The selection of the most appropriate audio 

descriptors can be a problem, since the 

number of descriptors proposed by modern 

classification systems can easily reach 

hundreds. Therefore, a set of five descriptors 

was selected for this study, intended to 

represent the musical parameters that are 

most relevant to the excerpt recorded: 

Normalized IOI (Timing Profile)  
Nominal values of notes durations extracted 

from the score are used to normalize values of 

Inter Onset Interval (IOI), in order to 

represent a “timing profile” for each 

performance (Repp, 1995). 

Articulation Index 
Defined by Bresin (2001) as the ratio between 

the note duration ND (the time interval 

between the onset and the offset of the note) 

and the IOI: 

 
 
 iIOI

iND
=iAI 1  

Legato Index 
Defined as suggested by Maestre and Gómez 

(2005), considering an ideal legato between 

two notes as a transition without any decrease 

of energy, which is represented by a straight 

line L, extending from the beginning of the 

decay of a note to end of the attack of the 

subsequent note. The index is estimated by the 

ratio between the area A1 (between L and the 

RMS curve in the transition region) and the 

total area below L, A1+A2: 
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were bd is the beginning of the decay and ea 

is the end of the attack. 

Log-Attack Time  
As proposed by McAdams (1999), it is defined 

as the logarithm of the time interval between 

the beginning of the note Tb and the end of the 

attack Te: 

 be TT=LAT 10log  

Loudness 
Calculated by averaging the RMS signal of each 

note assuming that a pure tone at 100dB has a 

mean value equal to 1, according to the model 

defined by Jepsen et al. (2008, p. 425). The 

perception of Loudness is also influenced by 

the pitch of the note (Fastl; Zwicker, 2007); 

therefore, after the transformation to dB/SLP a 

weighing of Loudness values is performed 

considering the human auditory response. 

Data analysis 

Dimensionality reduction 

After the time-warping procedure, each 

velocity profile has the same number of 

samples. Hence, we can represent each 

velocity profile as a point in an r-dimensional 

space, where r is the number of samples of the 

signal. Given the high number of dimensions in 

the velocity profiles we applied a combination 

of two methods, Principal Component Analysis 

(PCA) and Linear Discriminant Analysis (LDA), 

to reduce this dimensionality. The combined 

use of PCA and LDA techniques can reveal 

which dimensions are most important for the 

characterization of a dataset. The combination 

of these techniques is not new, being 

commonly used in face recognition systems, 

such as reported by Marcialis et al. (2006) and 

Lu et al. (2003). 

The LDA is calculated recursively, iterating the 

number of PCs used to group performances of 

the same musician. For each iteration 

misclassifications were calculated using MAP 

(Maximum Posterior Probability) in the values 

predicted by the LDA model. A graphical 

representation of the procedure can be seen in 

Figure 3. The result of this procedure is used to 

select the optimal number of PCs needed for a 

separation without error. Regions ranked with 

lower significance in this procedure were 

discarded.
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Figure 3: An illustrative representation of the combined use of PCA-LDA. (A) Velocity profiles represented as 
coordinates in a space. (B) The PCA projects the data on the vectors with higher explained variance. (C) The 

LDA projects the data on the vector that maximizes the separation between groups.

Results 

Acoustic data 

The dataset was organized according to the 

model suggested by Keller et al. (2007). Two 

groups were defined: self and other. Self 

executions are those where musicians follow 

themselves and other executions are those 

where musicians follow others musicians. In 

the aforementioned study results were based 

only in the analysis of time asynchronies 

between notes. We extended this study by 

using a larger number of acoustic descriptors.  

The distance between first and second clarinets 

executions was defined as the module of the 

differences for each descriptor. The normality 

of the distributions was not confirmed 

(Shapiro-Wilk test); therefore we applied a 

nonparametric test – Mann-Whitney-Wilcoxon 

(Wolfe; Hollander, 1973). Results are 

presented in Figure 4.  

 

 

Figure 4: Box plot of acoustic descriptors for the self-other effect, compared with Wilcoxon-Mann-Whitney. 
Medians are indicated by horizontal lines, means by filled circles and outliers by empty circles. 
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Four of the five acoustic descriptors tested 

showed significant differences between self and 

other executions. The most significant result 

was observed for the descriptor Normalized IOI 

(p< 0.001), which is strongly related to the 

time asynchrony. This result confirms what was 

observed in pianists’ duets by Keller et al. 

(2007): musicians play better with themselves, 

a behavioral characteristic known as self-other 

effect. The Loudness descriptor showed no 

significant difference between self and other 

groups. Overall results indicate that clarinetists 

participants in the study tended to follow their 

own recordings more efficiently, not only in 

rhythmical terms, but also on other musical 

dimensions. 

Kinematic Data 

Similarity between velocity profiles was 

calculated using Euclidean Distance. 

Considering two velocity profiles Q and C, both 

with number of samples n, the distance 

between them is given by: 

 
n

=i

ii )c(q=C)D(Q,
1

2

 

In order to verify the hypothesis that 

coordination strategies are reflected in 

musicians’ body movements, we tested if the 

velocity profile of the second clarinetist adjusts 

itself to the velocity profile of the first 

clarinetist being followed. Considering S as the 

"gestural reference" of a given clarinetist, O as 

"gestural reference" of other clarinetists, s as 

takes recorded when following their own 

recording and o as takes recorded when 

following other’s recordings, we applied a two-

sample Mann-Whitney-Wilcoxon test to verify a 

location shift between distributions D(S,s) and 

D(S,o). The results (left panel of Figure 5) 

demonstrated that the distance values D(S,s), 

with M=27.01 and s.d.=5.80 are significantly 

smaller than the distances D(S,o), with 

M=31.550 and s.d.=7.01 (p< .001). This result 

suggests that, on average, the gestural pattern 

of the participants moved away from their own 

"reference gesture" when they followed other 

musicians.  

It can be argued that this result points to a 

degradation of the musician’s original gestural 

pattern that might be caused by technical 

difficulties in performing the task (following an 

unknown musical pattern presented by the first 

clarinetist). 

 

Figure 5: Comparison between distances D(S,s) and 
D(S,o) (left panel) and between distances D(O,s) 

and D(O,o) (right panel). Medians are indicated by 
horizontal lines, means by filled circles and outliers 

by empty circles. 

This hypothesis was pointed by Wanderley et 

al. (2005) as they observed a similar effect in 

clarinetist’s performances of technically 

demanding excerpts. To check whether this 

shift occurred towards the gestural pattern of 

the others or at a random offset we applied a 

second Mann-Whitney-Wilcoxon test, this time 

to verify a location shift between distributions 

D(O,s) and D(O,o). 

The results (right panel in Figure 5) indicate 

that the distance values D(O,s), with M=35.86 

and s.d.=3.91 are significantly greater than the 

distances D(O,o), with M=33.69 and 

s.d.=5.64 (p< .01). This result indicates that 

on average the gestural pattern of participants 

moved toward the "reference gesture" of other 

musicians being followed. This suggests that 

second clarinetists tended to shift their gestural 

pattern towards that of the first clarinetists, in 

a situation, where the only channel of 

communication was auditory. 

Discussion 

The aim of this study was to investigate 

coordination strategies applied in clarinet duos. 

We were able to verify the occurrence of the 

self-other effect in different musical dimensions 

and the outcome of this coordination in the 

gestural pattern of musicians. The most 

accepted hypothesis to explain the self-other 

effect suggests that coordination between 
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musicians is 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; et al., 2007; Keller; Appel, 2010; 

Loureiro et al., 2012). Therefore, when 

following themselves, they would recognize the 

musical actions of the first clarinetist as self-

produced, which would allow a better 

adaptation. 

The self-other effect for the set of acoustic 

descriptors used in this study showed results 

consistent with those reported by Keller et al. 

(2007), suggesting that musicians tend to 

follow their own executions more efficiently, 

not only rhythmically but also in other musical 

dimensions. The results of kinematic data 

analysis indicate that when participants 

followed themselves they tended to retain their 

original gestural profile, as recorded in the solo 

executions. However, when they follow other 

clarinetists, they had a tendency to deviate 

from their original profile. Moreover, it was 

observed that the gesture patterns of second 

clarinetists tended to slightly adapt to those of 

first clarinetists. Finally, since there was no 

visual interaction between the participants 

during recordings, the observed effect could be 

related to musical parameters manipulation 

carried out by first clarinetists. In other words, 

when second clarinetists followed the first 

clarinetists they tried to adapt their 

performance to the intentions of the other. 

Consequently, it is possible that the observed 

changes in gestural patterns of second 

clarinetists are 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 Caramiaux, Bevilacqua 

and Schnell (2010) and Dahl and Friberg 

(2007). 

Conclusion 

We believe that the observed recurrence 

between gestural patterns is a strong indicative 

of musical information encoded in musicians’ 

gestures. However, the interaction between 

gesture and music points to a complex 

relationship, dependent on numerous variables. 

A deeper investigation of this relationship may 

in the future help us to clarify the underlying 

mechanisms involved in collaborative music 

interpretation. 

One possible hypothesis is that the quality of 

the gestural adjustment between musicians in 

an ensemble performance could be related to 

their musical "fit". For example, players with 

similar movement patterns would more easily 

coordinate musical parameters, and the 

gestural information would act as a catalyst for 

the communication between them. An 

investigation of these relationships could shed 

light on questions such as why some people 

feel more comfortable playing with a particular 

musician, and if gestural information 

contributes to this. 
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