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Abstract: Results from a study of non-verbal social signals in an orchestra
are presented. Music is chosen as an example of interactive and social
activity, where non-verbal communication plays a fundamental role. The
orchestra is adopted as a social group with a clear leader (the conductor) of
two groups of musicians (the first and second violin sections). It is shown
how a reduced set of simple movement features — head movements — can
be used to measure the levels of attention of the musicians with respect
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to the conductor and the music stand under various conditions (different
conductors/pieces/sections of the same piece).
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1 Introduction

Music is a well-known example of interactive and social activity where non-verbal
communication plays a fundamental role. Several works have shown how the
movements of a player can carry information about a music performance
(e.g., by conveying different expressive intentions).

Among visual features, in this paper we focus on head movements, which
are instances of the so-called ancillary or accompanist gestures (Wanderley, 2002),
i.e., movements of a music instrument or of the body of a music player, not directly
related to the production of the sound (vs. instrumental or effective gestures, which are
directly involved in sound production). For instance, the movements of the bows of
string players are (mainly) instrumental gestures, whereas the movements of their heads
are ancillary gestures. Some movements of the hands of a harpist during and after string
plucking are classified as ancillary gestures (Chadefaux et al., 2012). The movements
of the bell of a clarinet are often classified as such, too (Wanderley, 2002), since they
are performed spontaneously by the music player — although they play a direct role in
the production of sound (being movements of a sound source, the clarinet). Obviously,
instrumental gestures are informative: without them, musicians would not be able to
express the different musical ideas they want to communicate. Ancillary gestures are
informative, too, as they often allow one to recognise different expressive intentions,
without looking at the instrumental gestures/listening to the performance. For instance,
for the case of a piano player, Davidson (1993) claimed that visual information alone
is sufficient to discriminate among performances of the same piece of music played
with different expressive intentions (inexpressive, normal and exaggerated), and that the
larger the amplitude of the movement, the deeper the expressive intention (Davidson,
1994). This was confirmed by other studies. Among others, Castellano et al. (2008)
investigated the discriminatory power of several movement-related features for the case
of a piano player and Palmer et al. (2009) showed how the movement made by the bell
of a clarinet is larger when the player performs more expressive interpretations of the
same piece. These works focus on a performance by merely one player. More recent
studies address non-verbal communication in larger musical ensembles such as a string
quartet (Varni et al., 2010) and a section of an orchestra (D’Ausilio et al., 2012). Among
ancillary gestures, head movements are particularly significant. They are known to play
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a central role in non-verbal communication, in general (Glowinski et al., 2011), and in
music, in particular (Dahl et al., 2009). They may express, e.g., the way how musicians
understand the phrasing and breathing of the music and so provide information about the
high-level emotional structures in terms of which the players are interpreting the music.
Head movements have been investigated, e.g., in Glowinski et al. (2013) to estimate
the position of a common point of interest of string players in a quartet — or more
generally, a group of people (Stiefelhagen, 2002; Camurri et al., 2013) — and in Gnecco
et al. (2013) to study how they depend on the presence/absence of a such a common
point of interest. In principle, eye-gazes would be better suited than head directions for
these applications. However, still nowadays eye-gaze tracking equipment is intrusive and
costly. Moreover, previous studies have shown that often head direction and eye-gaze
are correlated (Stiefelhagen, 2002; Stiefelhagen and Zhu, 2002; Stiefelhagen et al., 2002;
Ba and Odobez, 2006). In Camurri et al. (2013), the role of each player in estimating
his/her contribution in the determination of the position of the point of interest has been
evaluated using head movements combined with cooperative game theory.

The present study, which is an improved and extended version of Gnecco et al.
(2013), is aimed at investigating how the head movements of a group of players in an
orchestra can be used to measure the levels of attention toward the conductor and the
music stand under various conditions (different conductors/music pieces/sections of the
same piece). In Section 2, the experimental methodology is described. In Section 3, the
data analysis is presented. In Section 4 the obtained results are shown and discussed.
Finally, Section 5 contains some conclusive remarks.

2 Experimental methodology

The experiments took place in a 250-seat auditorium, an environment similar to a
concert hall. Figure 1 illustrates the setting. Two violin sections of an orchestra and three
orchestra’s professional conductors were involved in the study. Each section counted
four players and was equipped with passive markers of a Qualisys motion capture
system. More specifically, for each musician two markers were placed above the eyes
and one on the nape (back of the neck). The violinists of each section were disposed
in a single row. Additional markers, not considered in this analysis, were placed on the
bows of the players and on the baton of the conductors. The musicians in the other
sections of the orchestra played in all the recordings but their movements were not
tracked. Various experimental conditions were tested, which differ by the presence of a
different conductor and the music piece that was performed: about one minute of music
excerpts from the Overture to the opera ‘Il signor Bruschino’ by G. Rossini, and about
90 seconds of music excerpts from the third movement of the ‘Vivaldiana’ for orchestra
by G.F. Malipiero). Each experimental condition was repeated three times, for a total
of 18 recordings. The recordings belonging to the same experimental condition were
executed one after the other. The frames were recorded at a frame rate of 100 frames per
second. The present study focuses on measuring the levels of attention of the musicians
toward the conductor and the music stand, resp., through an analysis of the movements
of their heads under the various experimental conditions.
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Figure 1 (a) Locations of the players and the conductor (b) A snapshot of the positions of
the head markers of the players and of the conductor (see online version
for colours)
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Notes: Triangles correspond to positions and directions of heads. The other markers are
represented by red dots in the online version.

3 Data analysis

Movement data were collected by using a Qualisys motion capture system equipped
with seven cameras, integrated with the EyesWeb extended multimodal interaction
(XMI) software platform to obtain synchronised multimodal data. The data analysis was
performed using MATLAB 7.7. A reduced dataset, describing the positions of three
reflective markers associated with the heads of the musicians in the 18 recordings,
was extracted from the collected data and head movement features were automatically
computed. For each row, the violinists have been numbered from left to right, from
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1 to 4 for the first section (first row) and from 5 to 8 for the second section (second
row).

e Choice of the data. In the data analysis, we have considered only movement
features associated with the heads of the musicians. One reason for taking into
account only the movements of the heads is that they are purely ancillary gestures
and they are not prescribed by the music score to the same extent as the
movements of the bows.

e Choice of the features. The following features have been computed in the data
analysis. Their computation has been made possible by the Qualisys tracking
manager (QTM) representation of each marker, which provides its position in each
frame, apart from the case of frames in which the marker was undetected or
unlabelled, so its position was not determined. All the geometric features have
been defined taking into account the projections of the motion-capture data on the
horizontal plane, thus discarding the vertical component (then, 2-dimensional
vectors have been considered). Indeed, for each musician the two frontal markers
have been positioned much above his/her eyes, so the vertical component of the
positions of such markers was misleading, e.g., in determining the direction of the
head. It is important to observe that the horizontal component of the head
direction can be recovered from the data associated with the horizontal
movements of the head marker data, as long as the heads perform rotations only
around the vertical axis (panning) and the sagittal one (tilting). Indeed, this was
the case in our recordings, as no significant rotations of the heads around the
frontal axes were observed through a visual inspection of the video recordings
(likely because the violinists used the shoulder rest to hold the violin, thus
reducing the amplitudes of such rotations). This allows the use of a simplified
model, in which only 2-dimensional vectors are considered. Another possible
approach — not followed in the paper — consists in estimating all the three
components of the head directions. This could be achieved, e.g., by introducing
into the data analysis individual corrections to the positions of the head markers,
obtained by estimating their relative positions with respect to the eyes. We have
adopted the first approach, which discards the vertical components of the positions
of the markers, since it is simpler, well-motivated in the present application
(as discussed above), and does not require the estimation of such relative
positions. Finally, we remark that the strategy of looking at head movements in
the horizontal plane has been used in several works (see, e.g., Stiefelhagen, 2002;
Stiefelhagen and Zhu, 2002; Stiefelhagen et al., 2002).

First, for the frames in which the positions of all the markers associated with the
heads were determined, the positions of the barycenters of the heads of the musicians
have been computed. Each of them is defined as the barycenter of the three markers
associated with the head of the musician. Figure 2 shows the trajectories of such
barycenters for a particular recording, together with their average positions with respect
to all the frames of the respective performance. Of course, the frames before the
beginning of the performance were excluded from the computation of the average, as
well as the ones after its end and the frames for which at least one of the three markers
was undetected or unlabelled, so the position of the barycenter was not determined. In
the figure, the asymmetry of the movement patterns between the left-side player and the
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right-side player associated with each music stand is due to the fact that the left-side
player was responsible of turning pages during the performance.

Figure 2 Estimated locations of the music stands (cyan), average locations of the heads (red)
of the eight violinists and of the conductor, and their trajectories (blue) for one of
the recordings (see online version for colours)
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In Figure 2, the music stands have been represented by segments in the horizontal plane.
According to the experimental setup, it was decided in advance to place the music stands
in a parallel fashion. However, before the beginning of some recordings, some musicians
moved accidentally the music stands. So, for each recording, the locations of the music
stands have been estimated using the following method (which we have developed and
discussed with some professional violinists with orchestral experience):

1  First, the horizontal position of the chair of each violinist has been estimated as
the average horizontal position of the barycenter of his/her head.

2 Then, the mid-point of the segment between the estimated horizontal positions of
the chairs of the two violinists associated with the same music stand has been
determined.

3 Subsequently, a first estimate of the position of the mid-point of the music stand
has been found by starting from the point determined in item 2) and moving
forward — as the music stand was in front of the two musicians — along the
direction orthogonal to the segment in item 2) by 70 cm, which is an estimate of
the typical distance of a music stand from such a point (of course, the obtained
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estimate was by construction equidistant from the violinists, as this was the
original displacement of the music stand, in absence of its re-positioning by one
of the two violinists).

4 An additional correction to the position of the music stand has been inserted for
the case in which — by looking at the videos — the music stand was found to be
significantly closer to one violinist than to the other. For each music stand, such a
correction was the same for all the video-recordings belonging to the same
experimental condition (i.e., any fixed pair conductor/piece). Indeed — the few
times this accidentally happened — the music stands were moved only in the
downtimes successive to each group of the three recordings performed
(consecutively) under the same performance conditions.

5  Finally, starting from the just-determined estimate of the position of the mid-point
of the music stand, its extreme points have been estimated by moving by 26 cm
(an estimate of the half of the width of the music score) in each of the two senses
along the average direction of the four vectors joining the estimated chairs of the
left-sided players to the ones of the right-sided players, for each music stand. This
procedure was followed since, in such a way, the estimated music stands were
automatically placed in a parallel fashion.

In spite of the various estimates used inside the procedure described above, the
final displacements of the music stands were in good agreement with their actual
displacements observed in the video recordings [compare, e.g., Figures 1(a) and 2].

Then, for the frames in which the position of the barycenter of the head is
determined, the (2-dimensional) direction of the head of each violinist has been
estimated as the unit-norm vector joining the barycenter of the head with the mid-point
of the segment between the two frontal markers. A correction to such a direction [i.e., a
rotation by a specific angle around the vertical axis) has been inserted for the case in
which the three markers on the head of the violinist were misplaced (this happened, for
instance, for the displacement of the markers on the head of the violinist nearest to the
conductor in Figure 1(a)]. Again, such a correction has been obtained by looking at each
video-recording (in particular, searching for a frame containing a frontal view of each
violinist, in some cases even a few seconds before or after the actual performance), and
was the same for all the video-recordings belonging to the same experimental condition.
Indeed, we remark that the musicians did not re-position their head markers during each
performance, but — the few times this happened — only in the downtimes after each
group of three consecutive recordings, performed under the same conditions. Then, for
the frames for which the positions of both barycenters are determined, also the segments
joining the barycenters of the heads of the violinists to the barycenter of the head of the
conductor have been determined (see Figure 3). Finally, for each violinist, the average
oriented angle between the x-axis and the corrected direction of the head has been
evaluated, where the average has been performed with respect to all the frames of the
performance for which the corrected direction of the head has been determined. Then, by
rotating counter-clockwise the z-axis by such an angle, the average corrected direction
of the head of the violinist has been obtained (see again, Figure 3).
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Figure 3 Corrected directions of the heads of the violinists (blue) and segments (dashed; red)
joining the barycenters of their heads to the barycenter of the head of the
conductor, for a particular frame of one of the recordings (see online version
for colours)
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Notes: The average corrected directions of the heads are also shown (green), together with the
estimated displacements of the music stands (cyan). To help the visualisation, for each
pair of violinists associated with the same music stand, also the intersection of the two
half-lines having the barycenters of their heads as origins and directed as the corrected
head directions is shown.

Starting from the features above, the following four higher-level individual features have
been evaluated for each violinist and each frame.

e Level of attention of the violinist toward the conductor:

a  Equal to 1 if the angle between the corrected direction of the head of the
violinist and the vector joining the barycenter of the head of the violinist
with the barycenter of the head of the conductor is equal to or smaller than a
given threshold. This has been chosen to be equal to a musician-dependent
value, which is the sum of two terms: the first one is a constant (here, chosen
as 12°), which takes (directly) into account a possible misalignment between
the corrected head direction and the direction of the eye gaze, when looking
at the conductor. The second one is musician-dependent as it is inversely
proportional to the distance between the musician and the conductor, and — as
the violinist changes — varies between 3° and 9° (so, the maximum threshold
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is 21°). The reason for such a second term is the following: it takes into
account the fact that, when such distance is smaller, the musician can see the
conductor under a larger angle.

b  Equal to 0 if the angle above is larger than the threshold.

¢ Not determined if the position of the barycenter of the head of the violinist
or of the conductor is not determined in that frame.

o Level of attention of the violinist toward the music stand:

a  Equal to 1 if the half-line starting from the barycenter of the head of the
violinist and having the corrected direction of the head of the same violinist
intersects the segment that models the music stand in front of the violinist.
Also for this feature, a possible misalignment between the corrected head
direction and the direction of the eye gaze when reading the music part has
been taken (indirectly) into account, since the feature is equal to 1 for a
whole range of oriented angles between the z-axis and the corrected head
direction.

b Equal to O if they do not intersect.

¢ Not determined if the position of the barycenter of the head of the violinist is
not determined in that frame.

e Distance of the barycenter of the head of the violinist from its average position:

a  Not determined if the position of the barycenter of the head of the violinist is
not determined in that frame.

e  Oriented angle between the average corrected direction of the head and the
corrected direction of the head:

a belonging to the interval [—, ), for the frames in which the corrected
direction of the head is determined (of course, such an oriented angle does
not depend on the choice of the z-axis)

b  not determined, otherwise.

For illustrative purposes, the following Figures 4 to 7 refer to the same recording.
Figures 4 and 5 show the two levels of attention defined above for the violinists of
the first section and those of the second section, respectively, whereas Figures 6 and 7
show respectively, for each violinist, the distance of the barycenter of the head from its
average position and the oriented angle between the average corrected direction of the
head and the corrected direction of the head in each frame. Of course, only the frames
of the actual performance have been considered in defining the quantities above. It is
interesting to observe from Figures 4 and 5 that for some musicians, the frames for
which the musician’s head is directed toward the conductor approximately coincide with
the frames for which it is not directed toward the music stand, and vice-versa. However,
this remark does not extend to all the musicians, due to their different displacements
(see Figure 2). We refer to Section 5 for more details on a possible way to overcome
this issue.
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Figure 4
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Level of attention toward the conductor (above; blue) and the music stand (below)
for each violinist of the first section, for one fixed recording (see online version
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Level of attention toward the conductor (above; blue) and the music stand (below)
for each violinist of the second section, for one fixed recording (see online version

for colours)
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Figure 6 Distance (in mm) of the barycenter of the head from its mean position
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Figure 7 Oriented angle (in rad) between the average corrected direction of the head and

V.7 VL6 VLS5 VL4 VL3 VL2 VLI

VL. 8

the corrected direction of the head for each violinist, for one fixed recording
(see online version for colours)

0 é T T T T T
-0. ! I I I I j
0 1000 2000 3000 4000 5000 6000
0 é T T T T T
-0. F“F”WWW j
0 1000 2000 3000 4000 5000 6000
0 é T T T T T
T e
0 1000 2000 3000 4000 5000 6000
0 é T T T T T
Py F\/_J\/_\/\T_/\/w—%—‘\yw/—r\/—/‘—r‘\—\,hyf_,‘,,_w j
0 1000 2000 3000 4000 5000 6000
0 é T T T T T
0 1000 2000 3000 4000 5000 6000
0 é T T T T T
-0. F@Wﬂ@@h j
0 1000 2000 3000 4000 5000 6000
0 é T T T T T
-0. E""‘—’”\f‘—"—’\/—«/{\/\w\f‘\w\—f\—"w j
0 1000 2000 3000 4000 5000 6000
1
05 T T T T T j
0
-0.5 I I I I 1
0 1000 2000 3000 4000 5000 6000

frame number

327



328 G. Gnecco et al.

Finally, for each section, each recording, and a given set of consecutive frames, the
following group features have been evaluated.

e  Feature A: average level of attention of the musicians of the section toward the
conductor. The average is performed with respect to all the musicians of the
section and the given set of frames.

e  Feature B: average level of attention of the musicians of the section toward the
music stand. The average is performed with respect to all the musicians of the
section and the given set of frames.

o  Feature C: average of the distances of the barycenters of the heads of the
violinists of the section from their average positions. The first average is
performed with respect to all the musicians of the section and the given set of
frames; for each musician, the average position of the barycenter of the head is
obtained considering the given set of frames.

e  Feature D: standard deviation of the average of the oriented angles between the
corrected head directions of the musicians of the section and their average
corrected directions. For each violinist, the average corrected direction is
evaluated averaging with respect to the given set of frames; the average of the
oriented angles is computed frame-by-frame, by performing the average with
respect to all the musicians of the section; the standard deviation is performed
with respect to the given set of frames.

Of course, we have excluded from the computation the frames in which some of the
quantities to be averaged are not determined, thus reducing the effective number of
frames on which the averages are evaluated.

4 Results

We first report the values assumed in the available recordings by the features defined
in Section 3. Then, we present the results of a statistical analysis for the feature
A. Being conscious of the possible presence of residual errors after performing the
calibration processes described in Section 3, in order to obtain meaningful insights
from the available data when comparing various conditions we have decided to
focus on comparisons in which all the factors possibly ‘difficult to be calibrated’
are fixed (if necessary, with estimated musician-dependent values) for each of the
conditions (‘treatments’) to be compared, when they correspond to the same ‘block’
of observations. In particular, we have used non-parametric statistical tests such as the
Friedman test (Bewick et al., 2004) and the Wilcoxon signed-rank test (Whitley and
Ball, 2002).

Two choices of the set of consecutive frames have been made in the definitions of
the features A, B, C' and D provided in Section 3: all the frames of the performance
(case 1), and the frames corresponding to the beginning of the performance (case 2),
whose duration was assumed to be equal to eight seconds (starting from about one
second before the attack of the piece by the conductor).
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Table 1 For each performance of the two pieces, average level of attention of the musicians
of each section toward the conductor (feature A)

Piece 1

(a) Whole performance

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.386
0.362
0.330
0.496
0.466
0.480

0.403
0.355
0.383
0.547
0.499
0.524

0.688
0.657
0.574
0.827
0.657
0.672

(b) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1 0.468 0.577 0.871
Section 1/Recording 2 0.483 0.376 0.830
Section 1/Recording 3 0.395 0.410 0.882
Section 2/Recording 1 0.546 0.694 0.970
Section 2/Recording 2 0.532 0.537 0.793
Section 2/Recording 3 0.569 0.549 0.891
Piece 2
(c) Whole performance
Conductor 1 Conductor 2 Conductor 3
Section 1/Recording 1 0.439 0.293 0.240
Section 1/Recording 2 0.401 0.252 0.198
Section 1/Recording 3 0.373 0.274 0.238
Section 2/Recording 1 0.660 0.706 0.558
Section 2/Recording 2 0.708 0.633 0.596
Section 2/Recording 3 0.687 0.703 0.602

(d) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.471

0.308
0.358
0.717
0.7455
0.730

0.282
0.258
0.275
0.807
0.682
0.788

0.393
0.290
0.349
0.633
0.528
0.734
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Table 2 For each performance of the two pieces, average level of attention of the musicians
of each section toward the music stand (feature B)

Piece 1

(a) Whole performance

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.910
0.879
0.902
0.930
0.927
0.867

0.904
0.869
0.878
0.665
0.740
0.779

0.817
0.772
0.734
0.661
0.866
0.813

(b) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1 0.856 0.695 0.752
Section 1/Recording 2 0.762 0.653 0.663
Section 1/Recording 3 0.936 0.822 0.626
Section 2/Recording 1 0.944 0.420 0.530
Section 2/Recording 2 0.967 0.672 0.761
Section 2/Recording 3 0.885 0.631 0.806
Piece 2
(c) Whole performance
Conductor 1 Conductor 2 Conductor 3
Section 1/Recording 1 0.522 0.415 0.582
Section 1/Recording 2 0.409 0.412 0.603
Section 1/Recording 3 0.324 0.359 0.644
Section 2/Recording 1 0.750 0.637 0.816
Section 2/Recording 2 0.752 0.637 0.726
Section 2/Recording 3 0.715 0.657 0.746

(d) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.161
0.189
0.017
0.724
0.706
0.764

0.237
0.269
0.294
0.456
0.474
0.486

0.298
0.546
0.474
0.808
0.690
0.674
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Table 3 For each performance of the two pieces, average of the distances of the barycenters
of the heads of the violinists of each section from their average positions (feature C')

Piece 1

(a) Whole performance

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

51.1
54.2
48.6
54.5
54.5
60.5

46.4
59.3
57.7
50.6
58.4
52.7

55.6
46.5
54.1
51.9
61.4
66.1

(b) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1 332 20.9 32.0
Section 1/Recording 2 40.5 34.6 304
Section 1/Recording 3 28.9 26.3 45.0
Section 2/Recording 1 223 19.7 31.7
Section 2/Recording 2 22.6 19.0 47.7
Section 2/Recording 3 30.6 25.6 28.5
Piece 2
(c) Whole performance
Conductor 1 Conductor 2 Conductor 3
Section 1/Recording 1 43.0 57.5 39.0
Section 1/Recording 2 50.0 355 33.8
Section 1/Recording 3 453 36.4 46.4
Section 2/Recording 1 48.6 52.3 49.7
Section 2/Recording 2 53.8 56.1 51.5
Section 2/Recording 3 55.9 51.5 54.9

(d) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

20.0
28.3
27.8
40.3
34.9
21.1

39.1
26.3
17.3
42.5
40.4
49.7

28.9
19.5
14.8
26.6
49.7
39.5
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Table 4 For each performance of the two pieces, standard deviation of the average of the
oriented angles between the corrected head directions of the musicians of each
section and their average corrected directions (feature D)

Piece 1

(a) Whole performance

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.104
0.098
0.081
0.040
0.049
0.050

0.090
0.097
0.102
0.046
0.051
0.052

0.080
0.087
0.089
0.051
0.054
0.045

(b) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.041
0.054
0.072
0.027
0.015
0.037

0.033
0.033
0.050
0.022
0.034
0.027

0.037
0.049
0.033
0.034
0.053
0.031

Piece 2

(c) Whole performance

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.053
0.056
0.058
0.080
0.073
0.079

0.063
0.058
0.062
0.061
0.066
0.056

0.051
0.049
0.050
0.070
0.069
0.079

(d) Beginning of the performance (first 8 seconds)

Conductor 1

Conductor 2

Conductor 3

Section 1/Recording 1
Section 1/Recording 2
Section 1/Recording 3
Section 2/Recording 1
Section 2/Recording 2
Section 2/Recording 3

0.063
0.082
0.070
0.046
0.030
0.018

0.058
0.049
0.063
0.017
0.048
0.026

0.058
0.045
0.035
0.061
0.050
0.038
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For each conductor/piece/section, Tables 1 to 4 show the values of the features
A, B, C and D obtained in each performance, under both cases 1 and 2. Then,
Figures 8(a) to 8(d) illustrates respectively, for each piece, the boxplots of the features
A, B, C and D for each of the two sections, under both cases 1 and 2. The boxplots
above have been obtained using the data shown in Tables 1 to 4. The dependence on
the conductor has not been considered to generate the boxplots, in order to increase
the number of samples (the same) used to draw each boxplot. Inspection of the data
in Tables 1 to 4 and of the boxplots in Figures 8(a) to 8(d) show that, for each fixed
conductor, there is usually a dependence on the piece of the feature A, evaluated on
each whole performance. Such a dependence appears to be more pronounced in the case
of the first section.

Figure 8 For each section and piece, boxplot of, (a) the average level of attention of the
musicians of the section toward the conductor (feature A) (b) the average level of
attention of the musicians of the section toward the music stand (feature B);
the average of the distances of the barycenters of the heads of the violinists of
the section from their average positions (feature C); the standard deviation of
the average of the oriented angles between the corrected head directions of the
musicians of the section and their average corrected directions (feature D)
(see online version for colours)
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Let us now consider in more detail the case of the feature A, examining the entries in
parts (a) and (c) of Table 1, which refers to the case 1 defined above. Interestingly, for
a fixed conductor and a fixed piece, inspection of the corresponding entries in the table
shows that, for the first section, the average level of attention toward the conductor,
evaluated on each whole performance, has usually a larger value in the first recording
than in the successive ones (although in general it is not a decreasing function of
the recording number). In a sense, the first section ‘memorises’ the behaviour of the
conductor from the first execution of a piece to the last one. This effect arises in the
first section, likely because it is the nearest to the conductor. In order to validate this
finding, we have performed — for each section — a comparison of repeated measures,
implemented by a Friedman test, in which each block is constituted by the values
assumed by the feature A evaluated in the case 1 (whole performance) in the first,
second and third recording under each pair conductor/piece (so, the recording numbers
correspond to the ‘treatments’ of the test). We have chosen to use a Friedman test
since, for each violinist, the corrections that have been introduced in the evaluation
of the head directions — and their possible residual errors — are the same for all
the three recordings belonging to the same pair conductor/piece (this motivates the
dependence assumption of the test for the observations belonging to the same block).
The Friedman test has provided test statistics (modelled by x? distributions with
2 degrees of freedom, no adjustments for ties were required) equal to 9 and 2.33 for
the first and the second section, resp., and p-values equal to 0.011 and 0.311, resp.,
allowing to reject with a significance level 0.0125 — for the case of the first section — the
null hypothesis that the different samples have been drawn from three distributions with
the same median. Moreover, to control the inflation of type I error probability due
to multiple comparisons, 0.0125 has been adopted as the significance level instead of
0.05, using the Bonferroni correction (Shaffer, 1995) with parameter n = 4, which gives
0.05/n = 0.05/4 = 0.0125. Indeed, here and in the following we have performed a total
of four tests (two Friedman tests, and two Wilcoxon signed-rank tests).

A comparison with the entries in parts (b) and (d) of Table 1 shows that in general,
the average level of attention of each section toward the conductor is larger when
evaluated at the beginning of the performance than on the whole performance. This
is also illustrated in Figures 9(a) to 9(d), in which the median values and the error
bars of such average levels of attention are plotted and compared for each conductor.
This finding can be interpreted taking into account that the role of the conductor is, of
course, particularly important at the beginning of the performance (and of course, also
in other parts of the performance, which may be identified by an analysis of the music
score). Indeed, at the beginning of the performance, looking at the conductor is the only
way for the musicians to synchronise themselves (no audio feedback from the other
musicians of the orchestra is available in such a moment). With the aim of validating this
finding, we have performed — for each section — a Wilcoxon signed-rank test, pairing
the value assumed by the feature A in case 1 (whole recording) with the one assumed
in case 2 (first eight seconds of the same recording). Also for this case, the dependence
assumption of the test inside each block is motivated by the fact that, for each
recording, the frames corresponding to the beginning of the performance form a subset
of the whole set of frames, and also the (possibly musician-dependent) calibrations
are the same for the two cases. The Wilcoxon signed-rank test has provided a test
statistics, z-value and p-value equal, resp., to (18,—2.94,0.003) for the first section
and (9, —3.33,0.001) for the second section, allowing to reject with a significance level



On the detection of the level of attention in an orchestra 335

0.0125 — for both sections — the null hypothesis that the median difference between the
pairs is 0.

Figure 9 Medians and error bars of the average level of attention toward the conductor
(feature A), evaluated at the beginning of the performance and on the whole
performance, (a) for the case of: the first section and the first piece (b) the first
section and the second piece (c) the second section and the first piece (d) the second
section and the second piece (see online version for colours)
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For each conductor, in general the features B, C' and D resulted smaller at the beginning
of the performance as compared to the whole performance (in this case, the error bars
are not shown, but this can be still obtained in a similar way as before). This means
that, as compared to the whole performance, at the beginning of the performance the
musicians of each section tend to reduce, respectively, their average level of attention
toward the music stand, the amplitude of the movements of their heads, and the
amplitude of the angular movements of the directions of their heads. Finally, we note
that — in the same recordings — there are some differences in the tables between features
evaluated on one section and the same features evaluated on the other section. However,
in this case one cannot infer that such differences do really depend on the sections
(for instance, due to the different parts performed by the two sections) since the features
may be also dependent on the locations and the calibrations, which, in general, are
different for different musicians (see Section 5 for a discussion about these topics).



336 G. Gnecco et al.

5 Discussion

Behavioural features have been investigated for the movements of the heads
of the violinists in an orchestra, in order to study their dependence on the
conductor/piece/segment of a piece/number of times the same experimental condition
is repeated. In particular, the average level of attention toward the conductor of the
first violin section has shown to depend on the number of times each piece has been
already performed, and also on the particular segment of the piece that is taken into
consideration (e.g., the average level of attention toward the conductor at the beginning
of the performance is in general larger than in the whole performance). Although the
results reported in the paper refer to specific choices of some parameters (e.g., the
thresholds in the definitions of the two levels of attention of each violinist toward the
conductor and the music stand, respectively), similar results in terms of rankings of
the values of the features under different conditions were obtained for a few other
choices of such parameters (not reported here due to space limitations). It has also to
be remarked that the ‘one second anticipation’ in the definition of the ‘beginning of
the performance’ has been introduced merely with the aim of simplifying the manual
procedure used to identify the initial frames of each performance. It is likely that such
an anticipation introduces a bias in the definitions of the various features considered in
the paper. However, this has no significant consequences in our analysis, as we mainly
focus on the differences in the values of the features in different situations.

The aim of this study is to provide ways to measure the two levels of attention and
to obtain some insights on their dependencies (particularly, for the case of the level of
attention toward the conductor) on various factors whose influence can be determined
in spite of the presence of residual errors in the performed calibrations. For instance,
interesting results of the data analysis — investigated also from a statistical significance
point of view — are the emergence of the ‘memorisation effect’ described in Section 4,
and the comparison between the average levels of attention toward the conductor at
the beginning of the performance and on the whole performance. Of course, various
improvements are possible. In order to make more unlikely the occurrence — for the
same musician — of simultaneous 1°s in the features ‘individual level of attention toward
the conductor’ and ‘individual level of attention toward the music stand’, the conductor
may be positioned in a different way, e.g., standing on a higher floor than the violinists.
Slightly different setups may be considered: e.g., one may place the musicians in a
‘more symmetric way’ (e.g., equally angular-spaced on two concentric arcs), in order
to reduce the dependence of some features from the location. The procedure followed
in the paper may be improved by making it more automatic; this would reduce residual
errors. This may be achieved, e.g., by applying more sophisticated computer-vision
techniques, thus reducing the need for the visual inspections used in this work to
estimate some quantities. At the same, time, a fully-automatic procedure would also
improve the precision and accuracy of such estimates and would be able to process
a larger amount of data in less time. It would also allow to reduce or eliminate the
above-mentioned ‘one second anticipation’ in the definition of the ‘beginning of the
performance’.

The features considered in this work are mainly ‘attentional’ features, since they
aim at revealing how much the attention of each section is focused toward particular
points of interest (e.g., the conductor and the music stand). Among directions of research
we mention: the investigation of ‘expressive’ visual features, able to discriminate, e.g.,
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between the levels of expressivity of different pieces, or between different interpretations
of the same piece [see, again, Glowinski et al. (2013) for such a kind of study, in the
case of a string quartet] and the investigation of possible correlations among the selected
attentional features. Other possible extensions in the analysis include: the investigation
of relations among the proposed features and the music score; the analysis of speed,
acceleration and coordination of head movements [see, e.g., Glowinski et al. (2013)
for such a kind of study on coordination, in the case of a string quartet]; the use of
tools commercially available in the future, such as Google glasses, to obtain even better
estimates of both levels of attention (and also estimates of all the three components of
the head directions, possibly using suitable image processing techniques); the study of
relations among the movements of the baton of the conductor and the level of attention
toward the conductor.
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