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This article is the result of a first foray into xylophone performance with percussionists from
Canada and Cameroon. It proposes to use the combination of Eye-Stroke Span (ESS), Fix-
ation-Duration and Note-Pattern indexes to analyze free-score and performance oriented
musical tasks, instead of eye-hand span or awareness span for sight-reading and score-based
eye-tracking research in music. Based on measurements realized with a head-mounted eye-
tracker system, the research examines gaze-movements related to eye-hand synchronization
in xylophone performance with musicians coming from three different ethnic groups from
Cameroon (Bedzan Pygmies, Tikar and Eton) and classically trained Western percussionists
(Canada). Increases in tempo are found to involve a diminution of the number of fixations,
but not proportionally, as well as changes in lateral gaze shifts. Fixation-Duration and Note-
Pattern are closely related but not identical, while ESS is relatively more independent. These
gaze patterns are consistent within individuals, but not across individuals. Cameroonian mu-
sicians tend to look away from their instrument, interacting with their peers or with the au-
dience. When they look at their keyboard, preliminary measures of ESS were found similar
to the ESS of Western performers.
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Introduction

Xylophones are percussion instruments made of a se-
ries of tuned wooden bars of varying length, width and
thickness (the ‘keyboard’). They are played by performers
who use mallets to strike the bars (xylophones, marimbas,
vibraphones and other pitched instruments are often re-
ferred to as ‘keyboard percussion’ or ‘mallet instruments’
in Western classical music). A common way to organize
the keyboard is from low to high range (modern Western
xylophones are a good example) but other configurations
can be found around the world (for a review on
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xylophones, see Anderson et al., 2001). Some xylophones
have resonators mounted below the bars to enhance sound
quality, resonance and sometimes tuning (Voisin, 1991),
but a common feature of xylophones is to produce sounds
that are relatively short, especially in the high range
(Schutz et al., 2008). As a result, in most cultures, xylo-
phone repertoire tends to privilege music at fast tempos
where many notes are played in quick succession, and be-
ing able to play at high speeds with great accuracy is the
hallmark of excellent performers: a good example in the
Western tradition can be found in the numerous recordings
of xylophone virtuoso George Hamilton Green, dating
from the first half of the 20th Century (Lewis, 2009).

During xylophone performance, the only contact be-
tween the performer and the keyboard is indirect and hap-
pens during the very brief moment of impact between the
head of the mallet and the bar. Contrary to the practice of
instruments such as the violin for example, where haptic
feedback is rich and integral to the interaction between
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instrument and performer (Saitis et al., 2018), xylophone
performance provides a reduced amount of haptic feed-
back. The sense of sight is thus particularly solicited dur-
ing training phases and performance, and the capacity to
visualize the notes to be hit is a topic often raised during
discussions among peers, as well as in the teaching studios
of Western practitioners (Buyer, 2009). Moreover, percus-
sionists have to work with instruments whose shapes are
asymmetric: bars differ in width and length between low
and high ranges (in the low register of a marimba, which
could be described as a bass xylophone, the bars may be
twice as wide in the low range as in the highest range), and
between models (even in the world of Western classical
music where instruments are mass-produced, xylophone
dimensions vary from one brand to another). Therefore,
not only must percussionists accurately hit many different
targets at high-speeds in a pre-set order (the different
pitches that constitute the melody that they play), they
must also adapt to the built-in variability that is inherent to
the nature of their instrument.

Stemming from over 25 years of observation and prac-
tice as a professional percussionist and teacher of Western
classical music, as well as an ethnomusicologist research-
ing music from Central African Republic and Cameroon,
the main question behind this research is fairly simple:
where do performers look while they are playing the xylo-
phone?

Internationally acclaimed marimba soloist Leigh How-
ard Stevens stresses the importance of vision and the role
of anticipation in performance: “For me, the most im-
portant thing is visualizing what notes I’m going to hit”
(Buyer, 2009, p. 37). This observation illustrates the well-
known role of the anticipation of the gaze in many motor-
control tasks (Berthoz, 1997) and leads us to focus our re-
search question: how do xylophone players anticipate the
action of their hands with their gaze while they are per-
forming? In other terms, how are the eyes and hands syn-
chronized in xylophone performance? Two related ques-
tions stem from this main interrogation: do all percussion-
ists anticipate with their gaze in the same way? And what
relationship exists between performance speed and gaze
anticipation?

Research on music and eye-movement is largely based
on experiments where musicians read the music they are
playing, the experimental conditions varying between
sight-reading and different levels of rehearsed perfor-
mances. When the music is performed from a score,
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musicians tend to look ahead to the next notes to be played:
the distance between the note being played and the note
that is fixated upon by the eye is called Eye-Hand Span
(Sloboda, 1974), or EHS. EHS can be denoted in duration
(typically in milliseconds) or by the number of notes be-
tween hand and eye position, and depends on multiple fac-
tors such as the performance speed, the level of expertise
of the performer or the complexity of the music to be per-
formed (Kinsler & Carpenter, 1995; Furneaux & Land,
1999; Drai-Zerbib & Baccino, 2005; Roseman, Altenmiil-
ler & Fahle, 2016). The notion of awareness span (Cara,
2017) was introduced to measure the adaptation of EHS
before a glance at the keyboard of the piano, taking into
account the moments when the player needs to look at the
keyboard a few milliseconds after reading the score, in or-
der to perform accurately. This measurement helps to un-
derstand how pianists navigate between two systems of
reference: the code that represents a musical score, and its
application on the physical plane via the keyboard of the
piano. However, when music is learnt by memory, EHS
becomes less relevant since there is a ‘more-or-less com-
plete dissociation of the eye movements from the written
music [...], presumably because the buffer is now obtain-
ing its input form some other source, and the eye move-
ments are no longer relevant’ (Kinsler & Carpenter, 1995).
In other terms, the eye movements of musicians playing by
memory are no longer driven by the necessity to refer to a
physical musical score (paper or electronic device), and
are thus focused differently (on the instrument or the envi-
ronment).

Most of the research on anticipation, memorization and
eye-movement in music is indeed based on music played
from a score, and music performance in score-free condi-
tions has seldom been studied. Moreover, xylophone per-
formance has never been explored using eye-tracking de-
vices: we do not know where xylophonists look when they
perform, and what strategies they use during their perfor-
mances to ensure the best accuracy. This article presents
preliminary results from a larger interdisciplinary project
dedicated to the study of instrumental gesture (Marandola,
Mifune & Vahabzadeh, 2017). It investigates how a xy-
lophonist’s gaze moves during a performance, focusing on
score-free musical tasks. Two contrasting contexts are ex-
amined in separate case-studies: classically-trained West-
ern performers from the conservatory and university sys-
tems in Canada forming one group, and musicians belong-
ing to three different ethnic groups from Cameroon
(Bedzan Pygmies, Tikar and Eton; Figure 1), trained
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according to oral tradition by immersion, observation and
imitation (Arom, 1991) in the other group.

It may seem paradoxical to lead a score-free study with
classically trained musicians, who spend a large part of
their musical practice reading musical notation and play-
ing from a score; however, xylophone training is largely
based (as is the case with many other instruments) on ex-
ercises and routines that are entirely performed by
memory. In most cases performers also play their pieces
by memory, and this is particularly true for orchestral ex-
cerpts, which are short passages from the orchestral reper-
toire that are used to test and select performers during pro-
fessional auditions: playing by memory allows musicians
to look at their keyboard in order to ensure the greatest ac-
curacy throughout their performance.
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Figure 1. Map of Cameroon and localization of the three ethnic
groups involved in this study. Adapted from
<johan.lemarchand free. fr>

Method

For the first case-study, the measurements took place
in Canada in two phases: the first phase involved 9 percus-
sionists and involved a series of technical exercises based
on scales, typical of Western musical training practices, as
well as a musical excerpt from standard orchestral xylo-
phone repertoire, recorded at the Centre for Interdiscipli-
nary Research in Music, Media and Technology
(CIRMMT, Montreal). For each task, musicians were
asked to perform at different speeds to evaluate the effect

CENTRAL AFRICAN
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of speed on eye-hand synchronization. In sight-reading
tasks, different methods were used regarding the choice of
tempo: self-paced, fixed by a metronome or a recorded ac-
companiment, or a combination of both. The latter method
was used by Lehmann and Ericsson (1993) who used trials
with fixed tempo to measure differences in performance,
but noted that the reasons behind the selection of tempo in
self-paced trials were varying and not always clearly
stated, and that variations in tempo could occur "without
violating the range of acceptable tempi for performance"
(p. 193). In the first phase of my research, xylophonists
chose their own performance speed and played an excerpt
of their choice: the freedom in the choice of performance
speed aimed to collect data relative to potential thresholds
linked to speed that would be dependent on individual
skills. The second phase was run in the faculty’s percus-
sion studio, with 3 musicians, one of them having already
taken part in the first set of experiments but whose meas-
urements were not of sufficient quality (high data loss
rate). In order to facilitate inter-subject comparisons in this
second phase, these 3 musicians were asked to perform an
identical musical excerpt at 3 different speeds, which were
based on the performance of another player from the first
phase, for a total of 12 versions of the excerpt (4 players,
each performing the excerpt at 3 different tempos). In both
phases, the instrument used was a marimba, which is a type
of xylophone (Figure 2a), so that the size of the bars would
be comparable to the instruments used by some of the per-
formers from Cameroon.

For the second case-study, I worked with 21 xylopho-
nists from Central Cameroon (a region where I have con-
ducted field research in ethnomusicology since 1999: Fer-
nando & Marandola, 2000; Marandola, 2004; Marandola,
2014), who use two types of instruments: Tikar and
Bedzan Pygmies play on banana-tree trunk xylophones
(Figure 2¢ and 2d), standing side by side in pairs, striking
the ends of large bars loosely placed on banana-tree trunks,
while Eton musicians play individually on multiple-reso-
nator xylophones (Figure 2b), where the bars are attached
to the frame and struck in the centre, organized in small
ensembles ranging from 3 to 7 instruments. In order to pre-
serve the performing conditions as close as possible to the
normal conditions of performance, the measurements were
realized in context (i.e. during live performances), in the
villages, in outdoor conditions. The repertoire was based
on the main pieces known by all of the instrumentalists
within each village, and among different villages of the
same ethnic group, to facilitate comparison. The
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identification of the pieces to be performed was based on
interviews with the members of the different communities
(musicians, elders), cross-referenced between different
groups and villages, as well as on recordings and transcrip-
tions, following methods described in (Arom, 2007) and
(Arom & Fernando, 2008). However, although the original
goal of this study was to compare Western and African xy-
lophone players, the measurement conditions in Cameroon
(bright sun light, position of the instrument requiring
downward gazes with the eyelids being half-closed) led to
a dataset that was not consistent enough after post-pro-
cessing, reducing the data to 5 musicians only, coming
from 3 different ethnic groups. As a result, this second
case-study reports observations based on individual play-
ers rather than on inter-subject comparisons.
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Participants

All participants volunteered to take part in the study
and were remunerated for their time.

In Canada, the percussionists were recruited through
flyers and emails among the university percussion commu-
nity and alumni. There were 1 female and 10 male partici-
pants, between the ages of 18-28 (average 23.4), with a
minimum of 9 years of practice (average 13.7), all study-
ing or having previously studied in Montreal. Three were
left-handed. Nine university students in percussion perfor-
mance (from Bachelor to Doctoral levels) took part in the
first phase of the study. Three percussionists, active pro-
fessionally as orchestral musicians and having all earned a
master’s degree in percussion performance, took part in
the second phase of the study.

Figure 2. The different types of xylophones studied: a) Western marimba; b) ensemble of xylophones with multiple resonators —
Eton, village of Emana, Cameroon; c¢) banana-trunk xylophone played in a stand-up position - Tikar, village of Beng-Beng,
Cameroon; d) banana-trunk xylophone placed on the ground - Bedzan, village of Mansoh, Cameroon. Photo credit: F. Marandola

(2015)
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In Cameroon, the musicians were selected by their re-
spective communities, from which they were reputed to be
experts. All were male, according to the vernacular tradi-
tions, and age range was between 22-60 years (average
38). All were right-handed. In the Eton area, two different
xylophone ensembles were studied. In each ensemble, one
soloist playing the xylophone in the highest range led the
group, accompanied by one or two players performing on
medium range instruments, and another player on the bass
instrument (the number of bars on the xylophones de-
creases with the tessitura). In both cases, a drummer and a
shaker player completed the ensemble, but only the xy-
lophonists’ gazes were measured. Among the Tikar, I col-
laborated with a total of 6 pairs of xylophone players (two
players play side by side on one xylophone) located in 5
different villages from the southern part of the Tikar area.
One pair of players was measured among the Bedzan Pyg-
mies, who represent a very small community (approxi-
mately 400 people in total) with a very vibrant and original
musical culture. Bedzan and Tikar have close social rela-
tionships and use most of the same musical instruments
(Fernando & Marandola, 2000).

Technical Set-up

Measurements were realized with a mobile eye-tracker
system (ASL MEXG) running at 60Hz. Performers wore a
Mobile Eye XG Spectacle Mounted Unit consisting of an
eye camera, scene camera, adjustable hot mirror, and a mi-
crophone, mounted on safety glasses, and secured by a
headband to minimize displacement during performance.
The glasses were connected by a cable to a Display/Re-
cording Unit powered by battery that could be either worn
at the belt by the performer or held by the researcher stand-
ing a few feet away (all performers chose the second op-
tion). In addition to the mobile-eye device, every session
was recorded with a video camera (Panasonic HC-V700)
placed in front of the player(s), connected to an external
stereo microphone (AudioTechnica 2022). Eye-tracking
data was captured with ASL EyeVision software (version
6.0.8.1) and analyzed with the ASL Results Plus GazeMap
module (v. 1.8.3.15).

Musical Material and Procedure

In Canada, the testing procedure involved a warm-up
phase, the explanation of the procedure and system (in-
cluding a demonstration on myself), the recording of the
agreement to take part in the experiment, and the recording
of different musical tasks, after a period of time devoted to
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the adaptation to the device, and calibration. An entire re-
cording session did not last more than 60 minutes.

A series of 10 tasks was performed, typical of exercises
practiced during years of training and used for warm-up
before a performance. They represented different types of
movements (Figure 3): 1) hands playing in strict alterna-
tion and moving up and down the register of the instrument
in a straight line (C-major scale; Figure 3a); 2) hands play-
ing in strict alternation and moving up and down the reg-
ister of the instrument along a jagged-line to reach altered
notes (B-flat major scale; Figure 3b); 3) hands playing
simultaneously in parallel motion, a third or an octave
apart (both hands striking simultaneously on an interval of
a third — 1 bar between the two bars that are struck — or in
octaves — 6 bars in between; Figure 3a or 3b, depending on
the scale used, C-major or B-flat major); 4) hands playing
in strict alternation but going in opposite directions back
and forth from a central note (C) along the C-Major scale
(Figure 3c).

a)

b)

Left hand Right hand

Figure 3. Top-view of the trajectory of the hands/mallets of the
percussionist for different musical tasks: a) hands playing in strict
alternation in a straight line (C-major scale); b) hands playing in
strict alternation along a jagged-line to reach altered notes (B-flat
major scale); ¢) hands playing in strict alternation but going in
opposite directions back and forth from a central note (C) along
the C-Major scale.
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The last task consisted of the performance of a musical
excerpt well-known to each performer. Each task was per-
formed at 3 different speeds: slow, medium and fast, the
exact tempo varying with the level of each performer.

During the second phase of measurements, we asked
the 3 players to play a well-known excerpt from the or-
chestral repertoire, ‘Porgy and Bess’ by G. Gershwin,
which presents several interesting characteristics:

1) it consists of a constant flow of 209 notes (sixteenth
notes), played at a fast tempo, where the absence of longer
notes or rests continuously solicits the attention of the per-
former;

2) the musical structure (Figure 4) is based on small
segments of 2 or 4 beats that can be grouped in 4 larger
sections (A, A’, A-Transposed, A’-Transposed, Coda),
each segment being made of patterns of 2 or 3 notes that
are presented in various combinations: the end result is a
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melody that, for the performer, seems to be almost always
the same, but presents constant variations. Some patterns
come back at several points in the piece, identical or trans-
posed (see for example segment al, played thrice in its
original form, and twice in each of its transpositions);

3) the musical content requires performers to regularly
perform two strokes in a row with the same hand, com-
bined with accentuation, which is one of the difficulties of
the piece, as it requires faster motion between two consec-
utive strokes for the same hand, and greater control from
the performer. Each musician chooses to perform these
double-strokes at different points in the excerpt, choosing
from many possible sticking patterns.

The level of difficulty of this musical excerpt requires
players to spend a significant amount of time practicing
this relatively short piece, in order to foster consistency in
their playing.

V. |t
al a2 a3 a4 al bridge 1
A e e e T
al a2 a3 a3 retro.  bridge 2
Aol [ 0 1 T [ [ [ ]
al-t; a2-t a3-t bridge 3
Ao | T ]
al-tz a2-t a3-t a3 retro-t2  bridge 4
Codd [ ][ [ ]
a3’-t2 a3’-t2 final note

Figure 4. Musical structure of the excerpt from the xylophone part of ‘Porgy and Bess’, by G. Gershwin. Each rectangle represents one
beat (four sixteenth notes); identical letters and indexes (e.g. al) denote the repetition of the same musical material; ‘bridge’ indicates
a musical section that leads to the following section with different musical material; ‘retro’ means ‘retrograde’ and indicates an inver-
sion of the original pattern; ‘t’ denotes a transposition of the musical material, i.e. a translation of the musical pattern a few bars to the
left or to the right on the keyboard of the xylophone; a3’ is a variation on a3, mainly a reorganization of the 3 sub-patterns that constitute

this segment

In Cameroon, every session started with a general
warm-up of the ensemble, performing a few tunes from
their repertoire. At this stage, they were often joined by the
rest of community, dancing and singing along. The proce-
dure and the functioning of the eye-mobile system were
then explained to the performers, with a demonstration on
myself, before proceeding to record their agreement in
video. Performers were then equipped (one at a time, in
turns) with the device and had time to play while wearing
the eye-tracking glasses, and get comfortable before

calibrating the system. The next phase involved the perfor-
mance of 1 or 2 pieces chosen from the common repertoire,
each player being equipped with the eye-mobile device in
turns: for the ensemble of 4 players, this means that we
recorded the same piece 4 consecutive times. Among the
Eton, we completed this phase by asking the soloists to
perform 3 more musical tasks that were present in their
performance style, as soloists of the ensembles and main
improvisers: conjunct-degree scale, parallel thirds and par-
allel octaves, played at a speed of their choice.
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Analytical Method

Data analysis was based on the videos that combine the
scene-view, captured by the scene camera mounted on the
glasses, with the point of the gaze on the scene, captured
by the eye camera, after calibration and selection of the
appropriate thresholds for each recording (corneal reflec-
tion spot recognition and pupil recognition). In this study,
the absence of a musical score implies that musicians
looked at their keyboard, or at their environment (other
musicians, audience, etc.). In the first case-study (Canada),
musicians looked exclusively at their keyboard during per-
formance, which led to the realization of transcriptions that
display two superimposed musical staves: one staff corre-
sponding to the music that is performed, while the other
presents the ‘musical score of the gaze’ (Figure 5).

Transcriptions were done by watching the videos at a
reduced speed (6 times slower than the normal speed, i.e.
101ps instead of 60fps), every shift of the gaze being mon-
itored frame by frame to observe accurately the timing of
the shift in regard to the moment of the impact of the xy-
lophone strokes. The transcription of the gaze trajectory
according to a musical score implies that the duration of
gaze fixation is indicated in terms of musical durations ra-
ther than in milliseconds, providing a note index that cor-
responds to the number of notes (or strokes in our case)
during which the gaze remains fixated upon the same point
on the keyboard; Furneaux and Land (1999) describe it as
a ‘note-unit performance index’, p. 2437. For both case-
studies, the note index is based on the smallest subdivision
of the beat, also called minimal operational value (the
‘smallest relevant duration obtained after subdivision’,
(Arom, 1991, p. 231)). In the first case-study, all the notes
have the same duration and correspond to this minimal op-
erational value, both in the scale-exercises and in the ex-
cerpt of ‘Porgy and Bess’, which made the use of the note
index efficient and easy to apply. Note index was also easy
to apply in the second case-study (Cameroon), where
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music is based on regular subdivisions of the beats. Meas-
uring time based on a note index has the advantage of pre-
senting data from the perspective of a performer, who con-
stantly refers to musical durations during performance; it
also facilitates comparisons between multiple perfor-
mances of the same musical material, executed at different
speeds.

From the transcription, we can extract several types of
information:

- The total number of gaze fixations.

- The Fixation Duration, which corresponds to the time
during which the gaze remains focused on the same posi-
tion on the keyboard before shifting to the next fixation;
Fixation-Duration may be expressed with a note index or
in milliseconds.

- The Eye-Stroke Span (ESS), also measured with a
note index, that corresponds to the duration of the antici-
pation of the gaze before a bar is struck. The eye-stroke
span builds upon the notion of both eye-hand span and
awareness span, which do not apply here because of the
absence of a reference to a physical score: the keyboard of
the instrument is indeed the only visual reference for the
performer, who, while striking one bar, simultaneously
looks ahead to the next bar (or set of bars) to be hit.

- The Note-Pattern index, which indicates the number
of musical notes that are grouped together and performed
in a chunk, before the gaze switches to the first note of the
next chunk. The beginning of each note-pattern is deter-
mined by the note that is anticipated by the gaze, as iden-
tified with the eye-stroke span.

Fixation Duration, Eye-Stroke-Span and Note-Pattern
are interrelated, yet independent from each other: for ex-
ample, a Fixation Duration of 4 notes does not mean that
the corresponding Note-Pattern will be of 4 notes (begin-
ning of Figure 5); ESS duration also varies from one fixa-
tion to the next.



Journal of Eye Movement Research
11(2):7

Fixation-Duration 1 4
index

Marandola, F. (2019)
Eye-Hand Synchronization in Xylophone Performance

ﬁﬁﬁmﬁmﬁﬁ

\

s
A\ '_

IV

ESS index \> \) \\m>

— Y
> ﬁ N

A8 \

>

2 3 3
stickingRL R L LRLL RLRL LR L L

3

Note-gattern index 3

2 6 2 3 3
RLRL LRLL RLRL RLRL

Figure 5. Example of a transcription of the excerpt of ‘Porgy and Bess’ (Player #2, 132 beats-per-minute) including: bottom musical
staff, musical excerpt performed by the player; top staff, position of the gaze; in blue, the Duration-Fixation index; in red, the Eye-

Stroke Span (ESS) index; in green, the Note-Pattern index; in black, the Sticking (R = right hand, L =

Finally, it should be noted that using musical notation
to represent gaze-point in transcription reduces the accu-
racy of the data, due to the relatively large surface of a bar.
In fact, the gaze is often positioned on the edge of a bar, or
in the space between two bars, even on the very next bar
as is the case at the end of Figure 5: the gaze is fixed on
the very edge of the F-natural, close to the E, which is why
the ESS is linked to the next E in the lower staff. In such
cases, comments need to be added to the transcription to
keep track of the decisions made during the analytical
phase.

Results - Case-Study 1

The results of the first case-study, dedicated to Western
players, are based on the analysis of three of the musical
tasks: 1) a C-Major scale, played in strict alternation of the
hands over two-octaves, starting and finishing on the cen-
tral C; 2) an exercise based on the same scale, where the
hands move in opposite directions, going in progressively
larger sweeping motions from the central C to the next oc-
tave (Figure 3¢ and Figure 9); 3) an excerpt of ‘Porgy and
Bess’ (Gershwin).

The first general finding is related to the position of the
gaze on the keyboard: when playing on the natural keys,
percussionists all fixed their gaze on the portion of the
keyboard close to the area where both natural and
accidentals (‘white’ and ‘black’ keys) are slightly
superimposed, whereas they usually focused on the middle
of the accidental keys when they played on those bars.
Additionally, when playing several consecutive strokes
combining natural and accidental keys within one gaze
fixation, they often fixed a position on the bar that was

left hand).

close to the very corner of a bar, and located at the centre
of an area covered by two or more consecutive strokes

(Figure 6).

Figure 6. Heatmap of a short excerpt of a musical piece where
the xylophonist (Player #2) plays on both natural and accidental
keys. The focal point differs between natural keys (the musi-
cian’s gaze aims at the section where the accidental keys are su-
perposed to the natural keys), and accidental keys (musician’s
gaze aims at the middle of the bar, at the point of impact).

Main findings reveal a correlation between perfor-
mance speed and a) the number of fixations, b) changes in
lateral gaze movements for certain players. The compari-
son of 4 players for the musical excerpt of ‘Porgy and
Bess’ gives insights on: a) the high reproducibility of gaze
patterns for each individual across several performances,
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these patterns being nonetheless extremely individualized,
and b) the relationship between Fixation-Duration, Eye-
Stroke-Span and Note-Pattern.

The first task consisted of the execution of a C-Major
scale, played in strict alternation, going up over two-oc-
taves before returning to the original note, with 4 notes per
beat for a total of 29 notes. All performers were asked to
play at slow, medium and fast tempos; some also
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performed at an “extra-fast” tempo. Table 1 displays the
individual speeds chosen by each performer for each speed
category, along with the total number of eye fixations;
there was no significant difference in the number of eye
fixations depending on the trajectory of the musical scale
(left to right for the first part of the exercise when pitches
go up, right to left for the second part), t(31) = 1.57,
p=0.12, (two-tailed paired Student’s t-test).

Table 1. Number of eye fixations for each performer for the C-Major scale exercise, according to different speeds (in beats per

minute, or bpm).

Tempo (bpm) Number of fixations (entire scale: up/down)

Player Slow  Medium Fast  Extra-fast Slow  Medium Fast  Extra-fast

1 48 82 146 163 26 21 13 11

2 75 114 150 19 14 12

3 40 60 110 188 27 24 15 11

4 42 88 166 29 16 12

5 68 104 126 21 15 12

6 82 110 150 18 17 11

7 80 132 187 21 12 10

8 81 126 182 17 11 8

9 48 92 138 166 24 17 12 7

10 85 120 160 20 17 11

11 59 92 143 27 22 13
Average 64 102 151 172 23 17 12 10

While the interpretation of ‘slow’, ‘medium’ and ‘fast’
varies significantly from one performer to the next, it is
interesting to note that the number of eye fixations de-
creases with the augmentation of speed for all performers
(Figure 7a). At a slow tempo, the xylophonists take the
time to fix their gaze on most of the bars (up to 29 fixations
for a total of 29 strokes). At a medium tempo, the decrease
in the number of fixations varies quite significantly from
one performer to the next, and at a fast tempo, half of the
performers have decreased their number of fixations by
half compared to the slow tempo. The extra-fast category
sees further decreases in the number of fixations, and it
should be noted that players start to lose accuracy.

A one-way ANOVA revealed a significant effect of
tempo condition (Slow, Medium, Fast) on the number of
fixations (F(30,2)=26.73, p<0.0001) as shown in Figure
7a. Post-hoc tests revealed significant differences across
all three conditions (p<0.005). The ‘Extra-fast’ condition

was not taken into consideration in this comparison since
only 3 participants added this fourth category.

These results indicate that fixations are correlated to
speed, typically going from a fixation for every note or al-
most every note (every xylophone bar) at the slowest
tempo, to almost 3 notes at the fastest tempo. At the slow-
est tempo (42bpm), player #4 realizes 29 fixations, the du-
ration of each note being 375ms, while at the opposite end
of the spectrum in the ‘fast’ category (187bpm), each note
is 80ms long and player #7 uses 10 fixations to perform the
entire exercise, for a Fixation-Duration mean of 232ms;
while the duration of each note is more than 4 times shorter
in the second case, the number of fixations is not reduced
proportionally. Figure 7b reveals a strong correlation be-
tween the augmentation of performance speed and the re-
duction in the number of fixations (r(34) = 0.907, p <0.01)
which does not linearly scale but rather follows a logarith-
mic function.
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Comparing the ratios between ‘slow’, ‘medium’ and  a)
‘fast’ categories for performance speed and their corre-
sponding inversed ratios for gaze fixations (Table 2) helps
to underline that ratios vary considerably from one player
to the next (see for example players #4 and #10 in the com-
parison between ‘slow’ and ‘fast’ speeds). Moreover, there
are few exceptions where the ratio is similar (player #8 for
the ‘slow’/‘medium’ comparison), or inverted (players #7,
‘slow’/*medium’; players #5, #6, #10 and #11 for the ‘me-

N N W
o Ul ©

Number of fixations
[y o=y
o Ul

dium’/“fast’ comparison). 5
0
Slow Med. Fast
Tempo categories (as set by the
performers)
b)
35
30 o
o [ ]
©n °.,
.E 25 o9
B e [ J
220 0. B
= ® ...
o : .0 ........ e o
g 15 o W......
E * e oo °
i R SRR
® o
5
0
0 20 40 60 80 100 120 140 160 180 200

Tempo (in beats per minute - bpm)

Figure 7. C-Major scale over two octaves in strict alternation of the hands. a) Mean number of eye fixations (y-axis) in relation to
tempo conditions (x-axis: Slow, Medium, Fast) according to performers’ preferences; error bars represent the standard deviation. b)
Number of eye fixations (y-axis) in relation to performance tempo across all trials, in beats per minute (x-axis).
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Table 2. Comparison of the ratios between different performance speeds (Slow, Medium and Fast) and the ratio for the number of

fixations, for each performer for the C-Major scale exercise.

Ratio Medium/Slow Ratio Fast/Medium Ratio Fast/Slow
Player Performance NL.lmb.er of Performance NL.lmb.er of Performance Nl}mb.er of
Speed Fixations Speed Fixations Speed Fixations
1 1.71 1.24 1.78 1.62 3.04 2.00
2 1.52 1.36 1.32 1.17 2.00 1.58
3 1.50 1.13 1.83 1.60 2.75 1.80
4 2.10 1.81 1.89 1.33 3.95 2.42
5 1.53 1.40 1.21 1.25 1.85 1.75
6 1.34 1.06 1.36 1.55 1.83 1.64
7 1.65 1.75 1.42 1.20 2.34 2.10
8 1.56 1.55 1.44 1.38 2.25 2.13
9 1.92 1.41 1.50 1.42 2.88 2.00
10 1.41 1.18 1.33 1.55 1.88 1.82
11 1.56 1.23 1.55 1.69 2.42 2.08
Average 1.62 1.37 1.51 1.43 2.47 1.94
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Figure 8. Musical representation of the exercise where Left Hand (L) and Right Hand (R) move progressively away from the central

note (C), but constantly having to come back to it.

The next results refer to an exercise based on the same
scale (C-Major), where the hands move in opposite direc-
tions, making progressively larger sweeping motions from
the central C to the next octave (Figure 3c and Figure 8).
Performance speed was chosen by the players according to
the same categories (Slow, Medium and Fast, as well as
Extra-fast for a few players who performed another run).

For this exercise, players tend to cast their gaze ahead
by 3 notes (ESS note index of 3): when the right hand
reaches a high note, the gaze shifts immediately to the next
lowest note to be played by the left hand, skipping the two
central notes (C) that are played in between; however,

11

there is an influence of performance speed on the eye-
movements of the players. At slow speeds, xylophonists
have enough time to look at every bar and anticipate not
only the notes that are at the extreme end of the range that
they need to cover, but they also focus on the central note
of the exercise (C). When speed increases, they skip this
intermediate step to jump from one extreme to the next,
and when they reach the limits of their skills, their gaze
tends to lose focus and synchronicity with the bars to hit,
leading to pitch errors (Figure 9) or they stop moving their
eye laterally to focus only on the central note of the range

(€).
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Figure 9. Representation of horizontal gaze coordinates for the contrary motion task based on a C-Major scale, performed at 3
different speeds (from slow to fast) by Player #2. The upper part of the schema represents the high register, the highest point being
the highest note (towards the right of the performer), the bottom part represents the low register (towards the left of the performer) —
the drawing on the left represents a top-view of the keyboard. At the slowest speed, 119bpm (left), the musician has enough time to
fix on the central note (cf. circled section). At medium speed (144bpm), there is only one fixation on the centre of the keyboard,
while the last iteration of the task (on the right, 190bpm) leads to a loss of control of gaze accuracy — which, in this case, takes place
on the non-dominant hand side of the player, before fixing only on the central note of the exercise, C.

As was the case for the first set of results, there are nu-
merous discrepancies between performers who use differ-
ent strategies: while some of them try to anticipate all of
the striking positions at all speeds, i.e. extremes and centre
of the range (Table 3, Player #6), some stop switching their
gaze from left to right when they reach a certain speed,

fixing their gaze only on the central note C (Players #1, #4,
#10 and #11). Player #8 begins applying this technique at
the slowest speed. In general, the gaze-stop on the central
note is associated with slower speeds, while the unique fo-
cus on the central note is associated with higher speeds,
but the gaze-stop technique reappears at higher speeds
when performers start to make some errors on this note.

Table 3. Characterization of gaze-fixations strategies for each player according to performance speed. ‘Gaze-stop on central C’
corresponds to a fixation on the central note of the keyboard, which is repeated twice in between extreme pitches. ‘Focus on central
C only’ refers to players who only fix their gaze on the central note of the keyboard, while playing all of the exercise. ‘Y’ indicates
that performers use this technique, ‘N’ that they do not have recourse to it. ‘(Y)’ indicates partial use through the entire exercise. ‘N’
in both categories corresponds to gaze-shifts from one extreme to the other, the gaze never fixing the central note except for the very

beginning and end of the exercise.

Tempo (bpm) Gaze-stop on central C Focus on central C only
Player Slow Med. Fast E;::?_ Slow Med. Fast fast- Slow Med. Fast E;;tsr?-
1 120 174 234 Y N N N ) Y
2 119 144 190 Y N () N N N
3 73 104 162 225 Y Y Y N N N N N
4 104 220 254 Y N ) N Y ()
5 112 153 177 (Y N N N N N
6 122 140 178 Y Y (V) N N N
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7 104 170 240 Y
8 117 164 208 N

108 156 194 211 Y
10 136 172 216 Y)
11 150 202 242 Y
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N N N N N
N N Y) Y Y
Y N N N N N N
N N N N ()
N N N N ()

This second set of results indicates that performance
speed has an impact on the way performers fix the key-
board with their gaze, in this instance on lateral shifts. Xy-
lophonists use different techniques with their gaze to com-
bine accuracy and performance speed, in turn or in partial
combination throughout the exercise: fixing on all of the
striking spots, shifting between extremes, or focusing only
on the central note of the range.

The third set of results is based on the analysis of the
musical excerpt of the xylophone part from ‘Porgy and
Bess’. Based on the performance of the first player (Player
#2), three other xylophonists recorded the excerpt at the
same respective speeds: 127bpm, 132bpm and 144bpm, all
being within the range of an actual performance tempo
with an orchestra. Data loss occurred once for each player,
at different tempi: 6 notes for Player #1 at 127bpm (includ-
ing one blink); 4 notes at 144 for Player#2; 6 notes at
144bpm for Player #3; 2 notes at 132bpm for Player #4
(blink). The data was either taken out of the results, or
compensated by checking the eye-camera video, to detect
any displacement or change in the gaze: if the eye and the
head were both immobile, as could be verified respectively
with the eye-camera and the scene-camera, it was assumed
that the fixation was continuing through the data loss; else
the data was discarded during the corresponding frames.

The number of fixations over the entire musical excerpt
varies greatly from one player to the next (Figure 10):
Player #1 uses less than half the fixations than Player #4.
All players use more fixations at the slowest speed, how-
ever the number of fixations is the lowest at the intermedi-
ate speed for three of them. Player #3 displays the largest
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amount of variability in the number of fixations across the
three versions (21.9%).
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Figure 10. Comparison of the total number of fixations for the
musical excerpt of ‘Porgy and Bess’ for 4 players across 3
performance speeds: 127, 132 and 144 beats per minute (bpm).
Players are identified by their number (#1 to #4).

The variability in the total number of fixations depends
on the duration of these fixations: less fixations in total im-
plies longer single fixations, although the Fixation-Dura-
tion observed for Player #1 are not systematically twice as
long as the Fixation-Duration of Player #4. The compari-
son of the Fixation-Duration for these players shows that
Player #4 relies solely on short Fixation-Duration of 1 to 5
notes, while Player #1 uses fixations that can last up to 20
notes, i.e. the equivalent of 5 beats or 2.36 seconds (Figure
11). The longest Fixation-Duration was found in the per-
formance at 132bpm of Player #1, with fixations lasting 23
and 24 notes (2.72 seconds) in musical sections A (al +
a2) and A’-t2 (al-t2 + a2-t2) (Figure 4).
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Figure 11. Comparison of Fixation-Duration (in % of total number of fixations over the total excerpt) for Player #1 and #4 at 127bpm

for the musical excerpt of ‘Porgy and Bess’.

When comparing individual players across versions, it
appears that longer Fixation-Durations take place in the
same musical segments, which is not true when realizing
an inter-subject comparison. To facilitate comparison be-
tween versions and subjects, Fixation-Durations were
grouped into 3 categories chosen to reflect recent findings
by Cara about the limits of musical information processing
of 7 +/- 2 notes (Cara, 2017), that confirm Sloboda’s

findings (Sloboda, 1974): 1 to 4 notes, 5 to 9 notes, 10 and
more. These categories create the opportunity to obtain a
profile for each player, depending on their tendency to use
shorter or longer Fixation-Durations (Figure 12). The in-
fluence of speed on the variation of Fixation-Duration for
each category remains very individualized, each player
displaying different variations from one speed to another.
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Figure 12. Comparison of Fixation-Duration (in % of total number of fixations over the total excerpt, y-axis) for all players across all
tempos for the musical excerpt of ‘Porgy and Bess’. Players are numbered 1 to 4 (x-axis), and Fixation-Durations are grouped in 3

categories: 1 to 4 notes, 5 to 9, 10 and more.



Journal of Eye Movement Research
11(2):7

As mentioned earlier, Fixation-Duration, ESS and
Note-Pattern are interrelated, but not identical.

Such is the case for the relationship between Fixation-
Duration and Note-Pattern: if a fixation is 5 notes long, it
does not mean that the corresponding Note-Pattern will
have the same duration (see Figure 5, for example); how-
ever, there is a strong link between both, and the longest
Note-Patterns (24 and 25 notes long) are found in perfor-
mances by players who have the longest Fixation-Dura-
tions. An interesting characteristic of Note-Patterns is that
their segmentation remains relatively stable across

Marandola, F. (2019)
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versions for each of the players, who tend to amalgamate
small chunks in longer patterns. The comparison of the
versions at 132bm and 144bpm at the beginning of section
A’ for Player #2 is a good example (Figure 13): from one
version to the other, Player #2 amalgamates two chunks
that are 3-note and 5-note long into a single chunk that is
8-note long (highlighted in yellow in Figure 13), ), pro-
ceeding in the same manner for the following chunks
(highlighted in green). This process is not systematic, as
can be seen with the last note-pattern in Figure 13, where
a 6-note long Note-Pattern is divided in 2 sub-groups (in
orange).

Note-Patterns 132bpm | 3 | 3 | 5 | 3 | 2 | 6 |
Note-Patterns 144bpm ‘ ‘ 8 ‘ 5 ‘ 3 ‘ 3 ‘
Section A’ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

al a2

Figure 13. Example of the amalgamation of note-patterns from one version (132bpm) to another (144bpm), Player #2, beginning of
the A’ section (segments al and a2) of the musical excerpt of ‘Porgy and Bess’.
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Figure 14. Comparison of Note-Pattern categories (in % of total number of fixations over the total excerpt) for all players across all
tempos for the musical excerpt of ‘Porgy and Bess’. Players are numbered 1 to 4 (x-axis), and Note-Patterns are grouped in 3 categories:

1 to 4 notes, 5 to 9, 10 and more.

15



Journal of Eye Movement Research
11(2):7

The categorization in 3 classes (1 to 4 notes, 5to 9, 10
and more) has also been applied to Note-Patterns, to com-
pare versions and players. For the intra-subject compari-
son, the influence of speed on the variation of Note-Pattern
durations remains very individualized, each player favor-
izing different variations from one speed to another. The
inter-subject comparison presents a profile quite similar to
the Fixation-Duration, but the category 5 to 9 notes is

Marandola, F. (2019)
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larger for Note-Patterns than for Fixation-Duration for all
players except for player #1 (Figure 14).

The possibility for a musician to perform identical mu-
sical passages with the same Note-Pattern segmentation,
but with different Fixation-Duration, is based on the flexi-
bility of the Eye-Stroke Span: such is the case, for exam-
ple, for Player #2 in the musical segment al in sections A
and A’, at 132bpm (Figure 15).
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Figure 15. Comparison of the relationship between Fixation-Duration, Eye-Stroke Span and Note-Pattern in two identical musical
passages of the musical excerpt of ‘Porgy and Bess’ for Player #2 (127bpm). The Note-Pattern segmentation remains identical while

the Fixation-Duration and ESS vary.

Duration of ESS vary from 0 to 6 notes across all ver-
sions, 0 indicating a moment when the player looks at the
bar at the moment of the strike, which happens rarely. The
majority of ESS have a duration of 2 or 3 notes. ESS dura-
tions can be grouped in 3 categories: 0 to 1 note, which
indicates minimal gaze anticipation; 2 to 3 notes, corre-
sponding to the majority of cases and to the strategies ob-
served in the scale exercises; 4 and more notes, indicating
a gaze anticipation of at least one beat. By color-coding
these 3 categories, it is possible to produce a sort of ‘map
of anticipation’, where red corresponds to minimal

16

anticipation and blue maximal anticipation (Figure 16),
that helps to proceed to intra-subject comparison. Such
comparisons show that players tend to exhibit shorter or
longer anticipations in the same musical passages, beyond
variations in ESS.

A comparison between all players across all versions
reveals that all performers favour an ESS of 2 or 3 notes,
but that the ESS seems to be more independent of the other
variables, as demonstrated by the repartition of categories
across players that differs from Fixation-Duration and
Note-Patterns graphics (Figure 17).
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Figure 16. Overview of the anticipation measured with the ESS for Player #3 (127bpm). ESS categories are color-coded with red for an ESS of 0 to 1; yellow for 2 to 3; blue for 4 and more.
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Figure 17. a) Comparison of ESS categories (in % of total ESS over the total excerpt) for all players across all tempos for the musical excerpt of ‘Porgy and Bess’. Players are
numbered 1 to 4 (x-axis), and ESS are grouped in 3 categories: 0 to 1 note; 2 to 3; 4 and more. b) and c) correspond to Figures 12 (Fixation-Duration) and 14 (Note-Pattern),
reported here to facilitate comparisons between players.
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Results - Case-Study 2

The results of the second case-study are based on meas-
urements and observations realized among 3 different eth-
nic groups in Cameroon. As aforementioned, data quality
was uneven after post-processing and the results are based
on a few individual players, rather than on inter-subject
comparisons. However, even when the eye-tracking data
were not exploitable, the image of the eye-camera pro-
vided precise information on the opening or closing of the
eye, and the scene camera, combined with the other video
camera placed in front of the player, reported additional
information on the orientation of the head and of the gaze
of the performer.

The main findings are linked to the time musicians
spend looking at or away from their instrument, and to
ESS. The main difference between xylophonists observed
in Cameroon and in Canada is that Cameroonian players
do not always look at their keyboard while playing. Two
types of performance practices can be distinguished, based
on the variety and the complexity of the music being per-
formed. Among the Bedzan and Tikar, players use banana-
trunk xylophones, where each person strikes a limited
range of 4 to 6 notes. The xylophone bars are also quite
large at the striking position (6-9 cm), and as the music is
extremely repetitive with limited melodic variations, the
necessity to look at the instrument to improve accuracy is
less prevalent for those musicians. The same conditions
apply to xylophonists who have an accompanying role in
Eton music, though the musical material presents more
variations (pieces include several sections that create more
melodic and rhythmic variations; there is more interaction
between players who react to one another’s variations; an
accompanist might take short solos). The situation is
somewhat different for the soloists whose role is to lead
the Eton ensembles: their musical task is divided between
sections in which they play repetitive patterns with few
variations — often singing at the same time — and sections
in which they improvise on their instruments, without
singing. During the singing or steady pattern sections, they
look at their accompanists (looking at their faces or at their
hand motions) or at the audience, whereas during the solo
sections, they look at their own xylophone.

Most players spend a significant amount of time look-
ing away from their keyboard: in Bedzan and Tikar vil-
lages, musicians generally look away from their
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instrument 60 to 75% of the performance time. Their gaze
is focused on singers or dancers surrounding them, or on
their fellow xylophonists’ sticking patterns. Recordings in
the Tikar village of Ngambé showed that when musicians
were looking at their own sticks or bars, the time spent on
their zone of playing ranged from 0.2 to 3 seconds, with
the vast majority of time spent on this zone under the du-
ration of a full musical cycle (around 2 seconds). It is also
not rare for musicians to close their eyes during a perfor-
mance, and one of the most experienced xylophonists
among the Tikar was observed fully closing his eyes over
the span of 20 consecutive seconds, which represents 10
iterations of the musical cycle.

When they look at their keyboards, Bedzan and Tikar
focus their gaze close to the point of impact (at the extrem-
ity of the bar) or just beyond the extremity of their stick or
mallet (Figure 18). Eton players also focus close to the
point of impact, which is in the middle of the bar for their
xylophones.

Figure 18. Two illustrations of the gaze-point on a banana-trunk
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xylophone played by Bedzan. On top, the point of gaze is posi-
tioned just beyond the extremity of the stick; on the bottom, the
gaze is anticipating the next strike of the right hand by an ESS
of 3 notes.

Among Bedzan Pygmies, the performer playing in the
high range executed a short cycle of 6 beats subdivided in
3 notes at 178bpm, using only 4 bars (minimal operational
values are 112ms long), the cycle being repeated with
small variations. Each hand struck one of the two central
bars to execute the basic pattern, while the two bars on the
outside were used to add variations, generally on the sixth
beat of the cycle. Eye movements were limited, focusing
mainly on the bar played by the right hand during the basic
pattern, leading to Fixation-Duration lasting most of the
cycle, with slight repositioning on the bar every beat or
second beat. The main gaze shifts occurred one or two
beats before the variation (ESS of 3 or 6), the Fixation-
Duration on the new note lasting for an entire beat (Figure
19), as well as the Note-Pattern. Occasional gaze shifts
also took place towards the bar played by the left hand in
the basic pattern, with an ESS of 2 or 3 notes, and for a
Fixation-Duration of 2 to 3 notes also.

The solo xylophones in Eton ensembles count up to 20
bars, tuned in a heptatonic scale. In solo sections, the xy-
lophonist executes melodic and rhythmic variations that
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include techniques such as passages in parallel thirds or
octaves (simultaneously playing bars that are respectively
set apart by one bar, or by six bars), or rolls on ascending
or descending scales, which consist of a fast series of re-
peated strikes on each bar before moving to the next. These
techniques could be extracted from their original context
and executed separately to record specific eye-movements.
For parallel thirds, the performer repeated each double-
stroke once before moving to the next double-stroke, play-
ing two double-strokes per beat at 164bpm, in a general
ascending motion from the lowest bar to the highest bar
(for Eton players, this means playing from the right to the
left, the lowest bars being positioned to the right of the per-
former). The player consistently looked at the usual point
of impact of the mallet with the bar, i.e. at the centre of the
bar. For the first part of the exercise (6 beats), the per-
former had to hit the bars positioned on his right side and
focused his gaze on the bar that separated his mallets. A
shift occurred around the 7th beat, while he was playing
on the bars located in front of his body, and his gaze shifted
towards the bar that was struck by the left hand (leading
the motion towards the upper register). Gaze shifts took
place after the repetition of the second double-stroke, the
gaze shifting to the next fixation just before the beginning
of the next set of double-strokes, for an ESS of 0.5. Gaze
shifts lasted 120 to 150ms.
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Figure 19. a) top-view representation of the 4 bars of the xylophone played by the Bedzan xylophonist, with their pitch and deviation
in cents from equal temperament (a cent is a hundredth of a semi-tone); b) transcription of the basic pattern; c¢) transcription of a vari-
ation of the musical pattern (bottom line), with the musical score of the gaze superimposed (top line). Numbers 1 to 6 refer to the

beats of the musical cycle.
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For roll sequences on continuous scales, the performer
repeated each note 3 or 4 times before changing note, play-
ing 14 to 15 strokes per second. The gaze was always fo-
cused on the first or second bar to the left or to the right of
the bar that was played, depending on the global motion
(towards the upper or the lower register). ESS was of 3 or
4 notes. Saccades were 33 to 50ms long, a duration com-
parable to those reported in Lehman and Kopiez (2009),
and they usually took place right after the last stroke of a
group of repeated notes on the same bar.

It should be noted that the data corresponding to the
portion of the keyboard located in front of the body of the
player was lost.

Discussion

Looking at the Keyboard, Looking Away

In both countries (Canada and Cameroon), it was pos-
sible to observe where xylophonists look during a perfor-
mance: an emphasis on interaction with their surroundings
was found for African xylophonists, versus a more instru-
ment-centered approach for Western performers. How-
ever, the nature of the music performed was extremely dif-
ferent. It is interesting to note that when the musical task
required more focus from the Eton solo players, they were
looking at their keyboard, similar to Western performers
playing exercises and musical excerpts that require perfect
accuracy. Musicians from Cameroon who were playing
extremely repetitive musical tasks displayed a great free-
dom in the use of their gaze. This behaviour is also linked
to cultural factors: it is considered normal to perform a mu-
sical instrument without having to look at it and Tikar in
particular purposely look away from their keyboard (see,
for example, Vahabzadeh (2014) for the relationship be-
tween musical posture and culture). In Western perfor-
mance, some players also developed this attitude, as re-
ported by Singer (2017) about American xylophonist Red
Norvo, who learned to play without looking at his hands to
make eye contact with the audience, as advised by his
agent. In Cameroon, the xylophonists also commented on
the fact that they needed to be able to play at night, with
poor light sources — for examples for festivals, wedding
celebrations, etc., in both interior and exterior venues. Ac-
cording to several players, “a skilled performer should be
able to play in the dark™: this claim might be true for
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players who execute near automated musical tasks but
would need to be verified.

When musicians looked at their instrument, the locali-
zation of the performer’s gaze on the keyboard of the xy-
lophone was assessed. All performers look at the point of
impact of the mallet with the bar, or just beyond this point:
for Western performers, they look close to the overlap be-
tween accidental and naturals when they play on natural
keys, rather than on the centre of the keys for accidentals.
Most musicians from Cameroon look at the point of im-
pact, though among the Bedzan musicians, we observed
gazes that were directed beyond the tip of the mallet.

Eye/Hand Synchronization

Eye-hand synchronization involves the relationship of
four elements: the number of fixations, Fixation-Duration,
Eye-Stroke Span and Note-Pattern. The number of fixa-
tions, Fixation-Duration and Note-Pattern are closely in-
terdependent: when a musician uses more fixations, the
duration of the fixations (Fixation-Duration), and of the
musical chunks that are anticipated within one gaze (Note-
Patterns) will be shorter. These three elements may vary
significantly between one player and another, as was found
in the scale exercises and in the musical excerpts; the in-
fluence of speed on the changes from one tempo to another
was also individualized. In conformity with previous find-
ings (Kinsler & Carpenter, 1995), the number of fixations
decreases when the performance speed is increasing in the
context of musical scale exercises. However, in the musi-
cal context of ‘Porgy and Bess’, there is a decrease be-
tween the slow and medium tempos, but an increase be-
tween medium and fast tempos for 3 out of 4 players, the
fourth player maintaining the same number of fixations.
The total number of fixations remains lower at the fast
tempo compared to the slowest tempo, for all players. This
discrepancy between an exercise (scales) and the musical
excerpt needs further investigation; it could be explained
by the fact that the chosen musical excerpt requires a se-
quence of eye-movements that is constantly changing,
both in terms of localization on the keyboard and direc-
tions, when compared to the scale exercises that involve
progressive sequences, which might lead the players to
augment the number of fixations when they are reaching
their maximum speed in order to ensure the best possible
performance accuracy.

The fact that Note-Pattern segmentation remains quite
constant across different versions and tends to be identical
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within the same excerpt when the same musical material is
repeated, reveals partially how performers build their men-
tal system of reference. This observation correlates find-
ings on the planning of long musical sequences that are
‘broken down into short segments that contain several
events’ (Drake & Palmer, 2000, p. 28, referring to van Ga-
len & Wing, 1984). The question of how these blocks are
built needs further investigation, but eye-tracking is cer-
tainly an excellent tool to provide insights in this domain.

The musical chunks delineated with Fixation-Duration
and Note-Pattern are linked together by Eye-Stroke Span,
which allows performers to anticipate their movement.
ESS duration is mostly of 2 to 3 notes but may go as high
as 6 notes for certain players, as was observed both with
Western and African musicians. It can also be very short,
i.e. 0 or 1 note: in such cases, the anticipation is either non-
existent (0 note) or minimal (1 note). It is interesting to
underline that by establishing ‘maps of anticipation’ and
comparing them, the passages where a performer is able to
make longer anticipations, or on the contrary always relies
on short anticipation, provides another insight on how each
player segments the piece to be performed, as well as po-
tentially giving indications on passages that are more dif-
ficult to perform.

In the exercise involving opposite movements going
back and forth from the central note C, some players who
were not stopping their gaze on the central note during the
performance looked at this note for 2 or 3 consecutive
beats after making mistakes, in order to correct them. In
this case, these extra fixations were used to correct errors
that had already been performed, and the capability for a
musician to change his pre-set flow of anticipation further
demonstrates that flexibility is a characteristic of ESS.

It is also possible that the absence of anticipation de-
notes a phenomenon that could be equivalent to regressive
fixations in music reading. In some of the transcriptions of
‘Porgy and Bess’, there were a few instances where a mu-
sician anticipated in the usual manner but looked again at
the note to be played at the exact moment of the perfor-
mance; in another instance, the musician anticipated on the
wrong pitch, and took a second look just before playing the
correct pitch. The fact that the player was stopping his con-
stant anticipation to realize a second fixation for the same
point in the music flow, is akin to a player looking back in
the score to double-check an element in the score just be-
fore playing a note, thus avoiding a mistake. For Western
percussionists playing from memory, as was the case for

21

Marandola, F. (2019)
Eye-Hand Synchronization in Xylophone Performance

the excerpt of ‘Porgy and Bess’, the score has been inter-
nalized and the visual reference associated with the musi-
cal performance has been replaced by points of reference
on the keyboard of the instrument. It would be interesting
to know to what extent performers actually follow a mental
visual representation of the score during their perfor-
mance: such practice would further support the idea to
compare these movements to regressive saccades in sight-
reading (Furneaux & Land, 1999).

During the current research, as well as in a previous
study (unpublished), I asked the performers (40 percus-
sionists total combining both studies) what they saw when
they closed their eyes and imagined themselves perform-
ing on a xylophone or marimba. Two elements emerged:
1) a large majority of musicians were ego-centered (view-
ing the keyboard of the instrument from a personal per-
spective, akin to the view that is provided by the scene-
camera of the eye-tracker (Berthoz, 1997)), while several
were allo-centered (using a top-view, detached from their
personal point of view), and very few "saw" themselves
from the perspective of the audience, in a mirror-like man-
ner (further questioning revealed that all of these particular
performers had spent long hours of practice in front of a
mirror to observe their technique); 2) in the first category
(ego-centered), musicians reported different ways on how
they "see" the instrument in their mental representation.
For example, some include part of their mallets and hands
in this mental image, while others see only the keyboard.
The portion of the keyboard that is being visualised also
varies from one player to the next, including all of the
notes separating the two hands of the player, or integrating
only a few notes at a time around each hand, these zones
moving according to the positions of the hands over the
keyboard. Finally, several players mentioned the xylo-
phone bars to be played lighting up in succession, or visu-
alizing trajectories on the keyboard that correspond to the
sequence of notes to be played. These testimonies indicate
that performers are able to describe the type of interaction
that they have with their instrument, which complements
the information that can be collected with eye-tracking
technologies. They also provide some insight on the nature
of the memory buffer mentioned by Kinsler and Carpenter
(1995), while raising questions that need further system-
atic investigation.

Performance Threshold

All musicians have a superior limit beyond which they
begin to play inaccurately. This limit is dependent on many
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factors, including the capacity to use their gaze properly to
anticipate their actions. As the number of fixations de-
creases with speed, one potential threshold is linked to the
minimum number of fixations that a musician needs to
properly execute the task. In the C-Major scale exercise,
for example, none of the players went below 8 fixations
without making mistakes, and the maximal capacity of
short-term memory is probably an important limiting fac-
tor here. An element supports this hypothesis: when tempo
increases, the duration of musical notes decreases faster
than the number of fixations; in other terms, there are more
and more notes that are monitored within one fixation, un-
til cognitive limits are reached.

In the C-Major exercise where the strokes move pro-
gressively away from the central note (Fig. 9), a similar
effect was noted: at slow speed, performers have the time
to rest their gaze on each bar they play, skipping the central
note at higher speed or, on the contrary, focusing only on
the central note, and no longer looking to the other notes.
Players’ personal limits to execute extremely quick lateral
movements of their gaze could explain why some are able
to keep their gaze moving laterally at high speeds, while
others opt for a strategy that consists of relying on their
proprioceptive skills. Focusing on a single note might also
reveal the capacity of some players to change their focus
in order to enlarge their perceptual span. This could also
explain why some xylophonists are able to execute long
sequences of consecutive notes within one fixation.

Limitations

The specificity of xylophone performance and the ne-
cessity to go in the field, in Cameroon, to perform some of
the measurements were challenging and led to some limi-
tations. One of the main problems, that I did not anticipate,
was the fact that the glasses of the eye-tracker were not
easily adaptable to the facial structures of several of the
performers, both in Canada and Cameroon. Moreover, the
nature of the task and the natural posture of the xylopho-
nists create specific conditions where the eyes are often not
fully open, masking part of the pupil, which interferes with
the eye-tracking procedure. Although the calibration phase
was based on looking at different positions on the xylo-
phone, the musicians’ head position differed enough be-
tween the calibration and the actual performance to result
in the loss of many recordings, especially in Cameroon.
Musicians are indeed casting their gazes downwards,
while maintaining their head relatively high. As a result,
the eyelids are not always fully open, and the angle that
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allows the eye-tracking system to both project on the sur-
face of the cornea three near-infra-red dots and to video-
record the eye, is extremely narrow. In practice, even if the
calibration phase is executed correctly, the musician’s
gaze is directed in such a way that sufficient tracking of
the eye-movement is not always possible. The light condi-
tions were also not always optimal in Cameroon. All of
these parameters could be better controlled in future re-
search; however, it is necessary to find the balance be-
tween ideal eye-tracking conditions and ecological valid-
ity: what is gained on one side in the ecological validity of
the task, may be lost on the stability of the experimental
conditions. Finally, another limitation is linked to the tech-
nical capabilities of mounted eye-tracking systems: xylo-
phone performance often implies quick gaze-shifts and
large lateral saccades covering a large field of view, which
also proves challenging for these systems.

The research presented in this paper was exploratory
by nature, since it involved the use of a head-mounted eye-
tracking system applied to an instrument that had not been
previously studied in this manner, as well as a comparative
approach involving different cultures. As a result, the orig-
inal research question was quite open and the choice was
made to give maximum freedom to the performers in their
tasks: for example, whereas most studies control the tempo
to facilitate comparison between musicians, the first phase
in studio trials in Canada, as well as all of the recordings
in Cameroon, were realized with the musicians performing
according to their own speed categories. While this ap-
proach allows for observations that more closely resemble
‘natural’ performances (as much as a performer can feel
perfectly at ease while being equipped with an eye-
tracker), it implies a novel approach to data analysis, and
new perspectives were proposed in this paper. Data loss
was also more significant than anticipated, especially in
regard to the measurements realized in Cameroon. How-
ever, it was possible to obtain, for the first time, some
quantitative data for several players, and to lay the foun-
dations for future research in this field. Moreover, without
the use of an eye-tracker, it would have been impossible to
collect accurate information on the precise interactions be-
tween the performers and their peers or with their audi-
ence: during the recordings, a video camera was systemat-
ically located in front of the face of the musicians, to mon-
itor the entire process, and in many cases, the angle of the
xylophonist’s head made it impossible to determine, for
example, if the eyes were open or closed. In other terms,
traditional techniques of observation and recording used
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by ethnomusicologists would not be sufficient for in-depth
study of the eye-movements of Cameroonian players.

Perspectives

This article is the result of a first foray into xylophone
performance that hints at common practices and differ-
ences among xylophonists from different origins. Compar-
ison between players from different cultural backgrounds
needs to be further developed, to avoid a Western-centric
approach, imperatively taking into account fundamental
cultural differences: to truly compare practices between
Western and Cameroonian performers, the nature of the
musical material to be used in both cultures (or in any com-
parison between different cultures) is crucial. The condi-
tions of performance of music (solo versus group, fixed
versus improvised, isolated or with an audience, etc.) also
need to be carefully designed.

The preliminary findings also open up the potential for
future research on the pedagogy of percussion perfor-
mance: what are the best practices to reach a high level of
eye-hand synchronization? Is it possible to define profiles
of individual performers that would ultimately lead to bet-
ter tailored types of training — this training focusing on al-
ready existing skills, or on the contrary, proposing other
approaches in gaze anticipation? Another fundamental
question is linked to the notion of expertise, and longitudi-
nal studies would provide invaluable data to better under-
stand how experts develop their skills. For example, do ex-
perts develop automated processes? Are they able to better
correct errors in eye-hand synchronization, or do they
avoid building such errors better than non-experts during
training? The fact that eye-tracking devices provide not
only quantifiable data, but also qualitative data related to
the nature of the gaze in its combination with musical ges-
tures, will certainly encourage performers to use these
types of tools to better understand the intimate nature of
their relationship to musical performance.
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