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Abstract

This PhD seeks to identify key aspects that optimise the learning process of
new musical interfaces by professional musicians. Modifying or extending an
existing musical instrument can impact players’ skills. Fluency of execution
or pitch accuracy can deteriorate due to demands on the performer’s attention
from the unfamiliarity of the instrument. As a result, players may require
additional training on a modified instrument before they regain their fluency.
The problem is that performers, especially professional players who have already
invested many years in the unmodified musical instrument, might prefer to start
from a high level. Thus, designing a new instrument that builds upon existing
skills can be appealing.

However, which design strategies might support such a goal? Which aspects
of the original design should be preserved? How can we assess whether the
resulting modified instrument allows the performer to retain their skills? This
research presents four studies that tackle these questions. Results from the
first two studies suggest that the design strategy should focus on participants’
sensorimotor imagery rather than the instrument’s auditory feedback. During
these studies, participants were still able to retain their fluency and pitch ac-
curacy even in the presence of disrupting or irrelevant auditory feedback. Two
additional studies propose quantitative methods to evaluate skill retention in in-
strument modification. This research can advise designers on whether they are
on the right track in crafting an interface that builds upon existing skills. This
challenge may apply to augmented instruments, the modification of existing
musical instruments, or new digital instruments.
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Chapter 1

Introduction

This document presents an exploration and evaluation of aspects of instrument
design that retain virtuosity1 on a modified or extended musical instrument
during music performances.

Players can achieve subtle, detailed, and quick adjustments on a musical in-
strument during a virtuosic performance. This ability relies on years of training.
During the training process, players develop skills that allow for the real-time
performance of complex music. The modification or extension of an existing
musical instrument can lower those skills. Fluency of executions or pitch ac-
curacy can deteriorate as performers’ attention is drawn by learning the new
version of their instrument. As a result, players may require additional training.

The problem is that performers, and perhaps especially professional players
who have already invested many years in the unmodified musical instrument,
might prefer to start from a high level. Which design considerations should
be regarded to optimise the learning process of using an unfamiliar musical
instrument modification? Or how to design the modification to afford the use
of the existing performing skills related to the original interface? The goal
of transferring expert players’ abilities is to make learning the modification or
extension of a musical instrument less time-consuming.

It may be reasonable to design instruments that use existing skills to achieve
this goal, as we can see from the many examples in recent history, like the
Moog synthetic keyboard or the electric guitar. Expert performances with new
instruments are rare, especially outside of the design process [1, 2]. The expertise
to perform with such interfaces is rarely achieved [3].

Hence we may need to do that more with digital instruments. During this
1In this document, virtuosity claims to simply name the presence of performing skills such

as the ability to achieve subtle, detailed and quick adjustments on a musical instrument during
a performance
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study, skilled musicians encountered musical interfaces that could allow them to
leverage their existing abilities. The main research goal is to understand “does
the interface facilitate it?” And more importantly, “how do we tell?”. Even
before we get to the instrument design stage, it is not obvious how to assess
whether people are using their skills or not. How do we even know how far
people’s skills can transfer? How do we know to what extent they are drawing
on their existing musical skills if confronted with a modified instrument?

This thesis does not address situations where individuals are willing to invest
significant time in learning a new instrument. Rather, the challenge arises
when individuals, particularly professional musicians who have already invested
substantial years in mastering an instrument, desire to begin at an advanced
level. Rather than observing players developing new skills over extensive periods
of time, I’m looking at whether players manage to use or adapt their existing
skills. Consequently, the primary focus of this research is not on examining the
process of extensive instrument learning. The research outlined in this thesis
seeks to explore the experiences of professional performers when confronted with
unfamiliar musical technology and to evaluate their early responses.

The number of participants for each study was decided according to the
examined literature and available funding. I deliberately created artificial sit-
uations by giving people “new or unfamiliar instruments” to play traditional
repertoire. Corrective effects and mistakes are considered as data to test a se-
ries of research hypotheses. Each study aims to create a laboratory to observe
performers’ behaviour using a modified or augmented musical instrument in
the outlined musical context. The subjective feeling of participants was not
measured; For example, I measured the quantity of movement in their picking
gestures. In these studies, I tried to bring an external view to whether some-
body can execute skilled actions on an unfamiliar interface. The goal is not to
privilege an objective method against subjective methodologies but rather to
complement existing methods with something that is outwardly observable and
repeatable.

This research advises designers on whether they are on the right track in
designing an interface that builds upon existing skills. In addition to augmented
instruments, this challenge may also apply to modifications of existing musical
instruments and new digital instruments.

1.1 The Field of Research
There are many musical contexts and different motivations for making and play-
ing instruments.

This research primarily focuses on the experiences of musicians who are
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well-versed in traditional Western acoustic instruments and are transitioning
to or exploring another related or modified instrument. Such individuals are
already skilled in one instrument but are in the early stages of encountering
another related or modified instrument. The study’s scope is outlined by several
boundaries:

1. Score-Based Performance Context: This PhD is focused on score-
based music performances rather than composition and improvisation.
Specifically, it centres on performances situated within the Western clas-
sical tradition. In this context, the instrument generally responds to the
performer’s gestures in real-time reliably and predictably [4].

2. Musicians’ Background: Tailored to musicians familiar with traditional
Western acoustic instruments, those outside of this domain may not find
the findings wholly applicable.

3. Skill Level: Targets participants who have already achieved a high level
of expertise on one instrument. The research might not resonate with
absolute beginners or musicians without foundational proficiency.

4. Instrument Modification: Considers musicians’ first encounter with a
related or modified version of a familiar instrument such as the augmented
plectrum described in chapter 5.

5. Exclusions: Findings are not intended to generalize to genres involving
shared creative agency with the instrument or musicians from diverse skill
levels and different cultural backgrounds.

In essence, while the insights derived from this research can be enlightening
for many, they are most applicable within the defined constraints.

I am aware of different musical values often found in communities like NIME2.
Such values might include uncertainty, exploration, and the instrument as a co-
creative agent [5, 6, 2, 7]. While intriguing, it is not the focus of this research.
In fact, this research does not address performance cases characterised by at-
tributes like surprise and uncertainty. This PhD also does not question whether
virtuosity should be a goal for all music practices and instrument learning.

The research described in this document encompasses many fields, leading to
a series of focused experiments. Its intellectual foundation is rooted in theories of
music psychology embodiment, addressing embodiment, transparency, auditory
imagery, and post-phenomenology. Part of this research will build on recent
findings of music psychology, which in turn are based on neuroscience.

2New Interfaces for Musical Expression conference
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1.2 Research Questions
This thesis investigates the design of modified or augmented instruments in
terms of their impact on performers’ skills. It also provides evaluation methods
to assess the design’s ability to achieve the use performer’s existing skills. Here
I define the fundamental research questions.

• RQ1: How can designers leverage performers’ existing skills to play some-
thing new or unfamiliar? How does the ability to imagine the target sound
affect accuracy and response time compared to playing familiar sounds?

• RQ2: To what extent does unfamiliar auditory feedback affect performers’
pitch accuracy and fluency?

• RQ3: Does performance improve when participants focus on their internal
representation of sound instead of the instrument’s auditory feedback?

• RQ4: How can we assess the transferability of existing motor skills to
a modified or extended musical instrument? To what extent do players
utilize their existing training?

• RQ5: Does transferring existing musical skills to a new musical interface
require conscious attention, and does it impact other performance aspects?

• RQ6: How easily can a gesture producing an unfamiliar sound in real-time
integrate into a music performance compared to a gesture modifying the
sound in the near future?

• RQ7: How can we evaluate the integration of instrument modifications
into players’ execution?

Performers often describe the experience of needing to be able to hear a sound
in their head before they can accurately play it on their instrument. Green, in
his book The Inner Game of Music, reports, “When you can hold the sound
and pitch of the music clearly in your head... performing it accurately becomes
easier. Your body has a sense of its goal (...). Effectively, you are playing a duet
between the music in your head and the music you are performing [8].” This
phenomenon is known in the literature as auditory imagery (see section 2.2).
In new musical instruments design and performance, there is often a tension
between familiarity and creative novelty. Doing something completely novel
might entail abandoning any pre-acquired performance expertise, presenting a
challenge for players. RQ1 investigates how, and how far, can designers
pull performing skills that somebody already has to play something
new or unfamiliar? Moreover, how accurately can professional players
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reproduce sounds for which they do not have developed auditory
imagery? If the target sound cannot be imagined, how does that differ
in terms of accuracy and response time to being able to play familiar
sounds that can be imagined? The first study in this thesis addresses
these questions and discusses the role of auditory imagery in musical instrument
design for skills transfer.

Auditory feedback may be defined as the sound produced in response to mu-
sicians’ physical actions on a musical instrument. Such feedback allows players
to tune their performance and achieve subtle adjustments concerning intonation
and articulation [9]. Performers imagine a sound, perform a gesture to play it
on their instrument, listen to the resulting auditory feedback and compare it
against their initial expectations to achieve an evaluation of the result [9]. Modi-
fying an instrument can imply that familiar gestures produce unfamiliar sounds.
RQ2 asks to what extent performers’ pitch accuracy and fluency de-
teriorate in the presence of unfamiliar auditory feedback and thus
mismatched auditory imagery. RQ3 asks does players’ performance
improve if the task allows participants to ignore the sound coming
from the instrument and to focus on their internal representation of
sound (i.e. their expectations based on the sound the instrument used
to reproduce)? The second study in this research addresses these questions
and queries the role of auditory feedback in supporting the production of novel
or unfamiliar sounds on a modified instrument.

While learning a musical instrument, performers develop abstract represen-
tations of the movements they need to play it [10]. These representations are
known as motor programs [11] and are essential to regulate players’ gestures
on the instrument. A modified or extended musical instrument may require a
performer to adapt the gestures needed to perform sounds. RQ4 asks How
can we assess the extent of transferability of existing motor skills to a
modified or extended musical instrument, and how can we determine
the level to which players utilize their existing training? RQ5 asks
Does the transfer of existing musical skills to a new musical interface
require conscious attention, potentially leading to neglect of other
performance aspects such as articulation and fluency, or is it possible
for players to achieve the desired outcome without incurring a high
cost of conscious attention? The third study this thesis presents discusses
an evaluation method that addresses questions RQ4 and RQ5.

A designer may decide to extend an existing musical instrument to instantly
produce a new sound in response to a gesture. Otherwise, they may decide
that a gesture affects the subsequent sounds produced by the underlying
original instrument. RQ6 asks Does a gesture producing an unfamil-
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iar sound in real-time easily integrate into a music performance com-
pared to a gesture modifying the sound of the instrument in the near
future? Beyond the specificity of RQ6, RQ7 aims to set the stage for
a research methodology asking how to evaluate whether the modifica-
tion of an instrument can be integrated into players’ execution? The
fourth study in this document addresses this question and proposes principles
to identify a research method to evaluate skills transfer on a modified version
of a familiar instrument.

These research questions explore the role of auditory imagery, the impact of
unfamiliar auditory feedback, the transferability of motor skills, the integration
of gesture-based modifications, and the evaluation of skills transfer on modified
instruments.

1.3 Statement of Contribution
Recipients

The contributions of this thesis will be valuable for new musical instruments
designed for the kind of performances that value learnability, perfectibility and
repeatability of musical interaction. Performers who might adopt this kind of
instrument are generally interested in subtle control over musical aspects such
as timing, volume, timbre, accents, and articulation [12]. For this reason, per-
formers that participated in the research have a professional background in
instruments that allow nuanced control over these parameters and value pre-
dictability of interaction. Examples of performers who joined the experiments
include professional violinists, electric guitar players, and pianists. They were
asked to play pre-defined music on notation using modified versions of the kind
of instruments they studied. Instruments that were altered for the experiments
were changed while maintaining predictable, repeatable and accurate pitch, vol-
ume, timbre, and articulation control.

A different set of musical values exists in communities like NIME. Morreale et
al. published a study highlighting the values of NIME digital musical interfaces
[2]. The study documented the general prevalence of music performance with
exploratory and experimental aims. Performers in this area are interested in
developing an “agency of the instrument within the performance process” [6, 2,
7]. Players have “a sense of shared authorship with the instrument” when they
make music with it [7]. This and other sets of musical values are not the focus
of this thesis.

The goal of this thesis is not to disfavour the improvisation of music using
instruments that allow shared creative agency. The goal is rather to provide
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guidelines and evaluation methods to inform the design of new musical designs
for the kind of players who participated in this research.

Contributions

This research presents a new, quantitative technique aimed at evaluating the
process of skill transfer in musical performances involving augmented or mod-
ified instruments. The method is presented in chapter 5 through a case study
involving professional musicians. The groundwork for a supplementary quan-
titative method is hinted in chapter 6. These methods, collectively, are aimed
to inform the design of instrument modifications and augmentations for skills
transfer.

A further contribution of this research is design principles for instruments’
modification or augmentation to achieve skills transfer. The first principle em-
phasizes the need to shift the design lens from auditory feedback to sensorimo-
tor imagery. This involves recognizing the significance of performers’ ability to
imagine the desired sound and activates corresponding motor programs. Design-
ing instruments that facilitate this connection is crucial for retaining players’
skills and enabling them to perform on modified or augmented instruments.
The second principle highlights the diminished importance of auditory feedback
in supporting performances on modified or augmented instruments. It suggests
that performers can achieve enhanced fluency and skills retention by placing
greater reliance on their internal representation of the gestures required for
execution and the intended sound they aim to produce, as opposed to relying
heavily on auditory feedback. These findings agree with the examined literature
concerning the role of sensorimotor imagery in musical performance and have
substantial evidence. The described design principles are the outcome of two
studies presented in chapters 3 and 4. The specific context and conditions of
these experiments suggest that further research may be necessary to fully affirm
the universal applicability of these findings to any musical instrument within
the realm of design modification. More information is provided in the discussion
of the studies chapters 3 and 4.

1.4 Structure of the Document
Chapter 2 provides the background for this PhD. Chapter 3, chapter 4, and
chapter 6 describe the four research studies designed to tackle the research
questions presented in section 1.2. Chapter 7 summarises the studies’ findings
with respect to the initial research questions and provides insights for future
work.
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Chapter 2 provides the background, reviewing theories of embodied cog-
nition and theories of sensorimotor control and an account of musical instru-
ments’ augmentation and modification. It reviews the literature on musical
performance, musical instruments’ embodiment, auditory imagery, skills trans-
fer, and augmented and modified musical instruments.

Chapters 3 and 4 present two complementary case studies that look into de-
sign principles for skills transfer. Particular attention is devoted to the ability
to perform pitch material accurately and to preserve fluency of execution. The
study considers that a musical instrument designed to play tones from the 12-
tone equal temperament may be modified or extended to allow the performance
of micro-intervals or new sounds. However, players trained in musical repertoire
based on the 12-tone equal temperament (such as the Western classical musical
repertoire) may not have developed auditory imagery on micro-intervals. How
well can their existing auditory imagery support skill transfer between the orig-
inal musical instrument and its modified version? This question is answered in
the first case study, where professional violinists are asked to perform micro-
intervals.

An instrument modification may also change the mapping between a musical
gesture and the resulting note (i.e. playing a particular note on a violin corre-
sponds to a different note). This disrupts the connection between professional
players’ expectations and resulting auditory feedback. In the second case study,
expert violinists performed short musical excerpts with a re-tuned violin in dif-
ferent conditions. How well and in which conditions could expert performers
retain their fluency with a mismatched mapping between auditory expectations
(imagery) and auditory feedback? Is the instrument’s auditory feedback helpful
in tackling this challenge?

Chapter 5 presents a third research study. The study discusses a quanti-
tative method to evaluate whether expert players can execute skilled actions
on an unfamiliar interface while keeping the focus of their performance on the
musical outcome rather than on the technology itself. During the study, twelve
professional electric guitar players used an augmented plectrum to replicate
prerecorded timbre variations in a set of musical excerpts. The task was un-
dertaken in two experimental conditions: a reference condition and a subtle,
gradual change in the augmented plectrum’s sensitivity, designed to affect the
guitarist’s performance without making them consciously aware of its effect. It
is proposed that players’ subconscious response to the disruption of changing
the sensitivity and their overall ability to replicate the stimuli may indicate the
strength of the relationship they developed with the new interface. The case
study presented in this study highlights the strengths and limitations of this
method.
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Chapter 6 describes the fourth and last research study of this document.
An instrument extension could add a button, a sensor or even a pedal to a
traditional instrument. The technological extension could produce a sound im-
mediately corresponding to physical interaction. Otherwise, it could influence
the subsequent sounds produced by the instrument itself. Which kind o mapping
and sonic actuation better preserve the performing quality of the execution? In
other words, does a sound produced immediately in response to a physical ges-
ture better integrate into the set of actions needed to perform a music passage?
Do the performance timing precision and fluency deteriorate when the same
physical gesture modifies the instrument’s sound? The study looks into design
principles for skills transfer and proposes a method to evaluate it.

Chapter 7 summarises the findings from the studies and presents future steps
to query skills transfers in new musical instruments.
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Chapter 2

Background

Learning to play a musical instrument is a complex task, involving the acquisi-
tion of sensorimotor skills over many years. The resulting relationship between
performer and instrument is notable for its richness of experience, with some
performers reporting that the instrument feels like an extension of their body.

At the outset of this chapter, it is pertinent to highlight the core concepts
around which the upcoming discourse and exploration will center on: hermeneu-
tic, embodiment, and auditory imagery. These concepts form the foundation of
the investigations and findings presented throughout this thesis.

• The term hermeneutic taken in this thesis is concerned with the inter-
pretation and understanding of musical performance and experience. It
will be used for understanding a type of context that shape musicians’
experiences with modified or extended instruments.

• Embodiment, as another essential concept, considers the intimate rela-
tionship between a musician and their instrument. It reflects the cognitive
relation, the intricate, physical connection and the manner in which a mu-
sician’s movements and physical interactions with an instrument influence
the produced sound.

• Auditory imagery pertains to a musician’s ability to internally generate
and manipulate sound representations.

In the studies presented, we confront the challenge of evaluating embodi-
ment and the impact of auditory imagery on musical performances externally,
through the observable attributes of musicians’ executions - such as pitch accu-
racy, dynamics, and timing. By investigating these aspects in a series of musical
tasks, this research aims to gain a nuanced understanding of the relation that
forms during the encounter between a professional musician and a modified
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or augmented instrument. The goal is not to privilege an objective method
against subjective methodologies but rather to complement existing methods
with something that is outwardly observable and repeatable.

In this chapter, each of these concepts — hermeneutic interpretation, em-
bodiment, and auditory imagery — will be looked at in-depth, both individually
and in relation to one another. They form the theoretical backbone of our explo-
ration, offering distinct but interrelated lenses through which this research will
examine the experiences of professional performers confronted with unfamiliar
musical technology. Through this varied approach, this thesis aims to present
a rich and comprehensive view of musicians’ skills’ adaptability for musical in-
struments’ innovation.

2.1 Learning a Modified Instrument
J. O’Connor suggests four stages of perceptual-motor learning of a musical in-
strument [11]: unconscious incompetence, conscious incompetence, conscious
competence, and unconscious competence.

A player will spend years advancing through these stages. First, they be-
come aware of things they cannot do and then learn to do them through con-
siderable effort and attention. Finally, they internalize the skills to the extent
that minimal conscious attention is required [13, 10], freeing that attention for
higher-level musical interpretation.

Changes to the instrument’s physical or sonic characteristics can heavily im-
pact performers’ ability to use their existing motor skills1 [15] and lead to im-
paired fluency, where it is impossible to play something in tempo with proper
rhythm and intonation. In these cases, the instrumental modifications mean
that conscious attention is again required for each operation, with a correspond-
ing reduction in speed and precision [16].

Since developing new expertise on an instrument can take years, digital mu-
sical instrument designers have turned to strategies to repurpose existing skills
on modified, or new instruments [17, 18, 19], often through the augmentation
of familiar instruments.

Reasons to have a familiar instrument as a starting point can involve cul-
tural references and familiarities. Overholt describes augmented instruments as
tools to create “music that explores new sound worlds, yet still follows in the
traditional musical training to a certain degree” [20]. According to such a per-

1A motor skill is a function that allows people to perform specific movements of the body’s
muscles to perform a particular task efficiently [14]. An example of this is playing a musical
instrument. If the musical note played by a skilled violinist has a different pitch from what
they read on the notation, they can accurately move the finger on the violin fretboard to fix
it.
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spective, augmented instrument performers should be allowed to do whatever
they could do and more naturally. In addition to building on existing sensori-
motor skills2. The augmentation should extend the instrument while keeping
similar cultural reference points. For instance, while considering an augmented
guitar, it should be possible to recognize it like a guitar [23], and it should
be possible to associate it with certain kinds of music styles and performing
techniques [17].

2.2 Embodiment
It is a common experience amongst skilled musicians that the instrument be-
haves as an extension of the body. However, the term embodiment has different
notions according to different (though connected) research fields.

In this section, I start by focusing on the origin of the term, which is rooted
in twentieth-century phenomenology. I then present its use in the cognitive
science and embodied music cognition research fields, and I describe how the
term is used in this thesis.

2.2.1 The Term Embodiment in Phenomenology

The term embodiment is rooted in the philosophy of phenomenology by philoso-
phers including Merleau-Ponty [24], and Husserl [25]. The concept of embodi-
ment implies that the human body acts as a mediator of the world (Lebenswelt)
[26] and thus contributes to shaping our perception in combination with our
senses [27]. Merleau Ponty argues that the body participates in creating a per-
ceptual experience [24] and contributes to the formation of meaning.

Embodiment is also discussed as a concept that applies to the relationship
between people and technological tools. Ihde argues that the act of playing
a musical instrument enables an embodiment related to the world. Through
repeated practice [28], the instrument becomes an extension of the body [29, 30].

Nijs argues that the musical instrument becomes an extension of the expert
performer [31] in that the actual operations of manipulating it recede from con-
scious attention due to acquired sensorimotor skills [13]. “The feeling of having
merged with the instrument is based on the incorporation of the instrument,
which is characterized by the so-called perceptual illusion of non-mediation”
[31].

The idea of a transparent tool that becomes an extension of the body seems
connected to Heidegger’s notion of technology as present-at-hand [32]. Ham-

2sensorimotor skills [21, 22] are the skills we use to take in information about the world
through our senses and to respond to that information through the body’s movement. For
example, if we see a red traffic light, we stop walking.
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mering with a hammer, for example, the focus of the interaction is centred on
the goal: hitting the nail. The more competent the workman, the less aware he
is of the hammer at all: he simply hammers away. The movements in his hand
are realized in the movements of the hammer in such a way that the hammer
serves as an extension of the workman’s hand. In this way, the hammer and
the workman are together, entangled [32].

2.2.2 The Term Embodiment in Music Cognition

Empirical research conducted in the field of cognitive science produced evi-
dence that the body contributes to the structure of human experience [33] and
highlighted the influence between perception, action and cognition [34]. These
elements concur in constructing and defining human experience [35].

Arguing for an intrinsic connection of perception and bodily action, Fuchs
proposes that what the organism senses are a function of how it moves, and
how it moves is a function of how it senses [36]. Drawing on these principles,
embodied music cognition [37] established itself as a research field studying the
role of the human body concerning musical activities, including performing.
Like other musical activities, music performance relies on cognitive processes
dependent on the link between cognition, human motor system, gestures and
body movements [38, 39].

2.2.3 Use of the Term Embodiment in this Thesis

In both phenomenology and cognitive science, the term embodiment addresses
the importance of the body in mediating and constructing perceptual experi-
ences. As such, embodiment seems to represent an interface between disciplines.
Scholars like Ihde and Nijs extend the meaning of the term embodiment to the
relation between players and instruments where the instrument becomes an ex-
tension of the performer’s body (hence it becomes embodied). In this sense, the
instrument senses, mediates, and participates in constructing and defining the
musical experience as it becomes a part of the performer’s body.

Drawing on the research by Ihde, Nijs, and Leman, this thesis uses the
term embodiment to describe what I define as a relational property between
performer and their musical instrument that depends on both performer and
instrument and an appropriate balance between skill level and challenge of the
activity. The actions of manipulating the instrument recede from consciousness
and become, to a certain extent, automatic (similarly to the workman hitting
the nail described by Heidegger). Performers gain the ability to adjust their
actions rapidly and precisely to correct errors or to shape their performance
[13, 40]. As the instrument disappears, to some extent, from the performer’s

26



conscious attention and becomes an extension of their body [41, 28, 29, 13],
the performer’s attention moves to the outcome of their sensorimotor activity:
music.

In this thesis, I’m particularly interested in outwardly observable perfor-
mance patterns, in contrast to the internal subjective experience of the per-
former. The research studies I conducted query the impact of instruments’
modification on sensorimotor skills that contribute to the emergence of embod-
iment relationships 3.

2.2.4 Hermeneutic Relation between Performer and In-
strument

Embodiment is one of several possible performer-instrument relationships elicited
by digital musical instruments [28, 42]. Don Ihde, in his account of hermeneutic
phenomenology [43], discusses a further possible relationship. In a hermeneutic
relationship, an instrument is a tool external to the body whose information
we have to interpret [28]. An example of hermeneutic relation can be found in
reading a thermometer, or in a musical context, with specific digital musical in-
terfaces like a guitar tuner4. When technology is hermeneutically encountered,
it offers readings of the world that the user has to interpret. Technology is no
longer an extension of the body. Instead, the immediate perceptual focus is
the technology itself [23, 17]. Performers think in analytical mode, and their
attention is directed towards analyzing and decoding the information they per-
ceive. The performer’s attention shifts toward the mediating elements of the
activity [44]. Musicians are requested to continually move the focus of their
performance between the interface and the sonic results, leading to disruptions
in the performing fluency and accuracy which can be observed and registered
as auditory and visual cues to identify such relation.

The concept of embodiment and hermeneutic relationships, although related,
are distinct phenomena within the context of performer-instrument interactions.
While embodiment refers to the cognitive and experiential integration of the
instrument into the performer’s body and the immediate perceptual focus on the
music produced, hermeneutic relationships involve the interpretation of external
instrument information that requires conscious interpretation.

In the context of hermeneutic relationships, the performer’s attention shifts
towards a more conscious analysis and decoding of the information provided by

3Such relationships could include adjusting the pitch on the fretboard of a violin, regulating
the strength in plucking the strings with a plectrum, tapping a foot pedal with accurate time
precision within a musical performance

4Guitar tuners generally report the pitch of the instrument as a number to be interpreted
rather than a direct experience of sharp or flat.
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the instrument. This can be observed in scenarios such as reading a thermome-
ter or using digital musical interfaces like guitar tuners, where the performer
interprets numerical readings rather than directly experiencing the musical qual-
ities.

By presenting the concept of hermeneutic relationships as an alternative to
embodiment, this thesis aims to explore the performer’s attentional focus during
musical interactions. In this thesis, I propose that it is important to investigate
where the performer’s attention is directed to understand the extent to which a
musical interface is being embodied.

The characteristics of the interface can influence the type of relationship
that emerges. In fact, technological objects are never neutral. In them, we
find programs of action, manuals of behaviour, and political and socio-cultural
constructions, including aesthetic tendencies[28]. For example, the Buchla syn-
thesizer tells us that a keyboard featuring a fixed-pitch structure is unnecessary
to play it. In contrast, a piano tells us that microtones are of little importance
[45]. Feenberg also writes about the impossibility of neutral tools [46]. Musical
instruments have a specific affordance that reflects the design choices, values,
and the cultural and historical context in which they were developed as they are
refined over years of development [20, 28]. However, solely relying on the physi-
cal form of the technology may lead to oversimplified conclusions. For instance,
a violin can be encountered hermeneutically depending on the performer’s cog-
nitive state and attentional focus, even though it is traditionally associated with
embodiment. A simple modification, such as re-tuning the violin’s strings, can
result in performers establishing a hermeneutic relationship with the violin [16].

To determine whether a player embodies a musical instrument or engages in
a hermeneutic relationship, it is crucial to consider where the performer’s atten-
tion is directed and how their perception and action are linked [13]. These ques-
tions serve as important factors in understanding the nature of the performer-
instrument relationship.

Overall, this thesis aims to explore the interplay between embodiment and
hermeneutics in performer-instrument interactions and delve into the role of
attention and cognitive state in shaping these relationships and it provides a
comprehensive examination of these phenomena within the context of musical
interfaces.

2.2.5 Embodiment and Instrument Modification

Embodiment is one condition that allows expert musicians to perform fluently
with their musical instruments. Reaching an embodied relation with a musical
instrument can require years of training.
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Although embodiment is one of several possible performer-instrument rela-
tionships [42], there is significant interest in developing new instruments which
support the level of functional transparency achieved by skilled performers of
acoustic instruments. Since developing expertise on an instrument can take
years, NIME designers have turned to strategies to repurpose existing skills
on new instruments [17, 18, 19], often through the augmentation of familiar
instruments.

However, modifying a traditional instrument does not guarantee the embod-
iment of the new design. Changes to an instrument’s physical or sonic charac-
teristics can easily disrupt embodiment [15]. Compounding the challenge, the
same pairing of performer and instrument may give rise to both embodied and
hermeneutic relations [47]. In particular, performers of a modified instrument
might have an embodied relationship with the underlying traditional instru-
ment, which was developed over many years of training, while the modified
instrument behaviour remains unfamiliar. The motor skills and the abilities de-
veloped on the traditional side of the instrument (which allows its embodiment)
does not necessarily translate to its modification. An instrument modification
may require new skills, such as performing certain gestures that are not generally
performed on the original design.

To evaluate the success of a new design concerning embodiment, it is essen-
tial to identify the type of relationship musicians establish with the instrument
and where their attention is directed. Are they embodying the extension of their
instrument? In other words, do the actions of manipulating the instrument re-
cede from consciousness and become, to a certain extent, automatic? Otherwise,
are they consciously thinking about the instrument, the actions they need to
perform, or the sound they need to play?

2.3 Auditory Imagery
The concept of auditory imagery is crucial to the understanding of this thesis,
primarily in the context of how musicians approach new or modified instruments
and how designers can leverage existing musical skills.

Auditory imagery is a critical component of musical performances [48, 49,
21], acting as a mental tool that musicians utilize to hear or simulate sounds in
their minds without the presence of actual, external sound [50]. This ability is
crucial for instrumental performances as it forms part of a predictive mechanism
in which performers first imagine the desired sound within their minds, the
gestures they need to perform, and shape their physical movements on their
instruments to achieve that sound[51].

Auditory imagery, motor imagery, and sensorimotor imagery are interre-
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lated yet distinct concepts that play significant roles in understanding human
cognitive processes, especially in the context of musical performance. Auditory
imagery pertains to the mental representation or “hearing” of a sound in the
absence of any external auditory stimulus. It allows individuals to recreate and
manipulate complex auditory experiences internally. Motor imagery, on the
other hand, is the mental rehearsal or simulation of a specific action without
any overt physical movement, effectively “feeling” or “envisioning” movement
in one’s mind. Sensorimotor imagery seamlessly integrates both auditory and
motor components. This integrated form enables an individual to mentally re-
hearse a task, considering both the sounds associated with the task (e.g., playing
a musical note) and the motor actions required to produce those sounds. This
comprehensive imagery process plays a vital role in the preparation and exe-
cution of complex tasks, especially in disciplines where precise coordination of
sound and movement, such as in musical performances, is essential.

A further element of the musical process is auditory feedback, which is the
resultant sound from the musician’s physical interaction with the instrument.
This feedback acts as an immediate form of self-assessment for musicians, en-
abling them to make delicate adjustments in their performance to refine elements
such as intonation and articulation.

In traditional musical settings where musicians have a strong, embodied con-
nection with their instrument, auditory imagery and feedback play a vital role
[52]. During performances, musicians can instinctively generate auditory expec-
tations or predictions about the sound outcome [51]. These predictions guide
them in executing intricate sensorimotor tasks on their instrument to realize
the predicted sound [9], and then modify their performance by comparing these
initial expectations with the actual sound feedback received from the instrument
[9].

Research has shown that auditory imagery can assist musical performances
even when there’s an absence of auditory feedback or in instances where the
feedback is disrupted. For instance, studies have found that musicians with
advanced auditory imagery capabilities were less affected by a lack of auditory
feedback when practising novel musical pieces [53]. It was also observed that
musicians who possessed highly developed auditory imagery skills demonstrated
greater pitch accuracy and consistency in timing, even in the presence of audi-
tory interference [54]. Furthermore, the absence of auditory feedback seemed to
intensify the use of imagery [55].

It’s important to note that apart from pitch, expert musicians can mentally
imagine other musical aspects like duration, timbre, and loudness, even in the
absence of auditory feedback [56].

Regarding articulation, researchers propose a correlation between auditory
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imagery and dynamic representation - a concept referring to changes over time
[57]. They suggest that internal or imagined speech functions similarly to overt
or audible speech, serving many of the same purposes [58]. This concept of func-
tional continuity implies a connection between the characteristics of an imagined
sound and the actual sound stimulus. This continuity is seen as evidence of the
parallels between auditory imagery and auditory perception, supporting theo-
ries that link perception with motor actions, and demonstrating that auditory
imagery can prefigure subsequent perception and action [57]. Notably, auditory
stimuli often involve dynamic representation, suggesting that auditory imagery
might likewise involve dynamic representation. In line with this, it has been
argued that temporal information is a vital component of an auditory image
[59].

For the research questions of this thesis (see section 1.2), auditory imagery
becomes important in a few key ways:

• Transference of Skills: musicians who have developed a high level of
proficiency on a specific instrument will likely have strong auditory im-
agery associated with their actions on that instrument. When confronted
with a new or modified version of the instrument, they may leverage this
auditory imagery to predict the outcome of their actions. This might aid
in a more effective transfer of their existing skills to the new context (as
proposed in research questions RQ1 and RQ4).

• Performance of New Sounds: when an instrument is modified to pro-
duce unfamiliar sounds, the performer’s ability to imagine these target
sounds (auditory imagery) could affect their accuracy and response time
(RQ2). Strong auditory imagery might help performers more quickly
adapt to these new sounds.

• Performance Improvement: RQ3 raises the possibility that focusing
on an internal representation of sound (auditory imagery) instead of the
actual auditory feedback from the instrument could improve performance.
This might be particularly true in situations where the feedback from the
instrument is unfamiliar or confusing.

In summary, the importance of auditory imagery in this thesis lies in its
potential to aid musicians in quickly adapting to new or unfamiliar instruments,
making the design process more effective by enabling better use of existing skills.
It’s an intrinsic cognitive ability that musicians rely on, and understanding its
role can significantly enhance the field of instrument design.
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2.3.1 Measuring Auditory Imagery

The existing literature mentions the Bucknell Auditory Imagery Scale (BAIS) as
a self-report measure to query aspects of Auditory Imagery [60, 61]. Measurable
features of auditory imagery include vividness, which refers to the clarity of an
image; controllability, which relates to the ease and accuracy with which a
person can manipulate an image; and precision of reference, or the extent to
which the image accurately reflects the object it represents. Vividness is rated
from 1 (no image) to 7 (as vivid as actual sound), and control of auditory
imagery is rated from 1 (no image) to 7 (extremely easy to change) [60]. High
scores on vividness predict fewer source memory errors from imagined tunes on
a recognition test and better performance on pitch imitation tasks. Halpern
suggests that high scores are related to hemodynamic response and grey matter
volume in several brain areas that are involved in auditory imagery [60]. People
vary in these skills, mainly developed by musicians with more than seven years
of training [62]. Professional musicians scored higher than non-musicians when
asked to recognize reversed familiar melodies and to identify exact reversals [62].

Examining auditory imagery can be challenging. Subjective methods like
BAIS may lead to incomplete or biased data as they rely on participants’ ques-
tionnaires. Compounding the challenge, auditory imagery is part of a multi-
modal process [9], and it is linked to motor imagery as well as phenomena like
audiation [63]. Auditory imagery is an internal mental process whose effects
might be observable but seems difficult to isolate and measure directly.

The studies presented in this thesis tackle the challenge of evaluating audi-
tory imagery externally by looking at aspects of musicians’ performances (pitch
accuracy, dynamic, timing) in a series of musical tasks. As for embodiment, the
goal is not to privilege an objective method against subjective methodologies
but rather to complement existing methods with something that is outwardly
observable and repeatable.

2.3.2 Auditory Imagery and Motor Imagery

Auditory imagery in trained musicians is strongly connected with motor im-
agery. Auditory images function as a bridge between perception and action
[64], leading to activation in motor planning areas that guide planning move-
ment [65].

According to Clark et al., imagery, as used by musicians, involves not only
the melodic and temporal contours of music (which we might refer to as audi-
tory imagery) but also a sense of the physical movements required to perform
the music [51]. Likewise, Keller talks about Musical Imagery while defining a
broader multimodal process. “Individuals generate the mental experience of au-
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ditory features of musical sounds, visual, proprioceptive, kinesthetic, and tactile
properties of music-related movements” [9].

Auditory imagery, or the ability to imagine sound events, is a component of
an interconnected process also featuring motor imagery and including the sen-
sorimotor system used to achieve the actual sonic result. In a study concerning
the integrated roles of interpretation, imagery and memorization [66], Holmes
reported a strong connection between auditory imagery and motor imagery, re-
sulting in “a mental impression of what the music will sound like can generate
a sensation of what it would feel like to play the music.”

On the same topic, Godøy reported how gestural imagery could be, on the
other hand, instrumental in triggering and sustaining mental images of the sound
[67]. Then auditory and motor imagery are connected and can influence each
other during a music performance. Keller pointed out that these mechanisms
“support the generation of anticipatory images that enable thorough action
planning and movement execution that is characterized by efficiency, temporal
precision, and biomechanical economy.” [9]

This process particularly characterizes musical executions of performance
majors [52] who use imagery to maintain focus, predict mistakes, recover from
errors, and manage mental and physical fatigue representing an effective compo-
nent of music execution [9]. Clark et al. reported how many famous musicians
had stressed the importance of imagery in traditional music history [51]. For ex-
ample, Anton Rubinstein was known to practice on a paper keyboard to further
develop his auditory representation of his music. Mellet et al. and Kosslyn et al.
demonstrated a functional equivalence between imagined and played executions
by studying the auditory and motor systems involved in musical performance
[68] [69]. Also, they found that musical perception and imagery engage similar
regions within the auditory cortex.

According to Connolly et al., auditory imagery is beneficial both during
music practice and music performance [70]. It presents a series of significant
benefits, including improving learning and memory, overcoming technical dif-
ficulties and developing skills, heightening sensory awareness, and enhancing
general confidence and resilience on stage.

It has also been demonstrated that auditory images function as a bridge
between perception and action [64], leading to activation in motor planning
areas and constituting a bridge that serves to guide planning movement [65]
[71]. Specifically, it was assessed that having a deficit of mental imagery and a
lack of vividness (measured using the BAIS) lead to poor singing (i.e. a poor
imitation of pitch through singing). These results support the hypothesis that
auditory imagery is coupled with motor imagery and that pitch imitation (at
least through singing) relies on auditory imagery.
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María Herrojo Ruiz et al. propose that pianists also use a mental represen-
tation of the performance to predict errors [72]. This prediction reflects on their
actions as wrong keys are played with lower velocity showing that they know
they will be wrong even before that happens.

2.3.3 Auditory Imagery and Notation

Simoens et al. suggest that a music performance achieved by reading a score
requires an initial translation of the visual material into auditory information
[73]. According to Berz and William, such a translation involves a tonal loop
in working memory for pitch [74]. Simoens et al. also suggest such translation
to auditory imagery might be connected to motor preparation to perform the
music on the score [73].

Schön et al. highlight the importance of auditory imagery in creating an
auditory representation [75]. A group of musicians were asked to compare the
final note in a novel short melody with the last note in a previously viewed
melody notated as a musical score. Participants should assess whether the
final note of each excerpt was identical. The content of the notation influenced
participants’ responses, supporting the idea that visual notation can contribute
to creating auditory representations.

Thanks to auditory imagery, musicians can imagine the continuation of a
melody and anticipate a consequent auditory stimulus [76, 77, 78]. This ability
is related to familiarity with the music material involved in the activity. Krae-
mer and colleagues asked musicians to listen to familiar and unfamiliar musical
passages. Musical excerpts had a short duration and were characterized by
silent gaps. During the gaps, participants reported hearing a continuation of
the music in imagery for familiar music passages. These results are in line with
[79], suggesting that auditory imagery can help predict musical content.

From a neural perspective, Hope and colleagues reported that when a subse-
quent auditory sequence is compared to a previously viewed musical score, the
locus of activation shifts from the visual cortex to the auditory cortex [80]. This
may suggest that reading a graphic score can evoke related auditory imagery.

2.4 Performance Based Studies
The decision to use a performance studies-based approach in this research is
informed by the nuanced understanding of musical performance as an elaborate
intersection of cognition, embodied actions, and instrumental interactions as it
emerges from the literature review.
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The existing literature covers different methods to query musical perfor-
mance and skills transfer. These include self-report using questionnaires, ex-
perience sampling [81], measurement of physiological responses and naturalists’
performance-based tasks [51].

Nonetheless, examining music performances can be challenging. Subjec-
tive methods like self-reports, questionnaires and experience sampling methods
can report incomplete or biased data, while physiological measurements can
be intrusive and difficult to interpret. Compounding the challenge, performer-
instrument relationships rarely display only one mode. Performers of augmented
traditional instruments might be able to retain expertise (unconscious com-
petence) with the underlying traditional instrument while the augmented be-
haviour remains unfamiliar. Morreale et al.(2019) observed two patterns of be-
haviour when traditional instruments and augmentation are closely intertwined
[82]. In the first case, the performer lets the augmentation partially or totally
disrupt their playing of the traditional instrument since the new techniques are
not yet familiar. In the second case, the performer ignores the sonic result of the
augmentation and focuses on regulating their performance according to what
they would normally do on the traditional instrument.

Performance-based studies stand out as particularly valuable within a quan-
titative research framework. Through the lens of the existing literature, it be-
comes clear that these studies have been instrumental in delivering a nuanced
understanding of musical performance. They make use of quantifiable metrics to
query complex phenomena, offering a quantitative comprehension of the aspects
involved in musical expression.

The research reviewed in section 2.3.3 shows the utility and significance of
performance-based studies. Schön et al., Kraemer and colleagues, and Hope et
al. leverage this approach to uncover the role of auditory imagery in musical
performance.

In Schön et al.’s study, a performance-based approach allowed for the empir-
ical examination of how musicians employ auditory imagery in the reading and
interpretation of a musical score [75]. In a similar vein, Kraemer and colleagues
used a performance-based study to explore how auditory imagery facilitates the
continuation and anticipation of musical passages [76, 77, 78]. By observing mu-
sicians as they listened to familiar and unfamiliar musical excerpts, the study
revealed that the participants reportedly heard a continuation of the music dur-
ing silent gaps in familiar passages, indicating the predictive power of auditory
imagery. Lastly, Hope et al.’s research employed a performance-based approach
to investigate the neural correlates of music reading and auditory imagery [80].
By examining the shift of neural activation from the visual to the auditory cortex
during the comparison of a subsequent auditory sequence to a previously viewed
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musical score, the study shed light on the cognitive and neural underpinnings
of music performance, enriching our understanding of the process.

More generally, performance-based studies are compelling from a quantita-
tive research perspective in the context of musical instrument design and design
and instrument design modifications.

• Objective Metrics: Performance-based studies often generate objective,
quantifiable metrics like timing, accuracy, speed, and efficiency.

• Interface Evaluation: The performance of a user interacting with a
system can often reveal the usability and effectiveness of an interface.
Therefore, performance-based studies can quantify the impact of different
design decisions and guide evidence-based recommendations.

• User Behavior Analysis: By capturing and measuring user behaviour
in response to various system designs or tasks, performance-based studies
can provide valuable insights into user preferences, abilities, and strategies.
These insights can then inform the design of musical interfaces.

• Task Completion: Performance-based studies often involve tasks that
simulate real-world scenarios. These tasks can be used to evaluate how
effectively users can accomplish these tasks using the system, interface, or
prototype being examined.

• Iterative Design: Performance metrics can provide tangible and practi-
cal suggestions for refining designs in an iterative process, which can be a
crucial part of musical instrument design and research.

• Benchmarking: Performance-based studies provide a means to establish
benchmarks for specific tasks or interfaces. This allows for a quantitative
comparison of different systems or design iterations.

2.5 Conclusions
The concepts reviewed in this chapter were presented and examined to provide a
theoretical framework for this research, presenting interconnected perspectives
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through which this research assesses the experiences of professional performers
when faced with unfamiliar musical technology.

The comparative exploration of embodiment and hermeneutic interpretation
is instrumental to this thesis. Both concepts, each powerful in their own right,
offer complementary lenses to examine the relationship between musicians and
their instruments. Embodiment reflects the physical and cognitive connection
that performers have with their instruments, shaping the outcomes of their mu-
sical expressions. It emphasizes the inherent physicality and sensory experience
of playing music, and how that corporeal interaction can influence and be in-
fluenced by the musical output. On the other hand, hermeneutic interpretation
reflects the act of decoding the layers of meaning, context, and experiences that
musicians bring to and derive from the performances of their instruments. It
underscores the interpretive, subjective aspects of musical instruments and per-
formance. The comparative examination of these concepts allows us to gain an
understanding of musicians’ interaction with their instruments offering a more
comprehensive picture of the musician-instrument relationship.

One of the main challenges of this thesis is to assess embodiment and audi-
tory imagery from an external perspective, considering observable performance
attributes such as pitch accuracy, dynamics, and timing. Through engaging ex-
pert players in various musical tasks, this research inquires about the nuanced
relationships that evolve when a professional musician interacts with a modified
or augmented instrument.

The concepts presented in this chapter established the theoretical ground
of this investigation, supplying interconnected perspectives for querying the
experiences of professional performers when faced with unfamiliar musical tech-
nology. By adopting a performance-study research approach, this thesis strives
to provide a comprehensive, objective, and detailed understanding of musicians’
skill adaptability in the face of musical instrument modifications.
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Chapter 3

Quarter tones study

The experiment described in this chapter has been produced from the paper
Design for Auditory Imagery: altering instruments to explore performer fluency
[16].

3.1 Introduction
Instrument modification can achieve new sonic possibilities, including extending
the chromatic palette1 of an existing instrument. The resulting design can
maintain features of the traditional instrument while affording new or unfamiliar
pitch elements like microtones. As discussed in the introduction and background
of this thesis, transferring existing skills to perform the instrument modification
may be desirable for shortening the training process and possibly facilitating
the design adoption.

However, to what extent can a familiar interface support transferring pitch
expertise and skills to perform unfamiliar pitch material? What players’ skills
are challenged when a familiar instrument is modified to extend its chromatic
palette? Auditory feedback, auditory and motor imagery, and kinaesthetic abil-
ity are features of musical executions that are generally discussed in musical
performance. Which of these features and skills are particularly important to
perform unfamiliar pitch material? Therefore which of them should be mostly
considered in the design of a modified instrument?

Twelve professional violinists trained in the 12-tone equal temperament are
asked to play micro-tones on their violin. The experiment covers the following
research questions: how accurately can violinists use a familiar interface to
play pitch material for which they have not developed auditory imagery? If
the actual target sound is unfamiliar (quarter tones), how does that differ in

1The variety of pitches that an instrument affords to perform
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terms of accuracy and response time to being able to play ordinary chromatic
music on a violin? To what extent is auditory feedback useful to adjust their
pitch accuracy when playing quarter tones? The hypothesis in this case study is
that even expert musicians will perform with lower accuracy even on a familiar
interface (the violin) when confronted with pitch material sitting outside their
auditory and motor imagery. In this sense, the experiment outcomes focus on a
fundamental limitation of making a new instrument. No matter what physical
interface or mapping is chosen. Regardless of the physical form of the instrument
and its configuration, if a musical feature does not feed into a culturally defined
structure of how people think they hear and play music, they struggle to play
it.

3.2 Participants
Twelve professional violinists answered an open call sent through music schools
and participated in the experiments. Each violinist filled out a questionnaire be-
fore the start of the study indicating: their demographics, years of training, and
repertoire. The participant group consisted of individuals whose ages ranged
from 22 to 46 years old. The gender distribution positions towards females, who
constituted 67 per cent of the group, while males represented the remaining 33
per cent. In terms of their study duration, it spanned from 12 to 36 years.

The questionnaire included questions to verify whether participants had
prior familiarity with microtones. The microtones study challenges players’
sensorimotor imagery because it requires them to play quarter tones. A pre-
existing ability to play them may impact the study data. Participants replied
they were unfamiliar with microtones before the beginning of the study. During
the study, they played their own instrument.

Participants were trained in western classical music. They had ABRSM’s
Grade 7 2 and above. They were paid an hour at a professional rate (50 GBP).
The two studies took place in a music studio within the Queen Mary University
of London (Mile End campus) and lasted one hour.

The Queen Mary Ethics of Research Committee granted approval for this
study, along with all other investigations discussed in this thesis.

3.3 Study Description
Violinists were asked to play semitones and quarter tones notes using their vi-
olins. The term semitone describes tones from the 12-tone equal temperament.

2ABRSM (Associated Board of the Royal Schools of Music) is an accredited board awarding
exams and diploma qualifications in music within the UK
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Semitones are usually found in music passages in the Western tonal music tradi-
tion and are familiar to participants for their coherence with the type of studies
and training they followed. The term quarter tones describes tones from the
24-tone equal temperament. Quarter tones were chosen for being rare in the
Western traditional music repertoire. They are a type of pitch material for
which the selected violinists did not have developed imagery.

Players were introduced to the study by presenting the tasks and an expla-
nation of the quarter tone notion and notation (what is a quarter tone and how
it is visually notated on a score in this study). Quarter tones were notated using
the symbols gi j lm indicating respectively to play: one quarter tone below a flat
note, one quarter tone below a natural note and one quarter tone below a sharp
note. Figure 3.1 shows a semitone stimulus example while fig 3.2 quarter tone
note example where the symbol indicates to play a pitch equal to one quarter
tone below a C sharp. Musicians were asked to avoid using vibrato in their
executions3.

Figure 3.1: a semitone stimulus. Figure 3.2: a quarter tone stimulus.

Performers were asked to play a chromatic scale to warm up and a quar-
ter tone scale to further familiarise themselves with the quarter tone notation.
Consequently, players tackled the challenge of playing quarter tones and semi-
tones in three subsequent conditions: reading notation on display connected to a
laptop (notationa), listening to audio recordings through audio speakers (audio
playback), and again reading notation on display (notationb). The second nota-
tion section was included to account for the potential familiarisation with the
sound of quarter tones that could have happened during the audio section. The
Notationa section comprised twelve stimuli, the audio playback section encom-
passed twenty-four stimuli, and the Notationb section contained twelve stimuli.
Notationa section included twelve stimuli, the audio playback section included
twenty-four stimuli, and the notationb section included twelve stimuli.

The notation sections provide visual instructions for what pitch needs to be
played. Because they were asked to play the stimuli in the first position4.This
indication and the notation could allow them to identify the spot on the fret-

3Vibrato is a musical effect produced by a regular and subtle pitch variation. The study
focuses on measuring pitch accuracy in participants’ executions. Executing quarter tones and
semitones characterised by vibrato would have biased the data and influenced analysis results

4Violin, as well as other string instruments such as guitars, allow to play the same pitch
on different strings and positions on the fretboard.

40



board where the stimuli need to be played.
The notation allows players to connect with their imagination of how quarter

tones and semitones should sound. It also gives a visual reference about where
to locate them on the violin’s fretboard to start the executions. The notation
does not provide an actual auditory reference for the stimuli. Participants’
adjustments after the start of the note rely on their sensorimotor imagery and
kinaesthetic feedback. There are two notation sections. The first starts before
the audio section, and the latter once the audio section is completed. Data
collected in the latter notation section is meant to assess the impact on players’
performance from being exposed to auditory reference quarter tones.

The audio section provides a clear auditory reference to what needs to be
played. Audio stimuli indicate how they should sound. However, they do not
provide any instructions about their position on the fretboard.

The study aims to investigate participants’ utilization of sensorimotor im-
agery (encompassing both auditory and motor components) in playing quarter
tones, examining their accuracy at the note onset and adjustments throughout
the note duration.

Comparison between semitones and quarter tones, as well as between the
audio and notation sections, aims to elucidate participants’ utilization of audi-
tory and motor imagery in playing quarter tones. If participants can effectively
engage their sensorimotor imagery in playing quarter tones, we would expect
their accuracy to be similar between the notation and audio sections throughout
the duration of the note. Their ability to imagine how the stimuli should sound
enables them to make adjustments to their pitch accuracy during the note’s
duration, regardless of the presence or absence of auditory references for the
stimuli.

Alternatively, if participants rely primarily on motor imagery to play quarter
tones, their pitch accuracy at the beginning of the notes could be comparable
between the two sections, irrespective of the presence of visual indications (nota-
tion) specifying the finger position on the fretboard for initiating the execution.
We may also expect pitch adjustments during the notes’ life to be higher in
the audio section because the audio stimuli provide an auditory reference that
can be memorised and compared to what they are playing. However, since the
audio section does not provide participants with a clear indication of where to
position their finger on the fretboard, their pitch deviation performance would
be higher at the beginning of the notes compared to their notation section per-
formances. In the second notation section, we may observe some improvement
in pitch accuracy because of players being exposed to auditory stimuli in the
audio section.

The first three stimuli in section Notationa and section Audio were regarded
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as trial stimuli and were not included in the data. They helped participants fa-
miliarise themselves with the study’s task. During the whole study, every note
was presented only once to each participant to prevent potential learning effects
and related biases. Each time the performance of a stimulus was completed, I
manually activated the following stimulus (more details in the apparatus sec-
tion). The order of quarter tones and semitones stimuli was randomised for
each participant to prevent biases coming from a certain sequence of stimuli.

In Notationa and Notationb sections, participants were instructed to perform
the stimuli as soon as they felt ready. In the audio section, they were asked to
wait until the end of the audio stimuli playback. They were asked to wait until
the end of the playback so they could not adjust their pitch by playing on top
of the stimuli playback.

3.3.1 Apparatus

The apparatus can be divided into devices and software to generate and display
the stimuli and devices and software to collect participants’ performance data.

A display and audio speakers were connected to a laptop to present the
stimuli. The display showed the notation stimuli while the speakers presented
the audio stimuli. The Laptop ran a custom Processing [83] code to generate,
display, and log the notation stimuli and to log the audio stimuli. The audio
stimuli were generated and outputted using a custom Super Collider [84] FM
script synthesising a string sound. The script is based on the example 20 70
1 included in the Amsterdam Catalog of Csound Computer Instruments [85].
The portion of the study apparatus to record performance data included: a
DPA microphone5 to capture the audio coming from the violin, a light sensor
to detect the moment in which the notation was displayed on the screen, and a
Bela[86]. Figure 3.3 displays the elements included in the apparatus.

The light sensor was taped to the monitor to detect a blinking box on display
generated by Processing and visualised on the right low corner of the screen each
time a new notation stimulus was presented. Logging the stimulus timestamp
with the sensor was preferred to logging the moment in which the stimulus was
generated or outputted by Processing. The sensor is not influenced by potential
delays caused by the computer itself and detects the moment the stimulus is
displayed more accurately. The box size was 50 square pixels and barely no-
ticeable to the participants because of its size and because it was covered by
the sensor, which was, in turn, mounted using a piece of tape. Because of the
tape, the ambient light did not influence the sensor, and the blinking box was
not visible to the participants. Turning the box from white to black and then

5The microphone was applied to the violin body.
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white over a 1-second period was enough to cause the sensor signal to change
from 1 (the previous stimulus is being displayed) to 0 (a new stimulus is being
displayed) to 1 (the new stimulus is the current stimulus). Figure 3.3 shows the
change in colour of the box according to the experiment status.

Figure 3.3: change of state of the blinking box.

The Bela platform hosted a C++ script to record and store the violin audio
signal. The board receives and records the light sensor signal while keeping it
in sync with the violin audio signal. Keeping the two signals in sync was crucial
to measure the time interval between when a notation stimulus was presented
and when the performer started its execution.

Figure 3.4 displays the elements included in the apparatus.
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Figure 3.4: study 1 apparatus.

3.4 Data analysis

3.4.1 Building the database for analysis

The following paragraphs describe the extraction of the data from the recorded
audio and sensor signals and the organisation of the data in a single data frame.
The data published in this chapter is in line with the data and findings discussed
in the publication by Guidi et al. [16]. However, some of the figures differ as
they result from an advanced and thorough analysis achieved after two years of
additional PhD training. Experience and new skills related to R Studio allowed
for an enhanced, clean and organised dataset. R studio [87] helped identify
and correct minor errors caused by the pYin algorithm (like pitch frequencies
displayed as the double of the actual note fundamental frequency). Moreover, in
the following chapters, medians are preferred to means (reported in the NIME
paper cited above) as they are less affected by outliers.

Building the database started by importing the violin and sensor recordings
in the audio editor Sonic Visualiser [88].

Pitch data

As this study focuses on participants’ pitch accuracy, I considered the portion
of each note where the pitch is detectable and is the direct result of participants

44



playing the strings with the bow. I defined this portion of each note by manually
placing two-time markers. The first time marker was positioned at the point
where the waveform stopped manifesting a chaotic behaviour. Such behaviour
is caused by the bow touching and scraping the strings at the beginning of each
note execution. The pitch is highly variable and hard to measure in this very
short portion of the note, which we could quantify as a few milliseconds. That’s
why this note segment was excluded from the analysis. I positioned the second
marker when the violin bow detaches from the strings and causes the volume
to gradually decrease while the violin body and the strings keep resonating by
themselves. Its location was identified as the portion of the note’s amplitude
envelope where the volume steadily decreases. This phase is generally described
as the note’s release. In this note’s segment, the resulting pitch tends to adjust
according to the violin’s acoustic body rather than the player’s agency. This
portion of the note was excluded from analysis because it is not the result of
the violin being directly played.

Figure 3.5 shows a violin note performance which is time-marked as de-
scribed.

Figure 3.5: a note performance with time markers. Markers are the boundaries
of the light blue area. This is the portion of the note considered for data analysis.

I selected each note’s region standing between each pair of markers to cal-
culate its pitch frequency envelope. The envelope is calculated using the mono-
phonic pitch tracking algorithm pYin [89] 6. The algorithm was set to operate
at 512 samples per block with a 256 hop size. The resulting data were exported
as CSV files. Each file identified a note and consisted of a list of frequencies
paired with timestamps at which they happened.

I imported the CSV files in R Studio and checked for frequency bins erro-
neously generated by the Pyin algorithm. Frequency bins with half or double
the precedent or subsequent frequency bin value or with a frequency value below
the violin pitch range. Erroneous values were corrected to reflect the actually
performed frequency.

By looking at the frequency timestamps column, I then computed the median
6The pYin algorithm is available as a plugin in Sonic Visualiser
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frequency of each note’s start mean and end segments considering the following
time windows:

• start time window: 100 ms following the attack phase

• mean time window: the time interval following the start of the note up to
the 100 ms before the end of the note

• end time window: the last 100ms before the violin bow detached from the
strings of the violin.

A custom script written in C++ computed the calculations and stored the
results in a CSV file.

Time

The sensor signal and the violin audio recording were imported into Sonic Vi-
sualiser to evaluate participants’ time response to the notation stimuli. Figure
3.6 shows a region of a sensor signal and the related violin recording generated
during a study session with a participant.

Figure 3.6: a portion of the violin recording in blue and of the sensor signal in
green.

I added a time marker each time the sensor signal jumped to 0, meaning
a new stimulus was shown on the screen. Then I added a time marker at the
beginning of each note attack. Finally, I exported the audio and sensor signals
timestamps as CSV files.

Resulting database

The resulting CSV files containing pitch and time information were combined
in R Studio to generate a database that includes each note:
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• stimulus timestamp

• stimulus frequency

• stimulus performance start timestamp

• performed start frequency

• performed mean frequency

• performed end frequency

• study section

• participant numeric ID

Pitch deviation calculation

Pitch deviation at each note’s start, mean and end was calculated as follows.
First, the expected frequency for each stimulus fe(n) was computed as:

fe(n) = m02
dn/12

where m0 is the frequency of a reference note7, and dn is the difference in
semitones between the stimulus MIDI note number and the reference MIDI note
number.

I then calculated the error in cents for the start aSn, mean aMn, and end
aEn notes’s frequencies as follows:

aSn = abs(1200 ∗ log2(mSn/fEn))

aMn = abs(1200 ∗ log2(mMn/fEn))

aEn = abs(1200 ∗ log2(mEn/fEn))

The following analysis partially focuses on how much performers deviated
from the stimuli rather than how much they played above or below the expected
frequency. Thus I took the absolute value rather than the raw value of each
result. Values produced by the calculations were added as new columns in the
data frame.

Time response

Time response for semitones and quarter tones was computed by subtracting
the start time of a performed note from the timestamp identifying the moment
the stimulus was displayed.

7I took the lowest note playable on the violin, which is G3, MIDI note number 55, 196 Hz
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Statistical tests

Tables in the following sections report the semitones data group named “S” and
the quarter tones data group “Q”.

Preliminary evaluation of the data showed a non-normal distribution in each
data sample considered for the data analysis. The same type of distribution for
the pitch deviation data was found in the individual sections of the study.

Pitch deviations for the semitones and the quarter tones groups across the
study are shown in Figure 3.7. Several data points do not fall along each group’s
(45-degree) reference line. So we can assume the non-normality of the data.

Figure 3.7: Quantile plots about semitones and quarter tones start, mean, and
end pitch deviation data.

The non-normal distribution of the data led to the choice of a non-parametric
statistical test to evaluate the comparisons between unpaired and paired data.
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The comparison between unpaired data was evaluated using the Wilcoxon rank
sum test. The test is used for comparing two independent groups of samples in
a situation where the data are not normally distributed. An example of such a
comparison is pitch start deviation for semitone versus pitch start deviation for
quarter tones.

Further tests on paired data showed that their difference is approximately
distributed symmetrically around the median. As the paired samples considered
for the analysis are not normally distributed, and their difference is distributed
symmetrically around the median, their comparison was assessed with Wilcoxon
signed rank test on paired samples. The test is useful for comparing two paired
groups of samples when the data are not normally distributed. The test assumes
that differences between paired samples should be distributed symmetrically
around the median.

The histogram plots in Figure 3.8 show that the pitch adjustment data
(in cents) for quarter tones are approximately symmetrical for quarter tones
performances. The same type of distribution was found by looking at semitones
across the study and at semitones and quarter tones in each section of the study.

Figure 3.8: Data distribution around the median for pitch adjustments between
the start-end, between the start-mean, and between the mean-end of quarter
tones.

Statistical tests considered semitones and quarter tones performances in:

• the overall study data

• the audio section data

• the overall notation data (the sum of notationa plus notationb data)
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• the comparison between audio and notation data

• notationa section data

• notationb section data

• a comparison between notationa and notationb data

Outliers

Over 576 stimuli were performed across the study:

• thirteen quarter tone stimuli and eleven semitones were performed with a
pitch start deviation major of 100 cents or minor than -100 cents

• one stimulus was performed with a mean pitch deviation greater than
hundred cents.

Thirteen of these performances (six semitones and seven quarter tones) were
identified as extreme outliers. Outliers and their assessment were accomplished
in R Studio using the function is outlier. As found in the R Studio help section
of the software, values above the third quartile + 1.5xIQR8 or below the lower
quartile - 1.5xIQR are considered as outliers. Values above the third quartile
+ 3xIQR or below the first quartile - 3xIQR are considered extreme points (in
other words, extreme outliers).

Participants were expert violinists and therefore had the ability to precisely
perceive pitch and accurately position their fingers on the violin’s fretboard. A
quarter tone is half a tone which is fifty cents above or below a certain note.
So it’s necessarily located at some point in between two regular notes which in

8Interquartile Range
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the equal temperament are one hundred cents distant from one another. Given
the participant’s skills, even if a player does not know where a quarter tone is
located, it would be reasonable to expect them to adjust their tuning in between
an interval of 100 cents. Any further deviation could be reasonably explained
as a mistake or participant’s fatigue.

The influence of the identified exFtreme outliers on the following statistics is
trivial (� 2 cents on pitch deviation medians for pitch start deviations). However,
as they probably qualify as mistakes, these performances were not included in
the analysed data presented in this document.

Therefore, the following sections describe data analysis over 563 perfor-
mances, of which 281 were in response to audio stimuli and 282 were in response
to notation stimuli. Performances considered in the Notationa section are 140,
and performances considered in the Notationb section are 142.

Pitch deviation results are expressed in cents, while time response results
are expressed in seconds.

3.4.2 Pitch analysis results

Overall stimuli performances

Quarter tones had a higher pitch deviation than semitones at the start, mean
and end of players’ performances. Pitch deviation comparisons between players’
execution of quarter tones and semitones were statistically significant with p <
0.0004 and small effect size values (between 0.13 and 0.24). Data shows that
IQR values are higher for quarter tones compared to semitones. Figure 3.9 shows
a visual representation of the data. Full statistics and results are reported in
tables 3.1, 3.2.

Table 3.1: pitch deviation statistics for quarter tones and semitones perfor-
mances across the study.

Note type Variable Median Interquartile range
Q start 20.786 32.306
Q mean 17.309 22.672
Q end 16.841 21.959
S start 16.579 25.308
S mean 10.709 16.825
S end 10.720 15.580

Quarter tones had a higher pitch deviation at the start of the performances
compared to the mean and end of quarter tones executions. The median dif-
ference between the quarter tones group’s start and end pitch deviation is 6.7
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Figure 3.9: Quarter tones pitch deviation versus semitones pitch deviation at
the beginning, mean and end of executions across the study

Table 3.2: Quarter tones and semitones pitch deviation comparisons across the
study.

Var Group1 Group2 p p signif. effect size magnitude
start Q S 4.03e-03 ** 0.13 small
mean Q S 1.70e-07 **** 0.23 small
end Q S 2.23e-08 **** 0.24 small
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cents. Pitch deviation comparisons between the start and the end of the quarter
tones and between the start and the mean of the quarter tones are significant
with p < 0.0001 and a moderate effect size of 0.31 and 0.34. A further compar-
ison between the mean and the end pitch deviation for the quarter tones group
was statistically non-significant (see table 3.4 for details).

Semitones also had a higher pitch deviation at the start of the performances
compared to the mean and end of players’ executions. The median difference
between the semitones group’s start and end pitch deviation is 8.9 cents. Pitch
deviation comparisons between the start and the end of the quarter tones and
between the start and the mean of the quarter tones are significant with p <
0.0001 and a large effect size of respectively 0.51 for the start-to-end comparison
and 0.53 for the start-to-mean comparison. A further comparison between the
mean and the end pitch deviation for the semitones group proved to have small
statistical significance (see table 3.4 for details).

IQR values appear to be higher for both groups at the start of the notes and
to get lower considering the mean and the end of the stimuli execution. Table
3.3 presents a summary of pitch adjustment data.

Table 3.3: Pitch adjustment statistics for quarter tones and semitones perfor-
mances across the study.

Note type Group Median Interquartile range
Q start to end 6.749 18.294
Q start to mean 6.363 16.378
Q mean to end 0.386 5.143
S start to end 8.907 16.576
S start to mean 8.130 15.142
S mean to end 0.776 4.366

Table 3.4: pitch adjustment comparisons for quarter tones and semitones per-
formances across the study.

Note type Group1 Group2 p p signif. effect size magnitude
Q start end 1.37e-06 **** 0.31 moderate
Q start mean 6.88e-08 **** 0.34 moderate
Q mean end 6.57e-01 ns 0.03 small
S start end 6.75e-18 **** 0.51 large
S start mean 3.91e-19 **** 0.53 large
S mean end 1.00e-02 ** 0.15 small
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Audio stimuli performances

Results from the study’s audio condition align with the overall results. Quarter
tones had a higher pitch deviation than semitones at the start, mean and end
of players’ performances. Players performed quarter tones stimuli with a pitch
deviation of 25.87, 14.47, 14.5 cents, whereas semitones’ pitch deviation was
equal to 18.89, 9.68, and 8.6 cents. Pitch deviation comparison between quarter
tones and semitones at the beginning of their performances were statistically
significant, with p < 0.013 at the start of the executions and p < 0.0001 at the
mean and end of players’ performances. Results have small effect size values.
Figure 3.10 shows a visual representation of the data, and tables 3.5 and 3.6
present a summary of these results.

Figure 3.10: Quarter tones pitch deviation versus semitones pitch deviation at
the beginning, mean and end of executions in the audio condition

Table 3.5: pitch deviation statistics for quarter tones and semitones perfor-
mances in the audio section.

Note type Variable Median Interquartile range
Q start 25.867 33.780
Q mean 14.474 20.761
Q end 14.495 18.572
S start 18.896 29.552
S mean 9.687 14.599
S end 8.590 13.267
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Table 3.6: Quarter tones and semitones pitch deviation comparisons in the audio
section.

Var Group1 Group2 p p signif. effect size magnitude
start Q S 1.32e-02 * 0.16 small
mean Q S 2.36e-04 *** 0.23 small
end Q S 1.03e-05 **** 0.28 small

The median difference between the start and the end pitch deviation for the
quarter tones group is 12.3 cents, whereas the median difference between the
start and the end pitch deviation for the semitones group is 13.35 cents. The
two comparisons are highly significant, with p < 0.0001 and large effect size
values. Tables 3.7 and 3.8 present a summary of the results.

Table 3.7: pitch adjustment statistics for quarter tones and semitones perfor-
mances in the audio section.

Note type Group Median Interquartile range
Q start to end 12.947 20.692
Q start to mean 12.381 18.597
Q mean to end 0.566 5.547
S start to end 13.351 19.353
S start to mean 12.214 17.826
S mean to end 1.136 5.023

Table 3.8: pitch adjustment comparisons for quarter tones and semitones per-
formances in the audio section.

Note type Group1 Group2 p p signif. effect size magnitude
Q start end 7.92e-09 **** 0.54 large
Q start mean 1.02e-10 **** 0.60 large
Q mean end 5.09e-01 ns 0.06 small
S start end 3.16e-14 **** 0.65 large
S start mean 7.59e-15 **** 0.66 large
S mean end 2.00e-02 * 0.20 small

Notation stimuli performances

Analysis outcomes from the notation stimuli performances align with the over-
all results. Quarter tones had a higher pitch deviation than semitones at the
start, mean and end of players’ performances. Players performed quarter tones
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stimuli with a pitch deviation of 19.34, 19.53, and 19.06 cents, whereas semi-
tones’ pitch deviation was equal to 14.67, 11.84, and 12.24 cents. The pitch
deviation comparison between quarter tones and semitones at the beginning of
their performances was not statistically significant, with p = 0.1. However, fur-
ther comparisons between quarter tones and semitones’ mean pitch deviation
and between quarter tones and semitones’ end pitch deviation resulted in being
significant with p < 0.0003. Results have small effect size values. Figure 3.11
shows a visual representation of the data, and tables 3.5 and 3.6 provides further
insights about these results.

Figure 3.11: Quarter tones pitch deviation versus semitones pitch deviation at
the beginning, mean and end of executions in the Notationa plus Notationb
condition

Table 3.9: pitch deviation statistics for quarter tones and semitones perfor-
mances in the Notationa section plus Notationb section.

Note type Variable Median Interquartile range
Q start 19.343 27.486
Q mean 19.526 23.396
Q end 19.058 25.796
S start 14.672 19.318
S mean 11.836 17.941
S end 12.242 17.643

Pitch deviation for the quarter tones group at the beginning, mean, and end
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Table 3.10: Quarter tones and semitones pitch deviation comparisons in the
Notationa section plus Notationb section.

Var Group1 Group2 p p signif. effect size magnitude
start Q S 0.105000 ns 0.10 small
mean Q S 0.000224 *** 0.22 small
end Q S 0.000338 *** 0.22 small

of the executions exhibits close values for the notation stimuli performances.
The median difference between the start and the end and the start and the
mean pitch deviation for the quarter tones group is respectively 1.2 cents and
0.95 cents. The median difference between the mean and the end pitch deviation
for the quarter tones group is 0.22 cents. Pitch deviation comparisons between
the start and the end, the start and the mean and the mean and the end pitch
deviation are non-significant, with p comprised between 0.4 and 0.9.

Semitones had a higher pitch deviation at the start of the performances
compared to the end of players’ executions. The median difference between the
semitones group’s start and end pitch deviation is 4.65 cents. Pitch deviation
comparisons between the start and the end and between the start and the mean
of performances in the semitones group are significant, with a p-value < 0.0001
and a moderate effect size of respectively 0.36 for the start-to-end comparison
and 0.38 for the start-to-mean comparison.

Comparisons between the mean and the end pitch deviation for the semitones
group proved to be non-significant, with a p-value = 0.19.

Table 3.11 presents a summary of pitch adjustment data, whereas table 3.12
presents a summary of the statistical significance of the comparisons.

Table 3.11: pitch adjustment statistics for quarter tones and semitones perfor-
mances in the Notationa section plus Notationb section.

Note Group Median Interquartile range
Q start to end 1.175 13.680
Q start to mean 0.951 11.759
Q mean to end 0.224 4.766
S start to end 4.648 11.992
S start to mean 4.217 10.706
S mean to end 0.432 3.609
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Table 3.12: pitch adjustment comparisons for quarter tones and semitones per-
formances in the Notationa section plus Notationb section.

Note type Group1 Group2 p p signif. effect size magnitude
Q start end 0.426 ns 0.07 small
Q start mean 0.466 ns 0.06 small
Q mean end 0.935 ns 0.01 small
S start end 1.47e-05 **** 0.36 moderate
S start mean 4.31e-06 **** 0.38 moderate
S mean end 1.87e-01 ns 0.11 small

Audio stimuli performances versus notation stimuli performances

Overall, pitch adjustment for the quarter tones group is higher in the audio
section compared to the notation section. The adjustment happens mostly
between the start and the mean of the stimuli executions in both the audio and
notation sections. Between the start and the end of the notes, the median pitch
adjustment for the quarter tones group was higher in the audio section compared
to the notation section (12.95 vs 1.82 cents). The comparison is significant with
p < 0.0001 and small effect size(r = 0.28). Between the start and the mean of
the notes, quarter tones also had a higher median pitch adjustment in the audio
section (12.381 vs 1.79 cents). The comparison is significant with p < 0.0001 and
a moderate effect size (r = 0.34) between the mean and the end of the notes. A
further comparison between the median pitch adjustment for the quarter tones
group in the audio and notation section resulted in a non-significant p-value =
0.64.

Data describing the semitones group also shows that pitch adjustment is
higher in the audio section compared to the notation section. The adjustment
for the semitones group in the notation section is higher than that for the quar-
ter tones group (the significance of this comparison is reported in the previous
section). Between the start and the end of the notes, the median pitch adjust-
ment for the semitones group in the audio section was 13.35 cents, whereas the
median for the semitones group in the notation section was 6.13 cents. The com-
parison is significant with p < 0.0001, effect size r = 0.23. Between the start and
the mean of the notes, the median pitch adjustment for the semitones group in
the audio section was 12.214 cents, whereas the median for the semitones group
in the notation section was 5.889 cents. The comparison is significant with p
< 0.0001 and a small effect size r = 0.24 between the mean and the end of the
notes, the median pitch adjustment for the semitones group in the audio section
was 1.136 cents, whereas the median for the semitones group in the notation
section was 0.242 cents. The comparison is non-significant, with p = 0.34.
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Figure 3.12 shows comparisons between audio and notation sections for quar-
ter tones, and Figure 3.13 shows comparisons between audio and notation sec-
tions for semitones. Table 3.13 presents a summary of the statistical significance
of the comparisons.

Figure 3.12: Quarter tones pitch deviation in the audio condition versus
notationa plus notationb condition at the beginning, mean and end of play-
ers’ executions

Table 3.13: pitch adjustment comparisons for quarter tones and semitones per-
formances in the audio section versus Notationa plus Notationb section.

Note type Variable p p signif. effect size magnitude
Q start to end 1.07e-05 **** 0.28 small
Q start to mean 1.17e-07 **** 0.34 moderate
Q mean to end 6.45e-01 ns 0.03 small
S start to end 1.32e-04 *** 0.23 small
S start to mean 4.09e-05 **** 0.24 small
S mean to end 3.43e-01 ns 0.06 small

Notationa performances

Quarter tones had a higher pitch deviation than semitones at the start, mean
and end of players’ performances. Pitch deviation comparisons between quarter
tones and semitones at the start of players’ performances were not statistically
significant, with p = 0.16. Comparisons between the semitones and quarter
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Figure 3.13: Semitones pitch deviation in the audio condition versus notationa
plus notationb condition at the beginning, mean and end of players’ executions

tones groups’ pitch deviation at the mean and end of the performances had a
small significance with p 0.027 and 0.04 and small effect size values (0.19, 0.17).
Plots in Figure 3.14 and tables 3.14, 3.15 present a summary of these results
and provide further details.

Table 3.14: pitch deviation statistics for quarter tones and semitones perfor-
mances in the Notationa section.

Note type Variable Median Interquartile range
Q start 20.958 26.850
Q mean 21.639 26.577
Q end 22.776 27.918
S start 16.495 20.743
S mean 14.870 21.014
S end 15.109 22.418

The median difference between the start and the end pitch deviation for the
quarter tones group is 0.6 cents, whereas the median difference between the
start and the end pitch deviation for the semitones group is 3.13 cents. The
first comparison is non-significant, with p = 0.8. The second comparison is
significant with p = 0.008 and a moderate effect size = 0.31.

Table 3.16 presents a summary of pitch adjustment data, and table 3.17
presents a summary of the significance of the comparisons.
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Figure 3.14: Quarter tones pitch deviation versus semitones pitch deviation at
the beginning, mean and end of executions in the Notationa section.

Table 3.15: Quarter tones and semitones pitch deviation comparisons in the
Notationa section.

Var Group1 Group2 p p signif. effect size magnitude
start Q S 0.1650 ns 0.12 small
mean Q S 0.0267 * 0.19 small
end Q S 0.0414 * 0.17 small

Table 3.16: pitch adjustment statistics for quarter tones and semitones perfor-
mances in the Notationa section.

Note type Group Median Interquartile range
Q start to end 0.563 13.014
Q start to mean 0.146 11.242
Q mean to end 0.416 4.432
S start to end 3.124 9.810
S start to mean 2.497 8.765
S mean to end 0.627 3.261
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Table 3.17: pitch adjustment comparisons for quarter tones and semitones per-
formances in the Notationa section.

Note type Group1 Group2 p p signif. effect size magnitude
Q start end 0.769 ns 0.04 small
Q start mean 0.898 ns 0.02 small
Q mean end 0.606 ns 0.06 small
S start end 0.008 * 0.31 moderate
S start mean 0.014 * 0.29 small
S mean end 0.057 ns 0.23 small

Notationb performances

Notationb section presents similar results compared to Notationa section.
Quarter tones had a higher pitch deviation than semitones at the start, mean

and end of players’ performances. Pitch deviation comparisons between quarter
tones and semitones at the start of players’ performances were not statistically
significant, with p = 0.43. Comparisons between the semitones and quarter
tones groups’ pitch deviation at the mean and end of the performances had a
small significance with p 0.005 and 0.002 and small effect size values of 0.24 and
0.27. Plots in Figures 3.15 and tables 3.18, 3.19 present a summary of these
results.

Figure 3.15: Quarter tones pitch deviation versus semitones pitch deviation at
the beginning, mean, and end of executions in the Notationb section.

The median difference between the start and the end pitch deviation for the
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Table 3.18: pitch deviation statistics for quarter tones and semitones perfor-
mances in the NotationB section.

Note type Variable Median Interquartile range
Q start 17.117 25.146
Q mean 17.309 23.558
Q end 15.311 21.205
S start 13.722 16.994
S mean 10.465 10.267
S end 9.359 12.843

Table 3.19: Quarter tones and semitones pitch deviation comparisons in the
Notationb section.

Variable Group1 Group2 p p signif. effect size magnitude
start Q S 0.43000 ns 0.07 small
mean Q S 0.00450 ** 0.24 small
end Q S 0.00183 ** 0.27 small

quarter tones group is 1.82 cents, whereas the median difference between the
start and the end pitch deviation for the semitones group is 6.13 cents. The
first comparison is non-significant, with p = 0.8. The second comparison is
significant with p = 0.008 and a moderate effect size = 0.31.

Table 3.20 presents a summary of pitch adjustment data, and table 3.21
presents a summary of the significance of the comparisons.

Table 3.20: pitch adjustment statistics for quarter tones and semitones perfor-
mances in the Notationb section.

Note type Group Median Interquartile range
Q start to end 1.816 14.423
Q start to mean 1.793 12.311
Q mean to end 0.023 5.121
S start to end 6.131 13.694
S start to mean 5.889 12.132
S mean to end 0.242 3.932

Notationa performances and notationb performances

In the previous sections of this document, data show that comparisons between
semitones and quarter tones in notationa and notationb sections are mostly non-
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Table 3.21: pitch adjustment comparisons for quarter tones and semitones per-
formances in the Notationb section.

Note type Group1 Group2 p p signif. effect size magnitude
Q start end 0.433 ns 0.10 small
Q start mean 0.254 ns 0.14 small
Q mean end 0.586 ns 0.07 small
S start end 4.52e-04 *** 0.41 moderate
S start mean 5.46e-05 *** 0.47 moderate
S mean end 8.86e-01 ns 0.02 small

statistically significant. Equally, comparisons between notationa and notationb

are not significant as shown in table 3.22. Non-significance within and between
these two study sections may depend on the small size of the sub-datasets (142
and 140 performances over 563 executions across the study).

Table 3.22: pitch adjustment comparisons for quarter tones and semitones per-
formances in the Notationa section versus Notationb section.

Note type Variable p p signif. effect size magnitude
Q start to end 0.715 ns 0.03 small
Q start to mean 0.357 ns 0.08 small
Q mean to end 0.416 ns 0.07 small
S start to end 0.399 ns 0.07 small
S start to mean 0.182 ns 0.11 small
S mean to end 0.326 ns 0.08 small

3.4.3 Semitones versus quarter tones time response

Semitones performances had a quicker response than quarter tones when the
stimuli were presented as notation.

Across the two notation sections, the median time deviation in the quarter
tones group was 1.8 seconds, whereas the median in the semitones group was
1.42 seconds. The Wilcoxon test showed a significant difference (p < 0.0001,
effect size r = 0.407). In the notationa section, the median time deviation in the
quarter tones group was 1.86, whereas the median in the semitones group was
1.56 seconds. The Wilcoxon test showed a significant difference (p < 0.0001,
effect size r = 0.40). In the notationb section, the median time deviation in the
quarter tones group was 1.657 seconds, whereas the median in the semitones
group was 1.33 seconds. The Wilcoxon test showed a significant difference (p
< 0.0001, effect size r = 0.491). A summary of these statistics is displayed in
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table 3.23.

Table 3.23: median time response statistics for quarter tones and semitones
performances in the Notationa plus Notationb sections, in the Notationa section,
and in the Notationb section

.

Note type StudySection Median Interquartile range
Q Notationab 1.802 0.622
S Notationab 1.424 0.525
Q Notationa 1.860 0.654
S Notationa 1.556 0.572
Q Notationb 1.657 0.585
S Notationb 1.331 0.309

3.5 Discussion
This study examined musicians’ pitch accuracy when they played semitones and
quarter tones. It was expected that the performers would be more proficient with
semitones, given that they are familiar and common in Western music. Hence,
the accurate rendition of semitones compared to quarter tones isn’t surprising,
but it served as a benchmark for comparison, allowing to contrast musicians’
performances when handling familiar elements (semitones) against those when
encountering less familiar ones (quarter tones) under differing conditions (audio
and notation).

A distinctive finding of this study is that even expert players, possessing
the necessary motor and kinaesthetic skills, are unable to accurately perform
unfamiliar sounds if they lack an internal representation of the sonic result. In
other words, their accuracy in execution is highly compromised in the absence of
pertinent auditory imagery. This phenomenon is observable even if the instru-
ment’s interface is familiar to the players and its auditory feedback is available.
This finding is based on substantial evidence.

Before conducting the study, it was hypothesized that participants would
manage to adjust the intonation of quarter tones with greater accuracy in the
audio section because it allowed players to hear quarter tones as auditory stimuli
before reproducing them. This, in turn, could enable them to make comparisons
and use their motor and kinaesthetic skills to adjust their performance accord-
ingly. If this hypothesis held true, minimal adjustments would be expected in
the notation condition due to the absence of auditory references for quarter
tones.

By looking at the data, this hypothesis is confirmed with a significance

65



level of p < 0.0001. Pitch adjustments performed in the audio section provide
compelling evidence that participants possess the necessary motor imagery and
kinaesthetic understanding to adjust their position on the fretboard and enhance
the pitch accuracy of quarter tones. As a result, they could approximate the
fretboard position indicated by the notation and subsequently refine their pitch.
However, in the notation condition, the notational stimuli presented appear to
have provided little assistance to the players. The motor skills players employed
to improve their pitch accuracy for quarter tones in the audio section seemed
either ineffective or absent in the notation section.

I propose that, in the audio section of the study, auditory cues likely pro-
vided a surrogate for this absent auditory imagery, enabling players to establish
an auditory benchmark. This benchmark, in turn, facilitated the comparison
of their quarter-tone performance with the intended sound. Although this hy-
pothesis necessitates further investigation, it nonetheless provides a plausible
explanation for the observed discrepancy in pitch adjustment between the au-
dio and notation sections. It hints that the capability to construct the desired
pitch mentally might be of greater importance than the mental imagery of the
physical movements associated with producing the pitch. In essence, sounds
that aren’t easily imagined may also be challenging to play accurately.

Furthermore, the data provide substantial evidence that if a musician does
not have a familiar mental image of the sound intended to play (quarter tones
in this case), it is not sufficient for the instrument to be familiar. The violinists
played an instrument that they knew very well during the study. Nonetheless,
they struggled with pitch accuracy and timely response in playing quarter tones
compared to semitones both in the notation and audio sections. Comparisons
between semitones and quarter tones were statistically significant, with p values
< 0.001 or less across the study.

Finally, it is proposed that the auditory feedback from the instrument does
not compensate for the absence of auditory imagery. Auditory imagery appears
to be salient in determining what can be played on an instrument besides motor
imagery and auditory feedback. I propose that quarter tones were not played
as well as semitones as participants lack a coherent sonic imagination coupled
with the needed motor programs.

3.6 Study Generalisation
The implications of the research, while primarily focused on violinists, may
extend to the design modifications of various other musical instruments.

Considering different instruments such as trumpets, or guitars, the physical
mechanism of playing a note may differ, but the importance of auditory imagery
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is likely consistent. Musicians must internally imagine the sound before it’s
produced, which can influence accuracy. Brass players, like violinists, may find
it challenging to hit microtones that aren’t typically used in Western music.

Auditory imagery’s relevance probably stretches beyond playing quarter
tones and could be pertinent to an array of musical tasks. This includes situ-
ations that demand playing an instrument or an instrument modification that
affords to play new or unfamiliar sounds.

While these findings are derived from a specific study, they present a broader
understanding of the role of auditory imagery in music performance. This un-
derstanding could influence the design modifications of a wide range of musical
instruments. However, these generalizations should be approached with cau-
tion. Further research should be considered in each specific context to validate
these inferences.

3.7 Implications for Instruments Design
In this chapter, we explored the challenging nature of playing quarter tones, even
on an unmodified, traditional violin. Despite having access to precise mappings
and auditory feedback, musicians encountered difficulties due to struggles within
their auditory imagery. When the auditory imagery of a musician fails to identify
a specific sound event, the corresponding motor program for performing it is
likewise unavailable, leading to reduced accuracy in performance.

I propose that a lack of auditory imagery can constitute a mental limitation
that should be considered in the design process of instruments’ modifications
that aim at skills retention. The design lens should therefore move from a
technology-focused perspective to a more human-centred one to address this
limitation.

This research proposes an increased level of attention that accounts for the
sensorimotor link in music performance. This process is an essential element
to consider in designing interfaces for producing new sounds. If players cannot
imagine the sounds, they cannot play them. This consideration significantly
differs from evaluating if an instrument’s affordance to play microtones or er-
gonomically fits a player’s hands.

Including the sensorimotor in the design process prompts a new design ques-
tion: does an intrinsic link exist between the designed interface and the per-
formers’ existing imagination and techniques? If not, then the instrument may
encounter a fundamental mental, rather than technological, limitation.
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3.8 Conclusions
The results of the quartertones study challenge traditional feedback loop perfor-
mance concepts, suggesting that this loop is not critical for accurate execution.
Auditory feedback may still be necessary for correction and refinement.

To support the kind of performance that is guided by auditory imagination,
there is a need to translate from the imagery of sound to an action that resonates
with the instrument. If musicians lack this connection, they will lack the skills
needed to perform with the instrument or its augmentation, thereby opening
up room for further research. To what extent can existing auditory imagery
be used to play unfamiliar sounds? For which musical aspects other than pitch
would this approach be valid?

Design strategies that ensure accurate performance of unfamiliar sounds are
necessary and could potentially be based on auditory imagery.
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Chapter 4

Transposed Violin
Experiment

The experiment described in this chapter has been produced from the paper
Design for Auditory Imagery: altering instruments to explore performer fluency
[16].

Violinists from the quarter tones study described in chapter 3 were asked to
play on a transposed violin. This study investigates how modifying the relation
between gesture and pitch challenges the auditory expectations of twelve vio-
linists and, therefore, their auditory imagery. Using the re-tuned violin to play
a note written on a music score results in the instrument producing a differ-
ent, unfamiliar, note. The term unfamiliarity reflects the unexpected auditory
feedback from the violin.

It is not proposed that instruments’ re-tuning should be considered a pe-
culiar form of instrument augmentation to query. The re-tuned violin simply
represents a case where a modified instrument produces an unexpected sound
because of its modification. Tasks involving the re-tuned violin refer to the
research question to what extent do performers’ pitch accuracy and fluency
deteriorate in the presence of unfamiliar auditory feedback and mismatched au-
ditory imagery? Does their performance improve if the task allows participants
to ignore the violin’s sound and focus on their internal representation of sound?

The hypothesis is that performers need to have coherent auditory imagery
of the sound they need to perform. Altered or possibly irrelevant auditory
feedback produced by a modified instrument may not significantly impede a
player’s performance. These results would agree with recent research on skilled
sensorimotor control that highlights the value of auditory and motor imagery,
which participate in feedforward anticipation in embodied musical performance.
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The research questions for the transposed violin study and the quarter tones
study are of primary importance for designing new instruments: new sounds that
cannot easily be imagined and are not coupled to an existing motor program
may not likely be easily performed on a musical instrument. When the goal
is modifying an instrument and retaining professionals’ skills, a designer may
benefit from a design paradigm based on the notion of imagery guiding the
playing process. This principle may be preferable to a design paradigm based
on auditory feedback.

It should be clarified that this case study does not focus on finding the perfect
tuning system for violins. Because of the violin re-tuning, imagining a particular
note and playing it corresponded to the sound of a different note. Therefore,
when an instrument is modified in such a way that auditory-imagery and motor
programs are decoupled, which circumstances allow faster/more accurate execu-
tions? In which conditions can participants retain their performing skills, such
as fluency of execution and pitch accuracy on a modified instrument?.

Participants declared they were unfamiliar with instrument re-tuning. Two
of them declared having prior experience with playing an instrument tuned in
fourth being self-taught guitar players. The individual performance metrics
of these two participants indicate they did not outperform the other players
involved in the study.

4.1 Study Description
A violin is usually tuned from the lower string to the upper string: G3, D4, A4,
and E5 (concert tuning). The violin used for the study was tuned in fourths: A3,
D4, G4, and C5 (transposed tuning). The instrument was re-tuned in advance
at the university. Re-tuning participants’ violins at the beginning of the study
would not have guaranteed a reasonably stable tuning during the experiment.
When a violin that is usually tuned in fifths is re-tuned, its pegs will tend
to go back to their original configuration over time. It took two days for the
new tuning to become similar to the violin used during the study. Hence, one
re-tuned violin was prepared in advance and given to participants. See figure
4.1 for a visual reference describing the violin transposition. Participants were
asked to play only in the first position1. Having participants playing in the
first position, it was possible to observe players move between strings which
maximised the disruption produced by the re-tuning. This potentially leads to
data that describes more clearly the re-tuning effect.

Players were introduced to the study by explaining the violin re-tuning and
1Otherwise, players could have partially solved the re-tuning challenge by inferring subse-

quent pitches’ position on the same string.
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Figure 4.1: violin tuning in a normal setting (concert tuning) and during the
study (transposed tuning).

presenting the tasks. They were asked to use the violin to play twenty-four
short musical excerpts. The intent was to present short melodies familiar to
the violinist’s cultural space but that they would not have seen before. Music
passages were selected among unknown compositions from the Western Baroque
music repertoire. Being not familiar with the excerpts, players needed to resort
to the stimuli presentation (notation, audio playback) rather than using their
memory to play them. Notations included instructions on tempo. Each music
passage was performed by participants twice. The second execution of each
passage was considered for data analysis as it possibly represents the players’
most accurate execution.

The study is divided into three different conditions:

• transposed notation

• concert notation

• audio playback.

In the transposed notation condition, participants performed music score
excerpts re-written to match the violin transposition. This kind of notation was
produced for this particular study. Figure 4.2 presents an example of a stimu-
lus in this condition. Because the notation is transposed, it does not support
participants in imagining the “right sounds” they should play or the overall mu-
sical excerpt. If participants would read, imagine, and play the sounds written
on the notation, the results would differ from the music passage they need to
execute. However, due to the alignment between the notation transposition and
the re-tuning of the violin, this form of notation facilitates players in envisioning
the appropriate gestures required to execute on the re-tuned violin’s fretboard.
Consequently, this alignment leads to the production of accurate pitches and,
consequently, the faithful rendition of the musical excerpts. It is important to
note that despite the discrepancy between the written notation and the audi-
tory feedback produced by the violin, players are able to establish a meaningful
connection between their actions and the intended musical outcome. To what
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extent can incoherent auditory feedback produced by a modified instrument
impact players’ fluency of execution and pitch accuracy? To what extent can
it prevent the retention of such skills owned by participants? To what extent
may participants stop listening to the auditory feedback from the violin, and if
that happens partially, to what extent can they perform adjustments on their
playing (like pitch adjustments) using the violin’s sound? In other words, are
they still listening to the sound produced by the modified instrument, and can
they use it to improve their performance, similar to what they would usually do
on an unmodified instrument?

Figure 4.2: a stimulus displayed in transposed notation.

In the concert notation condition, participants performed music score ex-
cerpts written as they were sourced in music books. It is the kind of notation
that players normally use to rehearse the excerpts and play them in a concert.
Figure 4.3 presents an example of a stimulus in this condition. Concert nota-
tion allows participants to imagine the “right sounds” to play, which are the
pitches they read on the score, and they could hear performing the notation
on a regular violin. Because they have to perform the notation on re-tuned
violin, players need to re-imagine the connection between what they read plus
their internal representation of the sound they are reading, and the gestures
they need to perform the music. In other words, players need to think of a
new mapping between their auditory imagery and the motor programs they use
to play pitches on a violin. When they succeed, the sound coming from the
violin (violin’s auditory feedback) matches the music written on the score. To
what extent auditory feedback that meets auditory expectations provided by
the music scores supports players to retain their fluency and pitch accuracy on
a modified instrument? In other words, does having indications of the “right
sounds” to perform can be more important than having indications about the
“right gestures” to perform (i.e. the spots on the re-tuned violin’s fretboard
where participants should place their finger)?

Figure 4.3: the stimulus shown in Fig 4.2 displayed in concert notation.

In the audio playback condition, musicians replicated music passages they
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listened to through speakers. This condition was designed to discriminate the
effect of reading notation within the challenge of playing the musical excerpts
on the transposed violin. However, during the study, participants struggled to
identify and repeat music passages they had just listened to through speakers.
Most of the passages were not performed entirely, and the execution duration
was randomly shorter or longer according to the difficulty of the passage (which
could be quantified according to features like the number of notes to remember
and tempo in bpm). Therefore, the data gathered in this section is excluded
from the analysis presented in the next sections.

Eight music passages were presented during each condition. An additional
musical excerpt was shown at the beginning of each section and was regarded as a
trial stimulus. Data produced during trial stimuli executions are not included in
the analysis. Trial stimuli helped participants to familiarise themselves with the
study’s tasks. During the whole study, every music passage was presented only
once to each participant to prevent potential learning effects and related biases
in the data. Each time the performance of a stimulus was completed, I manually
activated the following stimulus (more details in the apparatus section). The
order of the sections and stimuli was randomised for each participant to prevent
biases coming from a certain sequence of sections and/or stimuli. Participants
were instructed to perform the stimuli as soon as they felt ready. Musicians
were asked to avoid using vibrato in their executions2.

The stimuli were manually transcribed from paper to digital files using the
software MuseScore [90]. They were then exported as JPEG files to be displayed
as a notation on a monitor and as uncompressed audio files synthesised (using
MuseScore) to be played back through speakers. The virtual instrument chosen
to convert the notation into audio was a piano.

4.1.1 Metrics

A potential outcome of the violin re-tuning is impaired fluency, a state where
it is not possible to play something at tempo or with proper rhythm or intona-
tion because it is necessary to pay conscious attention to each action. A lack
of fluency may impact the stimuli’s execution duration. Performances duration
was considered a metric to evaluate how each condition affected players’ perfor-
mances. Performances may also manifest a lack of fluency when players repeat
portions of the excerpts to correct performance mistakes. Participants’ repeti-
tion of a portion of the stimuli would result in extra notes. The number of extra
notes found in each section was considered as a further metric to evaluate how

2This study partially focuses on pitch analysis of players’ performances. Executions char-
acterised by vibrato would have biased the data and influenced analysis results since vibrato
is a common playing technique influencing pitch
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each condition impacted players’ fluency. Pitch accuracy at the start and mean
of the notes and pitch adjustment between the start and the means of the notes
performances are also compared between sections to evaluate which condition
mostly impacted players’ ability to perform and correct pitch accurately.

4.1.2 Apparatus

A laptop was used to display the musical notation and audio stimuli. The
Laptop ran custom Processing code to select hi-res images of the notation (or
to start the playback of the stimuli), display them, and log the stimuli ID,
performance ID, participants ID and execution timestamps.

The portion of the study apparatus to record performance data included a
DPA microphone to capture the audio coming from the violin, and a Bela[67].
The Bela platform hosted a C++ script to record and store the violin audio
signal. The visual configuration of the elements included in the apparatus is
identical to the one described for the quarter tones study.

4.2 Data analysis

4.2.1 Building the database for analysis

The following paragraphs describe the extraction of the data from the violin
recordings and the organisation of the data in a single data frame. The data
published in this chapter is in line with the data and findings discussed in the
publication by Guidi et al. [16]. Some of the figures related to pitch deviation
may differ because of more accurate analysis. The previous analysis relied on
the use of the software Tony [91] to automatically segment players’ recordings
for each passage into notes and provide frequency estimates. In this document,
the pitch analysis is based on frequencies calculated following a more accurate
procedure which is discussed in the quarter tone study (section 3.4.1).

The number of extra notes in the music passages differs as it was previously
roughly calculated using an automatic music transcription algorithm. In this
thesis, the number of performed notes (including possible extra notes) was based
on manual annotation in the audio editor Sonic Visualiser.

Pitch

Pitch adjustment is evaluated as the difference between the start pitch deviation
and the mean pitch deviation of each note executed by players3.

3In the quarter tone study, we observed that much of the pitch adjustment for familiar
auditory feedback (semitones) and unfamiliar auditory feedback (quarter tones) happened
between the start and the mean of the notes. Therefore, this portion of players’ performances
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Pitch deviation data was extracted from the violin recordings using the pro-
cedures explained in section 3.4.1 with one exception. In the quarter tones
study, the expected frequency was the stimulus frequency presented to partic-
ipants. This guaranteed a one-to-one coupling of the stimulus with the perfor-
mance. In the transposed violin study, players played extra notes compared to
the notes notated on the score. The extra notes resulted in players repeating
certain passages of their execution to achieve the excerpt. The pitch accuracy
analysis includes these extra notes. In fact, the pitch analysis does not aim to
assess the exact pitch correspondence between the notes on the score and their
executions. Rather, it focuses on possible pitch adjustments in disrupting audi-
tory feedback in the transposed notation condition versus the concert notation
condition. Pitch deviation at the start and the mean of the notes performed
by players were calculated using a custom R Studio script. The script takes a
frequency in Hz and returns the closest chromatic pitch in a number of semi-
tones above (positive) or below (negative) A4 (440Hz). The result is added
to the reference MIDI note 69, and the resulting midi note is then converted
into a frequency value which is used to calculate the expected frequency value.
Finally, the start pitch deviation and the mean pitch deviation, as well as their
difference, which we refer to as pitch adjustment), are computed and stored in
two separate columns in a CSV file (see section 3.4.1 for more information on
the formulae).

Performance duration ratio and extra notes

The execution duration ratio for each performance was calculated as the ratio
between the performance duration and its expected duration. Each performance
duration was retrieved by segmenting participants’ violin recordings in Sonic Vi-
sualiser and exporting them as separate audio files. The length of each audio file
in seconds represents the duration of the stimulus execution. Each performance
was named using an ID identifying the execution, as well as the section within
it, was performed and the participant who performed it. Each performance ex-
pected duration was retrieved by looking at stimuli MIDI transcriptions. Each
music passage (including tempo information) was transcribed with the software
MuseScore, synthesised with a piano plugin included in the software, and ex-
ported as an audio file. The length in seconds of each audio file represents
the expected duration of the stimulus execution. Files were named using an
ID identifying the related musical excerpt. A custom C++ script calculated
the ratios between each performance duration and the expected duration. The
script looked at the length of each performance’s audio file, then it matched its
is seen as the subject of primary interest for assessing players’ ability to retain and adjust
their pitch accuracy in this study as well.
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ID with the corresponding stimuli ID, and then retrieved the expected stimulus
duration to calculate the ratio between performance and stimulus. The result
was added in a new column to the study CSV dataset created at the end of the
pitch calculations (see section 4.2.1).

The extra notes for each performance were calculated as the difference be-
tween the number of notes in the performance and the number of notes in
the related stimulus. A negative number indicates that a participant did not
perform all the notes that form the musical excerpt. A number equal to zero
indicates that a participant played the same number of notes notated on the
score. A value above zero indicates that a player performed additional notes
compared to the notation (i.e. because they performed a bar twice). The num-
ber of notes in the performance was retrieved by looking at the number of start
(or mean) frequency deviation values in the study dataset for that performance.
The number of notes in the related stimulus was calculated by looking at the
number of notes on messages in the stimulus MIDI file. A custom C++ script
was used to retrieve the number of rows in the study dataset for each perfor-
mance. The number of rows represents the number of notes performed. The
script then matched the performance ID with the stimulus MIDI file ID and
retrieved the number of expected notes for the musical excerpt. Then the script
subtracted the two values to obtain the number of extra notes. The resulting
values were added to the study database by creating a new column.

Resulting database

The resulting dataset contains the following columns:

• participant numeric ID

• section ID

• stimulus ID

• performance ID

• start frequency deviation

• mean frequency deviation

• duration ratio

• extra notes.
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Statistical tests

In the following sections and figures, the concert notation group of data is
occasionally named “C”, and the transposed notation group of data “T”.

Preliminary evaluation of the data showed a non-normal distribution in each
data sample considered for the data analysis. The non-normal distribution
of the data led to the choice of a non-parametric statistical test to evaluate
the comparisons between unpaired and paired data. The comparison between
unpaired data was evaluated using the Wilcoxon rank sum test. The test is used
for comparing two independent groups of samples in a situation where the data
are not normally distributed. An example of such a comparison is the pitch
start deviation in transposed notation section versus the pitch starts deviation
in the concert notation section.

Data distribution for pitch deviations (start, mean of the notes), as well
as the duration ratio of the performances, are shown in Figures 4.4, and 4.5.
In each graph, several data points do not fall along each group’s (45-degree)
reference line. So we can assume the non-normality of the data.

Figure 4.4: Concert and transposed notation start and mean pitch deviation
data distribution.

Further tests on paired data showed that their difference is distributed sym-
metrically around the median. Therefore, comparisons between the start and
mean pitch deviation within the concert notation section and the transposed
notation section are evaluated using the Wilcoxon signed rank test on paired
samples.
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Figure 4.5: Concert and transposed notation executions duration data distribu-
tion.

The histogram plots in Figure 4.6 show the differences between the start
and mean pitch deviation in the concert notation, and the differences between
the start and mean pitch deviation in the transposed notation data are approx-
imately symmetrical.

Statistical tests investigated:

• start pitch deviation in concert notation vs transposed notation

• mean pitch deviation in concert notation vs transposed notation

• start pitch deviation vs mean pitch deviation in concert notation

• start pitch deviation vs mean pitch deviation in transposed notation

• pitch adjustment in concert notation vs transposed notation.

• performance duration ratio in concert notation vs transposed notation

• number of extra notes performed in concert notation vs transposed nota-
tion

Data samples and outliers

Pitch data statistics are calculated over 1719 notes played in concert notation,
and 1437 notes played in transposed notation. The pitch data presents no ex-
treme outliers. Participants performed in the notation sections 192 musical
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Figure 4.6: Data distribution around the median for pitch adjustment between
the start and the mean of the excerpts execution in the concert and transposed
notation conditions.
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excerpts, which are split between 96 musical passages in the transposed nota-
tion section and 96 musical passages in the concert notation section. The per-
formance duration data includes eight extreme outliers (two in the transposed
notation group and six in the concert notation group), which do not impact the
statistical results presented in the next sections. Outliers were assessed using
the R function “identify outliers” presented in section 3.4.1.

4.2.2 Performance duration and extra notes results

Performances duration was closer to the duration of music passages in the trans-
posed notation condition than in the concert notation condition with an average
of 3.33 vs 5.41 seconds, p < 0.0001, and a moderate effect size of 0.4. Fewer ex-
tra notes characterised executions of transposed notation compared to concert
notation. Specifically, 45 versus 653 notes with p < 0.0001, a moderate effect
size of 0.3.

Table 4.1: performance duration statistics for C and T performances.

Note type Median Interquartile range
T 3.334 1.829
C 5.414 3.998

Table 4.2: C vs T perf duration and extra notes comparisons.

Var p p signif. effect size magnitude
performance duration 2.78e-16 **** 0.4 moderate
extra notes 6.22e-10 **** 0.3 moderate

4.2.3 Pitch deviation and pitch adjustment results

Notes performed in the concert notation condition had a higher pitch deviation
than those performed in the transposed notation condition at the start and the
mean of players’ performances. Pitch deviation comparisons between players’
execution of concert notation and transposed notation were statistically signifi-
cant with p < 0.001 and small effect size values. Data shows that inter-quartile
range values result are higher for concert notation compared to transposed no-
tation. Figure 4.7 shows a visual representation of the data. Full statistics and
results are reported in tables 4.3, 4.4.

Concert notation have a slightly higher pitch deviation at the start of the
performances compared to the mean of concert notation executions. The median
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Figure 4.7: Concert notation pitch deviation versus transposed notation abso-
lute pitch deviation at the beginning, and mean of executions.

Table 4.3: pitch deviation statistics for C and T performances across the study.

Note type Variable Median Interquartile range
C start dev 13.833 cents 21.067 cents
C mean dev 13.246 cents 20.408 cents
T start dev 11.479 cents 17.669 cents
T mean dev 10.955 cents 17.443 cents
C dev adjustment 0.411 6.728
T dev adjustment 0.320 6.338

Table 4.4: C vs T pitch deviation comparisons across the study.

Var p p signif. effect size magnitude
Start dev 7.16e-05 **** 0.07 small
Mean dev 1.00e-03 *** 0.06 small
Dev adjustment 2.96e-01 ns 0.02 small
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difference between the start and the mean pitch deviation in the C group is 0.41
cents. Pitch deviation comparisons between the start and the mean of the notes
performed in concert notation are significant with p < 0.0001 and a small effect
size of 0.1 (see table 4.5 for details on the test significance).

Transposed notation have also a slightly higher pitch deviation at the start
of the performances compared to the mean and end of players’ executions. The
median difference between the start and the end pitch deviation for the S group
is 0.32 cents. Pitch deviation comparisons between the start and the mean of
the transposed notation are significant with p = 0.0096 and a small effect size
of 0.07 (see table 4.5 for details on the test significance).

Table 4.5: pitch adjustment comparisons for C and T performances (start to
mean)

Note type Var p p signif. effect size magnitude
T deviation 9.63e-03 ** 0.07 small
C deviation 3.94e-05 **** 0.10 small

4.3 Discussion
Results suggest that the transposed notation led to more fluent executions.
Music passages had duration and a number of notes more coherent with the
notation’s indications than concert notation performances. It could be argued
that participants tackled the transposed notation by using existing sight trans-
position skills. In sight transposition, a performer mentally transposes a note
written on a score, then plays the note transposed. However, in this research,
both the notation and the violin are transposed. The violin matches the nota-
tion transposition. No sight transposition is requested to perform the notation
correctly. During the study, participants only needed to execute the gestures
indicated in the notation. Participants reported to have isolated themselves
from the violin’s sound and focusing on the gestures to perform. Some of them
reported having focused on their internal representation of the sound notated
on the score and on the corresponding gesture to play it on the violin, trying
to ignore the mismatched sonic result. These reports seem to contrast with the
hypothesis that they managed to form newly learned auditory feedback quickly.

It is proposed that transposed notation worked so well because it let musi-
cians use their familiar auditory imagery, which, in turn, is connected to the
actions needed to perform the notation. Even if the resulting sound achieved
by playing each note was not what they imagined it to be, the fluency of the
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performance improved. As a result, the transposed notation enables meaningful
auditory feedback to obtain the desired melody. However, that is true only
considering the overall result of the performance. Each note within a given per-
formance has unexpected auditory feedback as both the violin and the notation
are transposed. In this scenario, the imagery was deliberately incorrect; the
notation did not produce the specified sounds. Nonetheless, it worked better
to use a notation that specified the correct motor actions and that produced a
disruptive auditory result (transposed notation) than to have a notation speci-
fying an auditory feedback matching the expectations provided by the concert
notation.

Finally, it is uncertain whether players totally ignored the auditory feed-
back from the violin in the transposed notation section. The amount of pitch
adjustment performed by players was almost identical regardless of the type of
auditory feedback available in the C and T conditions. This seems to suggest
that despite producing disruptive auditory feedback, the transposed notation
did not impact players’ ability to adjust their pitch between the start and the
mean of the notes. It could be that participants could still use some features of
the disruptive auditory feedback to achieve the same degree of adjustment they
had in the presence of coherent auditory feedback vs auditory imagery vs no-
tation coupling (concert notation condition). However, it could equally be that
the slight pitch corrections executed in both the C and T conditions were simply
the result of kinaesthetic processes ingrained in participants’ playing practice.
Further research is needed to assess the cause of pitch corrective actions during
players’ performances in the T condition.

4.4 Study Generalisation
The specific nature of the context in which the study was conducted - working
primarily with professional violin players and a retuned violin - might raise
questions about the wider applicability of the findings. It is worth considering
that this valid critique may not diminish the broader implications of the study.
Often in scientific research, initial explorations start within specific, controlled
parameters that then stimulate wider theoretical and practical implications.

What emerged from this study, was the unique adaptability of musicians,
rooted not just in their sensorimotor skills but in their capacity to dissociate
from actual auditory feedback, aligning more closely with their mental repre-
sentation of sound. This demonstrates the depth and resilience of sensorimotor
imagery. Such adaptability may not be exclusive to the professional violinists
studied here.

More broadly, these findings suggest a potential hierarchy or prioritization
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in the cognitive processes of musicians. Even when auditory feedback contra-
dicts expectations, the ingrained sensorimotor representations—shaped by years
of practice and performance—guide the musicians towards fluency. The core
revelation, then, is not the importance of sensorimotor imagery in isolation but
its salience over real-time auditory feedback in guiding performance fluency.

This study’s findings are an invitation to revisit our assumptions about how
deeply musicians rely on their internal sonic worlds, even in the face of un-
familiar external stimuli. They present a broader understanding of the role of
sensorimotor imagery in music performance. This understanding could influence
the design modifications of a wide range of musical instruments. However, these
generalizations should be approached with caution. Further research should be
considered in each specific context to validate these inferences.

4.5 Implications for instrument design
In the quarter tones study described in chapter 3, we saw that playing quarter
tones was challenging even with a traditional violin with no modifications. Cor-
rect mapping precision and auditory feedback did not support musicians in this
condition. When the auditory imagery of a musician struggles to identify a par-
ticular sound event, then the motor program to perform it is also unavailable.
The resulting accuracy of the performance diminishes.

In the transposed violin study, when the relation between the musical in-
strument and the auditory feedback is unfamiliar, but musicians can access
their auditory imagery and its related motor programs, the accuracy of the
performance (in terms of fluency) is better preserved (transposed notation).
Additional examples that demonstrate these principles are prepared piano and
MIDI keyboards. A piece for these instruments can still be notated as a piano
piece, and players will not have trouble when playing it, even in the presence
of unfamiliar auditory feedback. Possibly because they can imagine the tradi-
tional music space where the keyboard and the notation sit, and they can play
the instrument regardless of the sound it produces.

In instrument design discussions, there is often a focus on the ability to pro-
duce any given sound using mapping strategies and technological solutions. I
propose that a lack of auditory imagery constitutes a mental limitation which
should be accounted for in the design process. The design lens should shift from
a technology-focused view to include a more human-based perspective to ad-
dress such a limitation. Taking a technocentric approach could only account for
questions like mapping, precision, and degree of freedom. However, it would be
insufficient to consider human-based aspects like the ergonomics of the interface
and helpful feedback (audio, tactile, visual). In this research, it is proposed a
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different level of attention, which accounts for the sensorimotor link in music
performance and the feedforward mechanism that describes it. This process is
proposed as an essential element to account for in designing an interface that
is meant to produce new sounds. Suppose the kind of performance aimed to
enable is the one afforded by a traditional instrument (where musicians have an
embodied relationship with it). In that case, it almost does not matter what
the interface is. If players cannot imagine the sounds, they can not play them.

This approach poses a fundamental difference from asking if an instrument
can afford to play microtones or if the instrument is ergonomically sensible to
the hands of the player. Including the feedforward process in the design pro-
cess leads to the following design question: is there an intrinsic link between a
particular interface that is being designed and the existing imagination of per-
formers that will play the interface, plus the execution techniques they already
own? If the answer is no, then the instrument would run into a fundamental
limitation which is mental rather than technological. If the goal of a designer is
to let people play unfamiliar sounds, then this human factor needs to be taken
into account.

4.6 Conclusions
The results of the study challenge the notion of playing as a feedback loop where
performers think about what they want to do, play it, and evaluate the result
based on the feedback to correct the performance. This performer study suggests
that this feedback loop is not critical for the fluent execution of a performance.
Feedback may nonetheless be needed for correction and refinement (i.e. the ends
of each note in the first study were typically more in tune than the beginning,
which we wouldn’t expect to happen without feedback). Musicians can still play
when the imagery is not entirely aligned with the auditory feedback (as in the
transposed notation condition) as long as their anticipation leads them to the
right motor program. Musicians can potentially substitute unfamiliar imagery
if they can leverage a notation system connected to their existing sensorimotor
imagery.

The study thus emphasizes the significance of human-based considerations
alongside technocentric ones, ultimately encouraging a richer dialogue in the
realm of musical instrument design and performance. To support the kind of
performance that is guided by auditory imagination (i.e. execution with music
scores), there is a need to translate from the imagery of sound to an action that
is harmonious and appropriate to the instrument. If musicians do not have that
connection (i.e. because the instrument is unfamiliar), they will also lack the
skills needed to perform with the instrument or its augmentation. Establishing
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that connection is a goal that provides space for more research questions like
to what extent is it possible to use existing auditory imagery to play unfamiliar
sounds? For which musical aspects other than pitch would this approach be
valid?

As shown with concert notation, while thinking and reasoning, the qual-
ity of musicians’ performance deteriorated. Design strategies that assure that
performance remains automatic are needed and could rely on auditory imagery.

Future studies could aim to replicate your experiments with different in-
struments, populations, and cultural contexts. This would help to confirm the
conclusions drawn and their potential applicability to instrument design and
performance in general.
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Chapter 5

Augmented Instruments
Evaluation

The material presented in this chapter, particularly the following experiment,
has been produced from the paper Quantitative Evaluation of Aspects of Em-
bodiment in New Digital Musical Instruments [92]. Secionts of the description
of the augmented plectrum used in the study, which is provided in section 5.2.1,
have been produced from the paper Magpick: an Augmented Guitar Pick for
Nuanced Control[82].

5.1 Introduction
This chapter presents a quantitative method to evaluate whether an expert
player can execute skilled actions on an unfamiliar interface while focusing their
performance on the musical outcome rather than on the technology itself. The
method is presented through a case study. Twelve professional electric guitar
players used an augmented plectrum to replicate prerecorded timbre variations
in a set of musical excerpts. The task was undertaken in two experimental con-
ditions: a reference condition and a subtle, gradual change in the augmented
plectrum’s sensitivity, designed to affect the guitarist’s performance without
making them consciously aware of its effect. We propose that players’ subcon-
scious response to the disruption of changing the sensitivity and their overall
ability to replicate the stimuli may indicate the strength of the relationship
they developed with the new interface. The case study presented in this chap-
ter highlights the strengths and limitations of this method.

New digital musical instruments face many barriers to adoption, both tech-
nical and human. Skill acquisition poses a particularly vexing problem: skills
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that performers acquire over an extended time on traditional instruments do
not necessarily transfer to new instruments, with the result that expert-level
performances on new instruments remain relatively rare [1, 2, 3].

It is appealing to seek technical solutions to problems of human sensorimotor
learning by seeking to leverage existing skills in new designs [93]. Examples of
skill transference can be found in commercial instrument design, including the
electric guitar and the inclusion of the familiar piano-style keyboard on Moog
synthesisers. However, it is far from obvious how to build on existing skills in
the general case.

Before answering such a question, we should first ask how we can even eval-
uate whether a new instrument uses a performer’s existing skill. How do we
know how far existing sensorimotor skills can transfer? When a performer is
confronted with a modified or unfamiliar instrument, how do we learn to what
extent their performance uses existing training? This chapter presents a quan-
titative method for analysing the encounter between a performer and a par-
tially familiar instrument. To what extent do performers adapt their playing to
achieve specific sonic outcomes on the new instrument versus simply continuing
with existing motor programs from their familiar technique, mainly ignoring the
difference in sound produced by the new instrument?

5.2 Performer Study
Professional guitar players were asked to use an augmented guitar pick able
to modify electric guitar sound to replicate a set of musical excerpts. Players’
musical background (rock-blues music) was central in defining the sound modi-
fication’s aesthetic and the type of musical excerpts. The augmented plectrum
modifies the guitar sound in such a way that it resembles a wah-wah effect (of-
ten found in the rock blues repertoire). The kind of stimuli proposed during the
study is blues licks1.

Matching the aesthetic between players’ repertoire, sonic augmentation and
musical excerpts, I aimed to engage participants in an extension of their perfor-
mance practice using the augmented plectrum rather than engaging them in a
completely unfamiliar activity that could have entirely disrupted their embodi-
ment with the plectrum making embodiment evaluation pointless.

The study stimuli are characterised by timbral modifications achieved using
the augmented pick during their recordings. Participants were asked to replicate
the licks with respect to pitch and timbre. The first part of the study addresses
the research question: how well did participants replicate timbral modifications

1A blues lick is a short melody. It is approximately two bars long.
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of an electric guitar sound using a modified plectrum for which they do not have
an established sensorimotor program?

In the second part of the study, a very slow low-frequency oscillator (LFO)
gradually changes the augmented plectrum effect. The guitar sound becomes
darker if participants do not adjust their playing to compensate for that change
(more details about the LFO in section 5.2.4).

The research questions for this second section are: to what extent are partic-
ipants listening to the timbre variations produced by the augmented plectrum?
And provided that they perceive the sonic result of the sensitivity change in the
augmented plectrum behaviour, do they adapt their playing? I did not brief
participants about the LFO effect. If participants act to compensate for the
LFO effect, we might conclude that they are listening and responding to the
sonic modification produced by the augmented plectrum. Suppose they were ad-
justing their playing without awareness of its disruption (thus subconsciously).
In that case, we may infer that they could use the augmented plectrum without
losing focus on the external musical environment, which may signify they were
able to use their existing motor skills to play the instrument and reach a state
of unconscious competence [11].

5.2.1 The Magpick

The augmented plectrum used in this case study has been presented at the
NIME 2019 conference [82] and is called Magpick. The Magpick (Fig. 5.1)
consists of a hollow, custom-designed pick with several loops of wire embedded
within it. When the pick moves within a magnetic field, such as that created by
the magnets in an electric guitar pickup, a voltage is induced in the coil, which
is proportional to the rate of change in magnetic flux.

Figure 5.1: The Magpick.

In the context of guitar playing, this signal is related to the speed of move-
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ment, the angle of the pick with respect to the guitar body, and the proximity
of the pick to the pickups. As a consequence, the voltage generated in the wire
embedded in the pick provides information about the gestures of the plucking
hand. The wire is connected to a small preamplifier embedded in a box that
can be worn on the wrist. The preamplifier’s output is connected to a Bela
audio processor [86], which combines with the guitar’s signal to produce a new
output signal that modifies or extends the guitar’s sound. This solution accu-
rately responds to the speed, location, and intensity of the pick movements in
the pickup area with a wide dynamic range.

Therefore, the Magpick can be described as a guitar pick integrating a sensor
which detects a combination of the quantity of movement in the picking gestures
and proximity to the electric guitar pickup. Playing louder or closer to the
pickups produces a stronger signal. The resulting signal can be applied to
control an audio effect that modifies the guitar timbre.

In this study, the Magpick controls a resonant bandpass filter whose cutoff
frequency follows the amplitude envelope of the Magpick signal. As discussed in
the previous section, the way the Magpick modifies the guitar sound resembles
the effect of a wah-wah pedal. However, it offers players a faster and more
nuanced way of controlling the guitar sound. In fact, players can use picking
skills developed over years of training to modify the filter’s cutoff position.

The following link gives an audio-visual description of how the Magpick
works and of how it modifies the electric guitar sound in this study: https:
//www.youtube.com/embed/dz9isJfjf4U?feature=oembed.

5.2.2 Participants

Twelve professional electric guitar players, working either as university tutors
or as session musicians, were invited through an open call sent to music schools.
Each guitar player filled out a questionnaire before the start of the study in-
dicating: their demographics, years of training, and repertoire. Participants’
demographics resulted in an average age of 41 years old. 38 % of participants
identified as female, while 62 % identified as male. The average years of study
of the instrument among participants were 25.

During the study, some participants played their own instrument, while oth-
ers played a guitar offered on-site (a Fender Squier Stratocaster).

Players were paid an hour at a professional rate (50 GBP). The study took
place in a music studio within the Queen Mary University of London (Mile End
campus) and lasted one hour. The study was approved by the Queen Mary
Ethics of Research Committee.

Participants were familiar with using traditional plectrums with electric gui-
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Figure 5.2: the tablature for a stimulus played during the study.

tars, had played musical repertoire which mainly included rock-blues music, and
were unfamiliar with the augmented plectrum: the Magpick [82].

5.2.3 Stimuli

A total of 48 stimuli were recorded using the Magpick in the days prior to the
study. Each stimulus was a blues lick. Fig. 5.2 shows the tablature for a
stimulus. The following link gives an example of a stimulus used in this study:
https://youtu.be/nIadS_MLTko.

Each lick was two bars long and played in a 4/4 time signature. Sixteen
stimuli were recorded while gradually increasing or decreasing the brightness of
the guitar sound (i.e. increasing or decreasing the quantity of movement applied
to plucking gestures over time, thereby changing the amount of sweep of the
filter frequency). Sixteen stimuli were recorded, keeping the timbre constantly
brighter or duller (i.e. plucking the strings with the Magpick with a constant
quantity of movement (strength) for each picking gesture). Sixteen stimuli were
recorded, making the guitar sound brighter or softer for specific notes of the
excerpts (i.e. applying a higher or lower quantity of movement in plucking some
of the notes of the passages).

5.2.4 Procedure

. Before beginning the study, participants were briefed about how the Magpick
works and could try it by playing two blues licks provided as trial stimuli.
Participants reproduced sixteen guitar licks in the first section of the study and
sixteen in the second section. The order of the sections and the order of the
stimuli were randomised for each participant. Stimuli were selected randomly
from a list of recorded licks. Licks were shown one at a time on a monitor as
tablature and played back using speakers. Players were allowed three attempts
to reproduce each lick. Only the last attempt for each lick is used for analysis
as it possibly represents the moment of maximum familiarity with the stimulus
and, therefore, the best performance. In the first part of the study, the Magpick
sensitivity was not affected. In the second part of the study, the Magpick
sensitivity was subtly disrupted over time by a slow LFO to evaluate players’
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Figure 5.3: study apparatus.

ability to use their skills to compensate for the disruption. The LFO has a
triangular shape and decreases the Magpick effect by 33 % over one minute.
When the value of the LFO increases, the sensitivity of the Magpick decreases
and guitar players need to pluck the strings with more strength to open the
cutoff filter and achieve a bright sound. The guitar sound becomes darker if
participants do not adjust their playing to compensate. The LFO takes the
Magpick sensitivity back to its normal state over one minute.

5.3 Apparatus
The study apparatus can be divided into devices and software to generate and
display the stimuli, devices and software for players’ performance, and de-
vices and software to collect participants’ performance data. Fig. 5.3 gives
an overview of the physical devices included in the study apparatus and their
physical configuration.

The portion of the study apparatus to present the stimuli included: a display
to show the stimuli tablatures and audio speakers to present the related stimuli
audio recordings. Both the display and the speakers were connected to a laptop
which served as a way to display the graphic user interface to operate the study
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(play-stop the stimuli, record data) on the researcher’s side. The graphic user
interface was stored and run on a Bela connected to the laptop. Thanks to a
custom p5.js script and the Bela integrated developed environment (IDE), it
was displayed on the laptop display. Before the study took place, the interface
allowed to calibrate during a pilot study2:

• the guitar volume

• the cutoff range of the filter and its resonance value

• the volume of the stimuli playback

.
The portion of the study apparatus that allowed players to perform included:

a Fender Squier Stratocaster (which players could choose to use instead of their
guitar), a guitar amplifier, and the Magpick. The Magpick signal (whose value
ranges from 0 to 1) was fed into a Bela and processed through an envelope
follower filter effect written in C++. The code takes the envelope of the Magpick
signal to control a resonant filter. An absence of interaction with the Magpick
(i.e. zero Magpick signal) results in the filter cutoff being set at 164 Hz (which
corresponds to the musical note E3). By contrast, the maximum interaction
with the Magpick (i.e. the hardest possible playing) results in the filter cutoff
being set at 5274 Hz (corresponds to the musical note E8). The filter Q is set
to 8, a distinct resonance that emphasises the filter’s sweep controlled by the
Magpick. The attack time interval for the envelope follower engine is set to
1 ms so that a sudden picking gesture immediately opens the filter and has a
release time of 300 ms to allow for the filter sweep sonic effect to be perceived
over time.

In part 2, the code also starts an LFO that affects the sensitivity of the
Magpick. The performance envelope is calculated as the Magpick envelope
multiplied by one minus the LFO value. A direct effect of the LFO signal
increasing is a diminished Magpick sensitivity, leading to a more filtered sound.
As an effect of the filtering, the guitar sound manifests a lower amplitude. Fig.
5.4 details how the LFO signal affects the Magpick signal and influences the
guitar amplitude.

The portion of the study apparatus to collect participants’ performance data
and to generate data logs included a custom C++ code running on Bela. The
code stored the guitar audio signal, the Magpick signal, and the LFO signal as
an interleaved audio channel (at 44.1 kHz) to synchronise the three signals. The

2The pilot study took place in the same space used for the following experiment and involved
a guitar player doing research at Queen Mary University.
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Figure 5.4: Effect of the LFO on Magpick signal and the guitar amplitude.

file name for the resulting file included a numeric participant ID. The code also
stored the generated list of stimuli for each study session in a text file.

5.4 Preparing the Data for Analysis
The following paragraphs describe the extraction of the data from the recorded
audio and sensor signals and the organisation of the data in a single data frame.

The Magpick reference envelope (generated while recording each stimulus),
the corresponding performance envelope (generated during participants’ perfor-
mance), and the LFO generated in part 2 to modulate the Magpick sensitivity
were recorded on Bela as 44.1 kHz, 16-bit signals.

The audio files were then imported into the Audacity audio editor [94] on
a laptop. The envelope signals were filtered with a 4th-order (24dB) low-pass
filter set to a 1Hz cutoff to retain the large-scale shapes of the envelopes while
de-emphasising short transient events, which might occur at slightly different
times between stimulus and performance. To compensate for the group delay
introduced by the filter, I reversed and filtered the signals again using the same
settings for a 48dB/octave total slope.

The twelve participants’ filtered performance envelopes were concatenated
in a single audio file. Likewise, all the filtered reference envelopes of the twelve
participants were concatenated in an audio file. The start of each reference
envelope, the onset of every performance envelope and, for part 2, the cor-
responding LFO segment were aligned manually using Audacity to allow for
correlations and comparisons. The signals’ end was truncated so that correla-
tion tests did not involve portions of the files that displayed silence. The signals
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were imported into Sonic Visualiser [88] and exported as CSV files (listing one
amplitude value for each sample). The resulting CSV files were merged into a
single database and imported into R Studio to [87] evaluate their relationship.
All the statistical analyses presented in this study were conducted in R Studio.

5.5 Statistical Tests
This section provides the list of statistical tests adopted to analyse the data
produced during the study. Each test considered the pairs of variables listed in
table 5.1. The following paragraph briefly lists the tests considered to analyse
the data. Then, a short description of each test is provided.

Data analysis started by checking the presence of influential outliers using
Cook’s distance lines. Then, the Breusch-Pagan test and linear regression pro-
vided insights into the relationship between each pair of variables. Finally,
correlation tests determined the strength of their relationship.

The presence of influential outliers was tested using Cook’s distance lines.
The Cook’s distance is considered high if it is greater than 0.5 and extreme
if it is greater than 1. Breusch-Pagan tests offered insights into the type of
relationship between each pair of variables3.

The test indicates a linear relationship when it returns a p-value < 0.05.
Linear regression indicated the best linear fit between the variables, and the
linear regression coefficients offered insights into the mathematical relationship
between each independent variable and the dependent variable. Specifically, the
regression coefficient, called slope value, describes the change of the dependent
variable (the performance envelope) for a one-unit increase of the independent
variable (the reference envelope or the LFO envelope).

The sign of the slope value determines the direction of the relationship. If
the sign is positive, both variables increase or decrease in the same direction.
If the sign is negative, the dependent variable decreases when the independent
variable increases and vice-versa.

The residual standard error and the square of the correlation coefficient,
called “R-squared” R2, give an indication of how well a model describes the
relationship between the variables. The residual standard error measures the
standard deviation of the residuals in a regression model. The square of the
correlation coefficient measures the “fit” of the regression line to the data and
tells how well the linear regression model fits the data. R2 values have a range
between 0 and 1. A high R2 value suggests a linear relation. The p values

3The Breusch-Pagan test evaluates whether heteroscedasticity is present. Heteroscedastic-
ity is a condition that suggests a non-linear association between the variables.
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for the coefficients indicate whether the relationships between the variables are
statistically significant.

Pearson’s test determined the significance and the direction of the relation-
ship between each pair of variables with an index that comprises between 1 and
-1. 1 means that the variables evolve in the same direction, 0 means that they
are independent (hence, they have no relation), and -1 implies that the variables
grow in opposite directions.

5.6 Statistical Results
Table 5.1 offers a summary of the main tests’ outcomes and the pair of variables
considered for statistics. More details are presented in the following paragraphs
in this section. The results are discussed in section 5.7.

Variables Slope Value Residual Error Pearson Test
Part 1: Perf Env vs. Ref Env 0.56 0.17 0.51
Part 2: Perf Env vs. Ref Env 0.45 0.15 0.52
Part 2: Perf Env vs. LFO Env 0.44 0.19 0.21

Table 5.1: summary of the main outcomes from the data analysis.

Computing Cook’s distance lines did not show any influential outlier for
each pair of variables while the Breusch-Pagan test suggests a linear or partially
linear relationship for each considered case with p < 2.2e-16.

Linear regression for each pair of variables returned positive slope values,
suggesting a relationship between each pair of envelopes. The sign of the slope
coefficients is positive. As discussed in section 5.5, this means that variables
evolve in the same direction. In part 1, the linear regression model presents a
slope value of 0.56, indicating that a change of 1 unit in the reference envelope
yields a change of 0.56 in the performance envelope. In part 2, the linear
regression model between the same pair of variables presents a slope value of
0.45 while the linear regression model between the performance envelope and
the LFO envelope presents a slope value of 0.44. The relationship between each
pair of variables is statistically significant, with p < 2e-16.

Models’ ability to predict the variables’ relationship is characterised by small
residual standard errors of respectively 0.17 (performance envelope vs reference
envelope in part 1), 0.15 (performance envelope vs reference envelope in part
2), and 0.19 (performance envelope vs LFO envelope). The R2 values for each
relationship are possibly small and respectively 0.26, 0.25, and 0.19. These
results are statistically significant with p < 2e-16. The implications of small R
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values for this study’s results and its limitations are discussed in section 5.7.1.
Pearson’s product-moment correlation tests confirmed the existence of a sig-

nificant relationship between each pair of variables and that the variables evolve
in the same direction. The test between the performance envelope and the ref-
erence envelope in part 1 returned a correlation coefficient of 0.51 with a 95
% confidence interval between 0.5 and 0.52. The test between the same pair
of variables in part 2 returned a correlation coefficient of 0.52 with a 95 %
confidence interval between 0.51 and 0.53. The test between the performance
envelope and the LFO envelope in part 2 returned a correlation coefficient of
0.21 with a 95 % confidence interval between 0.2 and 0.22. The results of the
three tests are statistically significant, with p < 2.2e-16.

These tests, therefore, show a correlation between the reference envelopes
that were in the stimuli and the performance envelopes that the performer
played in response to that, suggesting that overall the performers were able to
execute the study tasks with almost a modest degree of accuracy. This will be
further discussed in section 5.7.

5.7 Discussion
Data gathered in this study evaluates a certain kind of skilled action: the picking
gesture. This skilled action was correlated with the amount of motion produced
by recording the stimuli. Participants’ feeling was not measured. I rather fo-
cused on measuring their action and the quantity of movement in their plucking
the strings to get a more quantitative picture of whether a performer is manag-
ing to retain their ability to perform with a modified plectrum.

On a scale ranging from -1 (inverse correlation) to +1 (positive correlation),
participants could match the timbre stimuli with a correlation coefficient of
0.5 in both the first and second parts of the study. For every change of one
unit in the reference signal, the performance envelope changed in the same
direction by 0.56 in Part 1 and 0.45 in Part 2. The resulting correlations show a
reasonable degree of correspondence between stimulus and performance, which
is not present in correlation analyses between deliberately unrelated signals (see
Limitations in section 5.7.1). Thus it gives us the confidence that performers
were executing the task of replicating the stimuli with at least a modest degree
of accuracy. In other words, the positive correlation values and the positive
slope values suggest that participants could play the Magpick to open and close
the cutoff frequency of the filter applied to the guitar sound as it was recorded
while generating the stimuli.

In Part 2, data shows that participants adapted their playing to the LFO
effect with a positive correlation of 0.2 and a positive slope value of 0.44. In
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other words, when the LFO value was increasing, making the Magpick signal
less sensitive, participants were also increasing the magnitude of their interaction
with the Magpick (i.e. picking the strings with more strength and-or closer to
the pickups). As discussed, the effect of the LFO on the Magpick sensitivity is
audible as a changing filter cutoff. Since there is no other way for a performer to
discover the effect of the LFO, the correlation analysis suggests that participants
must be listening to the guitar sound modified by the Magpick, noticing its
change either consciously or subconsciously. In turn, they adapted their playing
to partially (though not fully) compensate for the effect of the LFO disruption.

Participants were not briefed about the LFO disruption before or during the
study. At the end of the experiment, they were asked if they had noticed any
change in the magpick behaviour. None of them reported having experienced a
difference in the Magpick sensitivity. I thus speculate that participants were not
only listening to the sonic augmentation and reacted to the LFO but also that
their reaction was unconscious as they did not report its effect. Adapting their
playing by adjusting their picking gestures became an automatic subconscious
action, possibly similar to the act of placing their finger on the fretboard or
plucking the strings. Their interaction focused on the musical task (replicating
the guitar lick’s timbre) rather than shifting toward the technology (the change
in the Magpick sensitivity produced by the LFO).

A learning process is generally required to build skills like this. Professional
players spend a lot of time building skills on one interface. A designer then
either changes some aspect of the interface and may try to build on the same
skills. The method presented in this chapter tells how well the design does with
that change of the interface (the augmentation of a plectrum). Can people adapt
their existing skills, acquired using a normal pick, without further training, or
are they set back in their ability to play? The fact that participants never saw
the Magpick motivates the study.  Can somebody achieve the desired outcome
without resorting to a high cost of conscious attention? Not any subconscious
action performed during execution is indeed a result of maintaining their ability
to focus on the sonic outcome of performance rather than on the instrument’s
functioning or gestures. For example, there are ancillary gestures that are not
such an indicator. However, in the study, I address a specific type of gesture
directly related to the performance. Specifically, the picking gesture. 

The correlation values discussed in this chapter could undoubtedly have
been higher. Eight participants out of twelve stated that they had to pick
the guitar strings stronger than they used to replicate certain stimuli. Being
required sometimes to pick the strings stronger than usual may have affected
their ability to match the stimuli and, in the second section, adjust for the LFO.
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5.7.1 Limitations

The meaningfulness of the correlation analyses was checked against baseline
correlations and linear regression models performed on unrelated variables. For
example, I computed a linear regression model with the reference envelope from
part 1 and the LFO signal from part 2. The test returned a slope < 0.00 with
R2 7.494e-06 and p = 0.617. A further linear regression test conducted between
the reference envelope from part 1 and the performance envelope from part 2
returned similar non-significant results. However, it also returned a significant
p-value. We may conclude that the p values are not always reliable in the linear
regression tests applied to this dataset. The s slope and the R2 values describe
the relationship of the variables more accurately. The R-squared results show
low values, suggesting low predictability for the model. In other words, the slope
values may not be perfectly representative of the numeric relationship between
stimuli and responses. The study is based on human-based tasks, possibly
leading to uncertainty in the data.

The human-based nature of the study may also have led to a partially non-
linear relationship between the variables that, in turn, affects the predictability
of the calculated regression models. However, the models computed in this re-
search are not meant to precisely predict the performance values based on the
stimuli values. Instead, they help get insights into the data (i.e. whether par-
ticipants increase their picking strength to achieve brighter sounds when the
stimuli sound is brighter). Future research may adopt different statistical tests
to measure the correlation between the envelope signals. Primarily tests that
are meant to assess partially linear relationships between variables. I relied on
participant self-reports to determine whether participants were consciously or
unconsciously reacting to the LFO. Choosing whether the players’ response to
the disruption is conscious or unconscious is critical in determining the stage
of instrument motor learning experienced by players. For this reason, addi-
tional research strategies are needed to reinforce the hypothesis that performers
not only responded to the disruption and adapted their playing but also did it
unconsciously as a result of responding to the auditory feedback of the augmen-
tation.

The subjective feeling of participants was not measured; I measured their
action and the quantity of movement in their picking gesture. Evaluating to
what extent players are experiencing a subconscious response to the LFO may be
the subject of future work. In this study, I instead tried to bring an external view
to whether somebody can execute skilled actions on an unfamiliar interface. The
goal is not to privilege an objective method against subjective methodologies
but rather to complement existing methods with something that is outwardly
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observable and repeatable.
Having different electric guitars in the study (participants were allowed to

use their own guitars) has possibly introduced a source of variability and un-
familiarity in the system’s behaviour. It might have been good if players had
a more ample opportunity to play on that guitar before introducing the Mag-
pick. However, guitarists usually adapt to switching guitars, so it may not have
affected their ability.

5.8 Conclusions
This chapter proposed an evaluation method to examine expert players’ repur-
posing of motor skills for new digital or augmented instruments. The evaluation
method is quantitative, based on simple correlations based on the replication
of target stimuli and slow changes to action-sound mappings. This study is
one instantiation of a method that can be used more widely to understand a
musician’s relationship to their instrument. The method will be most beneficial
for instruments that are intended to repurpose existing sensorimotor skills and
be characterised by predictable and repeatable forms of interaction. Evaluat-
ing new musical interfaces in such a context can be challenging as it requires
observing activities that happen subconsciously and cannot be easily queried.
The results from this case study appear to show at least a modest subconscious
response to changes in augmentation behaviour, and the principles introduced
in this research could be adapted to other scenarios in new instrument research.
More information on this methodology and its possible contributions to evalu-
ating new or modified musical instruments that aim to transfer players’ skills
will be discussed in chapter 7.
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Chapter 6

Streams of execution

6.1 Introduction
In this study, players are asked to execute musical excerpts using a digital
piano with an extra foot pedal compared to what people normally use. The
pedal presents two different behaviours given to participants in two different
conditions. The study aims to compare the effect of the two behaviours on
players’ performances. Which of the two designs allows the pedal to better
integrate into the overall execution? The answer to this question may inform
the design of musical instrument modifications or augmentations that aim to be
easily integrated into existing performative practices.

The study does not aim to evaluate the pedal as a specific interface. The
action of tapping a pedal during a piano performance is regarded as a good
example of a performing process that superimposes the playing of a familiar
instrument (the piano) with another action (pressing the pedal) which might
not be familiar or may not have familiar results (e.g. triggering a sound or
transposing the piano keyboard). Do participants integrate the gestures they
need to perform on the pedal into the same stream of imagery they use to
perform the piano, or do the actions they perform on the piano and pedal
remain entirely separate streams of execution in the player’s mind?

The underlying hypothesis is that a design that better integrates into the
overall performance should allow participants to conceive the pedal execution
as part of the musical outcome produced on the keyboard. I speculate that
players should be able to imagine the overall performance (including the piano
and the pedal) as a single process rather than two parallel mental processes to
retain their fluency and tempo accuracy. Otherwise, players would experience a
state of impaired fluency in which the tempo of the performance may fluctuate
according to the difficulty experienced by performers in integrating the modified

101



instrument. This challenge would also affect the timing and accuracy of the
execution.

6.1.1 Research Questions

We compare the effect of two designs on players’ performance. Players’ per-
formance is examined in two conditions: a sound condition where the sustain
pedal triggers the sound of a cymbal, and a modification condition where the
pedal transposes the piano up by 1 octave.

which of the two conditions better supports participants in integrating the
pedal in the overall musical executions?. Will direct auditory feedback in the
sound condition allow participants to increase their timing accuracy of the pedal
events? In the octave condition, will the lack of immediate sonic transformation
(transposition) in response to pedal pressure lead to lower accuracy in their
pedal timing? Which condition will better integrate into the performance model
where participants subconsciously imagine the sound they want to achieve, act
to achieve it and then compare the result with their initial expectations?

I designed a study with expert pianists to answer these questions and anal-
ysed the resulting performances. Data are analysed concerning the tempo sta-
bility of the player’s execution on the piano and the time accuracy of the pedal
execution.

6.2 Context
During the transposed violin study study 4, players were asked to use a re-tuned
violin to perform musical excerpts. Players could play the re-tuned violin in the
transposed notation by focusing on the notation and ignoring the auditory feed-
back. To a certain extent and with a very reduced fluency, they could also
perform in the concert notation condition by taking extra time to think about
the fingers’ position on the re-tuned strings. The same process was observed by
Morreale et al. [82]. Guitar players could use the unmodified aspect of an aug-
mented1 plectrum (shape, ergonomics) to perform on a guitar. However, when
they tried to control the augmented aspect of the plectrum that could modify
the guitar sound, they needed extra time to engage in a trial-error process to
integrate the pick-modified behaviour into their playing.

Participants in both studies seem to operate the instrument and its modifi-
cation as two separate entities. The operations devoted to the traditional side
of the instrument (holding the pick, and plucking the strings) were performed

1The plectrum was able to sense the strength of their picking gestures and influence the
guitar’s timbre or dynamic.
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as usual. The operations needed to control the instrument modification (i.e.
positioning the pick closer or farther from the guitar pickups) appeared to con-
stitute a separate set of gestures which required more time to “think” about
how to control it.

I speculate that these two distinguished sets of actions are, to some extent,
the result of two streams of thought. Equally, I speculate that the modified
instrument is conceived by players, to a certain extent, as two separate instru-
ments, resulting in two separate yet concurrent performances. The performance
with the traditional aspects of the instrument retains a certain fluency. The
performance with the modified aspects of the instrument does not.

It has to be noted that I am not claiming that such a separation constantly
exists and is in the same shape throughout a whole performance. Still, it seems
that the instrument modification and the underlying aspects of the original
instrument can each have a different impact on the performance.

Engaging in two co-occurring activities can be challenging as it requires, triv-
ially speaking, doing two things simultaneously instead of one. A specific design
may or may not help players integrate (physically and/or mentally) the two sets
of gestures needed to perform on the modified instrument and its modification
into one task. We may also speculate that a particular design modification may
produce different effects if we accept this idea.

I also speculate that a design that achieves such a result may differentiate
itself from a design that does not reach it. In the first case, participants would
have to focus on one overall task instead of two concurrent tasks resulting in a
more fluent execution.

6.3 Performer Study
Twelve professional keyboard players with ABRSM Grade 7 qualification2 or
higher were invited to join the study. Players were familiar with the western
classical music repertoire and playing sustain pedals. They had an average age
of 31; the gender distribution was 58 per cent female and 42 per cent male.
The average years of study were 22. They were paid an hour at a professional
rate (40 GBP). The study took place in a music studio within the Queen Mary
University of London (Mile End campus) and lasted one hour. The study was
approved by the Queen Mary Ethics of Research Committee.

During the study, performers played ten notated musical excerpts using a
digital piano and a momentary foot pedal3 (mechanically equivalent to a digital

2ABRSM (Associated Board of the Royal Schools of Music) is an accredited board awarding
exams and diploma qualifications in music within the UK

3Clavia Nord Single Pedal. Model number:
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piano sustain pedal) in two different conditions. In the first condition (sound
condition), the pedal pressure triggers a short-ride cymbal (with a sharp attack
and one-second decay). In this condition, the pedal does not modify the sound of
the piano and triggers a sound when pressed. I chose a cymbal sound because it
is close to a broad western cultural context of piano executions involving drums.

In the second condition (octave condition), pushing the pedal transposes up
the keyboard register by one octave. In other words, all the notes played after
the pedal tap are transposed up by one octave. A subsequent pedal tap brings
back the piano register to the original pitch. This latter modification modifies
the sound of the piano after the pedal is pressed.

Excerpts were presented as paper scores, taken from the music book Mikrokos-
mos by Bela Bartók. Fig 6.1 shows the first page of a musical excerpt used
during the study. The order of the musical excerpts is randomised for each par-
ticipant, so it is the order of the conditions. Each excerpt is one or two pages
long. Excerpts two pages long were shown with one page next to the other, so
participants did not need to interrupt their playing during the execution to turn
the page. A version of the music passages without pedal markings was sent to
the participants four days in advance to familiarise themselves with the piano
notation. They were otherwise unfamiliar with the musical material. During the
study, participants played the notation, including the pedal markings. Pedal
markings were not originally part of the notations. I added them using a third
staff.

In the sound condition, we might expect less accurate performances because
players have to keep track of two different types of sound simultaneously. On the
other hand, this condition has immediate sonic feedback. So it may facilitate the
integration of the pedal in the performance. The octave condition, by contrast,
does not provide immediate sonic feedback to the pedal taps. This may also
cause less accurate performances because players have no sonic feedback on
whether the pedal tap was early or late. However, players may be able to play
the pedal more accurately because the pedal transposes the piano by one octave
preserving the musical sense and coherence of the excerpts in terms of melody,
harmony and timbre. The pedal could be better integrated into a single stream
of performative gestures related to the piano execution.

Pedal markings are initially positioned as sparse material, and then they
gradually increase in density and complexity. I refer to the word density as the
number of pedal events in a bar. I refer to the term complexity as their rhythmic
position concerning the piano execution (e.g. on a strong beat or syncopated).
The complexity of the musical material increases over time. Increasing the dif-
ficulty of the notation, we may observe that the timing of the pedal’s execution
may be more precise in one of the two conditions. As the difficulty of the music

104



Figure 6.1: the first page of a musical excerpt.
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material increases, players are pushed into a musical space where they do not
have the time to think 4. In the same way, if someone cannot drive a motor-
cycle well, they could drive slowly and carefully. But if they want to race on a
track, they need expertise. The more complex the challenge of playing musical
excerpts, the more we may observe whether players internalise one of the two
pedal modifications. If one of the conditions is particularly difficult, we may
observe some pianists stop operating the pedal (or exhibit abysmal timing) and
focus on the rest of the performance. They may need to stop thinking about
the pedal and focus on the notes they need to play.

6.4 Apparatus
The keyboard used for this experiment is a Nord Stage Piano. The sustain
pedal is a standard NORD Sustain Pedal and is connected to the keyboard.
The control change messages produced by the pedal (with values of either 0 or
127) and MIDI notes made by the keyboard are sent from the keyboard to a
laptop using a USB cable. The computer runs an instance of Ableton Live, which
maps and records the incoming MIDI data. MIDI notes messages are routed
to a MIDI track that hosts an instance of the Waves Grand Rhapsody Piano
by Ableton. The Nord Stage Piano internal sound module is not used. MIDI
control change messages are mapped according to the experimental condition
using custom Max for Live devices.

The DAW is set up to declare an overall latency of twelve milliseconds. A
study pilot with an expert pianist and researcher from the Centre for Digital
Music (Queen Mary University of London) did not identify such latency as an
issue.

6.4.1 Pedal functioning in the two experimental condi-
tions

In the first condition, each control change message generated when pressing the
pedal triggers a ride cymbal audio file. The file is loaded in a virtual sampler
hosted on a track on Ableton Live. Control change messages received by Ableton
Live are routed to a Max For Live custom device to make this possible. Fig 6.2
shows the flow of MIDI control messages in the first condition. The sampler is
set to retrigger the sample each time it receives a note on message.

4Failing by Tom Johnson’s [95] is an excellent example of a music piece that asks double
bass players to extend their performing practice and scales upon complexity up to a point to
reduce their performing accuracy. Players are requested to play and talk at the same time.
The playing and the conversation get more complicated and overlap in the playing. It just
becomes impossible to play and talk as the piece prescribes. The piece causes players to split
the performance into two musical streams as the difficulty increases.
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Figure 6.2: flow of MIDI control messages in the sound condition.

The Max For Live device receives the cc message and checks that it has a
value different from 0 (0 means that the pedal is not pressed). If the condition
is met, then the script triggers a middle C note on the message and, after 100
milliseconds, a middle C note-off message. The note-on and note-off messages
are routed to the sampler to trigger the sound (note-on message) and reset
the sampler pointer to the beginning of the audio file (note-off message). The
routing of the MIDI note messages between the Max For Live device and the
sampler is provided by Ableton Live. Fig 6.3 shows the Max For Live Script
that maps control messages with control value 127 to a middle C MIDI note.

Figure 6.3: custom Max For Live script that maps MIDI cc messages to a middle
C MIDI note message.

In the second condition, a control change message generated when pressing
the pedal sets a MIDI pitch transposition device to +12 semitones. The device
receives the incoming MIDI notes and transposes them before they are sent to
the piano VST. A subsequent pedal tap sets the MIDI effect to 0, meaning that
the MIDI notes are no longer transposed by one-octave up. A further pedal
tap sets the device again to +12 semitones and so on. Control change messages
Ableton Live receives are routed to a Max For Live custom device. Fig 6.4
shows the flow of MIDI control messages in the second condition. The Max For
Live device shown in Fig 6.5 receives the cc message, and it checks that it has a
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Figure 6.4: flow of MIDI control messages in the second condition.

value different from 0 (0 means that the pedal is not pressed). If the condition
is met, the script sets the transposition value of the MIDI pitch effect after a 50
ms delay. Without delay, simultaneous pedal and key presses could produce an
unpredictable result depending on which MIDI message arrived first. Because
of the delay, only the notes after the pedal tap are transposed.

Figure 6.5: custom Max For Live script that maps MIDI cc messages to trans-
position values on the pitch MIDI effect of Ableton Live.

6.5 Data preparation for analysis
Preparing the data for the following analysis required filtering some of the MIDI
information recorded during each performance. MIDI data was recorded using
Ableton Live. Ableton Live visualises MIDI messages in a Piano Roll style view.
Fig 6.6 shows the MIDI note visualisation in Ableton Live of a performance of
a musical excerpt by a participant. Ableton also allows a more complex view
where control change messages are visualised on top of the MIDI notes. Both
the midi note views and the midi notes plus CC messages views allow to filter

108



or edit of the respective MIDI information. Once the filtering operations were
concluded, I exported the MIDI file for each performance. I wrote the following
information in each file name: the number of the music excerpts performed, an
alias name for the participant who performed it, and the type of condition.

Figure 6.6: MIDI note visualisation in Ableton Live of a performance of a
musical excerpt.

6.5.1 MIDI notes data preparation

To calculate tempo variations within each music performance, I selected the
MIDI notes falling on specific beats in each measure (more information in section
6.6). I manually annotated their beat number in a text file. I identified these
notes by comparing the recordings with the related notation. I selected them by
filtering the remaining notes (muting MIDI notes in the piano roll is sufficient
to filter them). Fig 6.7 shows a musical excerpt with filtered notes (in white)
and selected notes (in red).

For the 3/4 time signature, I kept all the notes falling on each beat. A beat
number list may look: [1,2,3,4,...]. For the 4/4 metre signature, I kept the notes
falling on each first and third beat in each measure. A beat number list, in
this case, may look: [1,3,5,7,...]. For the 2/2 and 2/4 metre signatures, I kept
the first and second beats. For the 6/8 metre signature, I kept the notes on
each measure’s first and fourth beat. A beat number list, in this case, maybe:
[1,4,7,10,...]. A missing beat in a measure (i.e. not performed or absent in the
original score) was omitted. If two or more notes were overlapping on the same
beat, I considered the note with the highest pitch. Fig 6.8 shows the beat
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number annotation for a few bars of a musical excerpt.

Figure 6.7: MIDI notes filtered are white coloured.

Figure 6.8: beat number annotation on a few measures of a musical excerpt.

6.5.2 Control change messages data preparation

Control change events are visualised in Ableton Live as a blue line with a value
alternating between 0 (no pedal press detected) and 127 (pedal is pressed). The
cc visualisation is plotted on top of the MIDI notes of the performance, which
helps to collocate the pedal taps in the music performance. Fig 6.9 shows the
visualisation of MIDI control change messages in Ableton Live for one of the
study performances.

I started by identifying and counting how many pedal events notated in the
music scores were not performed (missed pedal taps) by participants and how
many pedal events were instead performed even in the absence of indication
(extra pedal taps). To do so, I manually scanned all the recorded pedal events
and compared the pedal executions with the notations. When multiple taps
were recorded within a tiny time window (below 50 ms), I deduced they resulted
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Figure 6.9: MIDI control change messages visualisation in Ableton Live of a
performance of a musical excerpt.

from the electrical circuit inside the pedal bouncing. As the first control change
message is the one performed by the participant, and the following cc messages
are the result of the behaviour of the electric circuit, I kept the first pedal tap
and manually deleted the following ones falling within a 50 ms time window.
When the notation indicated a single pedal tap, but the participant performed
multiple taps, I considered the additional taps as extra taps caused by the
participants’ errors. I counted these extra taps and took note of their amount.
Fig 6.10 shows two a case where the performer played two pedal events instead
of the single pedal event written in the music score.

Figure 6.10: two pedal events in rapid succession instead of one.

I then selected the cc messages corresponding to the pedal taps played ac-
cording to the notation. Ableton Live does not allow filtering cc messages. So
I copied the MIDI recordings and deleted all the extra cc messages. I then
exported a MIDI file for each performance, including only the cc messages cor-
responding to the player’s performing a pedal tap notated on the score. This
information was used to evaluate participants’ time accuracy in the pedal exe-
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cution (more information in section 6.6).
Finally, I manually scanned through the notation of each musical excerpt

and made a list of the best number for each pedal event in a text file. Fig 6.11
shows the pedal beat numbers on the first line of a musical excerpt (highlighted
in blue).

Figure 6.11: pedal beat number annotation, highlighted in blue, on the first line
of a musical excerpt.

6.5.3 MIDI data parsing and construction of a dataframe

I coded a custom python script which uses the pretty MIDI library5 [96] to open
the MIDI files exported from Ableton.

The script opens the files, reads the events, and identifies the type of event
(note, control message) and the associated data (i.e. note number, velocity or
Control number, control value). It extracts the timestamp at which it occurred.
Then it reads the file’s name and extracts the number of the musical excerpt
for the current event, the type of condition in which it was played, and the
alias name of the participant who played it. The script then associates the
number of beats corresponding to each event by cross-referencing the number
of the stimulus, the type of event and the related list of beat numbers created
in the previous steps (see MIDI notes and control change data preparation
sections). Once these data are available and stored in Python local variables,
the script calculates the tempo in BPM between each pair of consequent MIDI
notes, and it calculates the time error between the expected timestamp and the
actual timestamp of each pedal event (more information about this calculation
in section 6.6). All this information is finally stored in a CSV file for analysis.

5Pretty MIDI has functions for handling MIDI data so that it’s in a format that is easy to
modify and extract information from.
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6.6 Data analysis

6.6.1 Tempo fluctuation calculation and statistics

The tempo was calculated twice (for 4/4, 2/2, 2/4 and 6/8 metrics) or three
times (for 3/4 metric) for every bar of the performance but the last two beats.
The last two beats were excluded as I expected performers to slow down toward
the end of the musical excerpt for matters of expressive playing. The resulting
values calculated across each performance describe its tempo fluctuations.

The tempo in BPM was calculated using the following formula:

60
s · b
L

In the formula s denotes the start time difference in seconds between two
consecutive beat timestamps, and b is the difference between the expected beat
number and the actual beat number played by the musician. The result is then
normalised by L which represents the length of a beat in the performance (3 for
triple metres, 1 for 2 or 4 metres).

I then calculated the standard deviation for each performance as a metric of
tempo change using their related tempo lists. I also calculated the interquartile
range on the same data as it benefits from excluding outliers’ influence. It is
the median of the lower and upper half of the data.

I calculated the mean of the standard deviation values and the interquartile
range values in each condition. Then I evaluated the statistical significance of
the results in the two conditions with a t-test and a Mann–Whitney U test. The
Mann–Whitney U test was considered as I do not assume the normality of the
data for tempo fluctuation.

It has to be noted that tempo could also fluctuate for expressive/interpretive
reasons (e.g. slowing down near cadences). However, a rigorous analysis that
tries to unpick all the different sources of tempo fluctuation is beyond the scope
of this thesis.

6.6.2 Pedal time error calculation and statistics
I first calculated the expected time of each pedal tap based on the notation and
the piano performance. The expected timestamp was calculated in seconds as
follows:

tA +
(tB − tA) ∗ (bP − bA)

(bB − bA)

tA is the timestamp of the note on the beat preceding a pedal tap, while tB is
the timestamp of the note on the beat right after the pedal tap. bP , bA and
bB are, respectively, the beat number of the pedal tap, the note on the beat
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preceding the pedal tap, and the note right after the pedal tap. The latter
part of the formula normalises the pedal event to a fraction of the way between
beats A and B. The terms involving t scale that fraction to a range of times in
milliseconds.

I subtracted the expected time stamp for each pedal event from the actual
time of the pedal execution. The result is the amount of time by which the
pedal press is either early or late.

Then I calculated the mean and the median of the pedal time errors in each
condition. I ran these statistics on the raw pedal time errors and their absolute
values. Then I evaluated the statistical significance of the results in the two
conditions using a t-test and a Mann–Whitney U test. The Mann–Whitney U
test could be particularly indicated on the mean and median of the absolute
values as we cannot expect them to be normally distributed.

6.6.3 Results

Participants had an overall tempo fluctuation across their performances of 7.12
BPM in the sound condition and 7.27 BPM in the octave condition.

A subsequent t-test comparing the interquartile range of each performance
in the two conditions showed p = 0.61 with a 95 per cent confidence interval.
A Mann-Whitney U test returned p = 0.86.

Figure 6.12: standard deviation values in BPM for tempo fluctuation in each
condition.

Looking at figures 6.15, and 6.16, pedal time errors seem to be normally
distributed.

The average Performers’ pedal time error calculated on absolute values pre-
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Figure 6.13: tempo fluctuation in the
octave condition: data distribution.

Figure 6.14: tempo fluctuation in the
sound condition: data distribution.

Table 6.1: tempo change statistics.

Condition Mean of Standard
Deviation Values

Mean of Interquartile
Range Values

Sound condition 9.73 BPM 7.12 BPM
Octave condition 7.23 BPM 7.27 BPM

Test on
Sound Condition,
Octave Condition

P Value
on Mean of Standard

Deviation Values

P Value
on Mean of Interquartile

Range values
T Test 0.9 0.61
Mann–Whitney U test 0.51 0.86

Figure 6.15: pedal time error distribu-
tion in octave condition.

Figure 6.16: pedal time error distribu-
tion in sound condition.
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Table 6.2: pedal time error statistic tests.

MEAN MEDIAN

Condition On Original
Values

On Absolute
Values

On Original
Values

On Absolute
Values

Sound Condition 0.048 0.099 0.007 0.026
Octave Condition 0.04 0.118 0.005 0.044

Table 6.3: pedal time error mean and median.

Test on
Sound vs Octave

condition

P Value
on Original

Values

P Value
on Absolute

Values
T Test 0.423 0.026
Mann–Whitney U test 0.401 0.002

sented in the sound condition an absolute deviation mean of 0.099 sec vs 0.118
cents in the octave condition with p = 0.026 (t-test) with a 95 per cent confi-
dence interval and p = 0.002 (Mann-Whitney U test).

The number of expected pedal taps across the study is 2450. Although
absent in the notation, the number of extra pedal taps performed is 45 in the
sound condition and 54 in the octave condition. The number of taps indicated
in the notation but were not performed by participants is 263 in the sound
condition and 261 in the octave condition. Table 6.4 summarises these data.
The mean missed pedal taps were 3.8 in the sound condition and 4.5 in the
octave condition. The mean extra pedal taps were 22 in the sound condition
and 21.75 in the octave condition.

Table 6.4: extra and missing pedal taps.

Total Taps Extra Taps Missing Taps
Expected Taps Across the Study 2450
Sound Condition 45 263
Octave Condition 54 261

6.7 Discussion
Data presented in table 6.1 shows that the tempo variations in the sound and
octave conditions do not present significant differences. That means that in
terms of the keyboard performance, performers appear to have played roughly
the same regardless of what sound the pedal made.

It is possible that a more extensive study would lead to seeing some effect
between these two conditions. But at least to a first approximation, keyboard
performances appear unaffected by the pedal auditory feedback.
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Participants did not play one-fourth of the pedal events notated on the
score. It is possible that performers prioritize their keyboard performance over
the pedal but the statistical result cannot confirm this. However, some of the
participants stated in the interviews to have neglected the pedal and prioritised
the piano execution. The following qualitative comments each belong to a dif-
ferent participant: “I left out quite a lot of the pedal marking as I directed my
attention to my piano playing”, “I had to decide whether to press the pedal
or not when I was late with one event, and there was a second close one”, “I
missed some of the pedal marking to maintain the fluency. I gave priority to
the timing of the piano execution.”

Data presented in table 6.3 shows that participants performed the pedal
with a lower timing accuracy in the octave condition. The mean of the absolute
values in the octave condition is lower by about 20 ms. Table 6.2 shows that
these results are statistically significant but with a perhaps high p-value of ≈
0.026.

I speculate that players were less accurate in the octave condition because
they could easily ignore the sound resulting from the pedal interaction. The
octave condition only affects future sounds, so there is no penalty for being
inaccurate. In fact, being a few milliseconds earlier or late in the pedal execution
won’t be perceived in the performance. The sonic effect will happen for the note
that is performed following the pedal tap. On the other hand, the immediate
auditory feedback resulting from a pedal tap in the sound condition could be
harder to ignore. As a result, participants may have used the cymbal sound to
better line up the timing of their executions.

I also speculate that perceiving a sound (the ride cymbal) that is extraneous
to the main instrument (the piano) may have polarised players’ attention to the
pedal, which in turn would have led to more accurate executions. By contrast,
shifting the piano keyboard by one octave up or down keeps the resulting timbre
somewhat coherent with the piano execution. Ignoring the piano transposition
could be easier than ignoring the cymbal sound.

Still, such a weak statistical p-value suggests that there is not a massive
difference in people’s ability to play the pedal regardless of the condition that
has been investigated. But it could also indicate that the octave condition
impacted participants’ time accuracy to a modest extent.

6.8 Conclusion
In this study, we looked at how well participants can retain their tempo skills
in two conditions. The study is designed to challenge participants’ ability to
play the piano and the pedal in two experimental conditions. The evaluation is
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conducted by looking at tempo metrics.
Based on the available data, there does not appear to be any clear difference

between the two conditions on these various metrics. Therefore it is concluded
that the type of sonic feedback in the two conditions had a minimal effect on
the performances. To play the piano in this study, it appears that it does not
matter what kind of sonic feedback the pedal produces.

It is possible that people are prioritising the piano performance and what
they do with the pedal is secondary. In fact, focusing on the familiar instrument
to the detriment of new behaviours is also what the literature shows with other
augmented instruments.

A more extensive study may lead to different conclusions.
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Chapter 7

Conclusions

Mastering a musical instrument is a long-term commitment, often spanning
several years. Professionals, having invested significant time in honing their
skills, naturally aspire to operate at a high level, even when faced with unfamiliar
or modified versions of familiar instruments. This research casts a spotlight
on these encounters, aiming to uncover strategies that enable the retention of
skills while also proposing methods to evaluate player responses in a systematic
manner.

Each case study within the research was based on the deliberate choice to
create artificial situations giving people new or unfamiliar instruments to play
traditional repertoire. Corrective effects and mistakes were considered as data
to test a series of the discussed research hypotheses. Each study aimed to create
a laboratory to observe performers’ behaviour using a modified or augmented
musical instrument in the outlined musical context.

This research focused on the kind of situation where expert musicians play
musical events notated on a pre-defined score controlling aspects such as timing,
volume, timbre, accents, and articulation on a micro-scale and micro-time level.
I am aware that a different set of musical values exists in communities like
NIME. Those values include uncertainty, exploration, and the instrument as a
co-creative agent [5, 2, 7]. I do not advocate that skills transfer should be a goal
for all kinds of music contexts or practices.

The research questions in this thesis are summarised as follows:

• RQ1: How can designers leverage performers’ existing skills to play some-
thing new or unfamiliar? How does the ability to imagine the target sound
affect accuracy and response time compared to playing familiar sounds?

• RQ2: To what extent does unfamiliar auditory feedback affect performers’
pitch accuracy and fluency?
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• RQ3: Does performance improve when participants focus on their internal
representation of sound instead of the instrument’s auditory feedback?

• RQ4: How can we assess the transferability of existing motor skills to
a modified or extended musical instrument? To what extent do players
utilize their existing training?

• RQ5: Does transferring existing musical skills to a new musical interface
require conscious attention, and does it impact other performance aspects?

• RQ6: How easily can a gesture producing an unfamiliar sound in real-time
integrate into a music performance compared to a gesture modifying the
sound in the near future?

• RQ7: How can we evaluate the integration of instrument modifications
into players’ execution?

The primary conclusions derived from this research are consolidated and
presented in Table 7.1. The subsequent sections of this chapter delve deeper
into these findings, offering a more comprehensive exploration of the results in
relation to the research questions considered in this thesis.

Table 7.1: Main Findings

Finding Research
Question

Outcome Evidence

Sensorimotor Imagery Salience
for Skills Retention

RQ 1 Partially
Unexpected

Substantial

Auditory Imagery Salience over
Motor Imagery

RQ 1, 3 Unexpected Substantial

Auditory Feedback Contribution
to Performance

RQ 2 Expected Substantial

New Quantitative Evaluation
Method for Skills Transfer

RQ 4 NA Strong

7.1 Shifting the design lens from auditory feed-
back to sensorimotor imagery

The research shows the significance of sensorimotor imagery in performing unfa-
miliar (or new) sounds featuring microtones material accurately. Findings from
studies presented in chapters 3 and 4 have substantial evidence and suggest that
imagining the sound and the associated motor actions to produce it could be
beneficial for preserving professional players’ pitch accuracy.
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This insight questions conventional wisdom which typically leans towards a
design strategy for skill transfer that is centred on technical elements or sound
design in instrument creation. Thus, this thesis suggests a shift from a purely
technology-focused design approach to one that is more human-centred. It ad-
vocates for designers to consider the sensorimotor link integral to musical per-
formance, underscoring the potential advantage of a design perspective that
values human aspects of musical interaction.

While critiques may emphasize the need for additional research to generalise
its outcomes, they do not necessarily invalidate the study’s broader applicabil-
ity. Indeed, they emphasize the importance of context when interpreting the
findings, underscoring the potential limitations of their universal applicability
across all musical contexts.

Future studies should aim to further develop this kind of inquiry, examin-
ing how these findings translate to other instruments, genres, and populations,
including left-handed musicians or those familiar with alternate tunings. Such
research could refine the findings of this study, and potentially reveal further
insights into the role of auditory imagery in music performance.

Even though the exact conclusions of the study may not be universally appli-
cable, the broader notions it proposes about the significance of auditory imagery
and its relationship with motor actions in music performance are considerably
important. These insights contribute to a deeper understanding of the human
elements involved in music performance and instrument design and can inform
more effective and nuanced strategies for designing musical instruments. The
study underscores the need to consider human-centric factors alongside techno-
logical ones, fostering a richer conversation in the domain of musical instrument
design and performance. Although the research primarily focuses on violinists,
its implications may extend to the design modifications of a diverse range of
musical instruments. It’s vital to acknowledge that despite the variation in
physical mechanics across different instruments, the role of auditory imagery
likely remains consistent.

Considering instruments such as trumpets or guitars, the physical act of
playing a note may differ, but the role of auditory imagery remains salient.
Musicians are required to internally envision the sound before producing it,
which can significantly impact accuracy. Brass players, akin to violinists, may
face challenges when aiming for microtones that are not typically utilized in
Western music.

The importance of auditory imagery likely extends beyond playing quarter
tones and may be relevant to a variety of musical tasks. This includes scenarios
that require playing an instrument or a modified instrument that facilitates the
production of new or unfamiliar sounds.
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The findings presented here offer a wider perspective on the role of audi-
tory imagery in music performance. This understanding could inform design
modifications across a spectrum of musical instruments.

In both the quarter tones study 3 and the transposed violin study 4, we
examined the degree to which appropriate auditory feedback and mapping could
facilitate the performance of unfamiliar sounds on known or modified interfaces.

The results of these two studies align with initial expectations, confirming
that merely using a familiar instrument equipped with accurate auditory feed-
back and mapping does not guarantee the preservation of pitch accuracy. The
challenge became evident when performers were asked to produce quarter tones
on their violins. They exhibited a reduced ability to adjust their pitch compared
to their performance with semitones, particularly under notation conditions that
lacked audio stimuli. These findings confirm the argument that an absence of
sensorimotor imagery, encompassing auditory imagery, is a significant barrier
when it comes to producing unfamiliar sounds on a familiar instrument, even
for professional players.

In the transposed violin study 4, proper auditory feedback failed to assist
violinists in maintaining their fluency. Even more intriguing was the finding
that performers achieved smoother performances under the transposed notation
condition, where the auditory feedback could be considered disruptive. These
results imply that access to sensorimotor imagery significantly contributes to
performance accuracy, even when playing a modified instrument. This principle
seems applicable to performers on prepared piano: despite unfamiliar auditory
feedback, a pianist may still perform a piece if it is notated as a piano compo-
sition.

The collective findings of these studies hint that the sound produced by the
instrument, or even the interface’s familiarity, is not the crucial factor in deter-
mining whether players can retain their skills. Instead, the ability to transfer
skills to a modified version of an instrument seems largely contingent upon the
design’s facilitation of a connection to the player’s sensorimotor imagery. That
is, performers can maintain their pitch accuracy and fluency if they can men-
tally envision the sound they wish to produce and then activate the appropriate
motor program to achieve it.

It is also proposed that auditory imagery might be more impactful than
motor imagery in accurately playing new sounds. This infers that the ability to
mentally project the desired auditory output could possibly be a more influential
factor than the ability to envision the required motor actions. This finding is
unexpected and based on speculations built upon the results from the quarter
tones study 3. It needs further research to provide strong evidence.

Nonetheless, deficiency in sensorimotor imagery signifies a mental barrier. If
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players are unable to imagine the sounds they need to perform, they cannot link
to an effective motor program to produce them. This outcome challenges the
traditional view of musical performance as a feedback loop in which performers
contemplate their desired action, execute it, and adjust based on the feedback.
As shown in the transposed notation condition, musicians can still perform
even when their sensorimotor imagery does not align precisely with the auditory
feedback, provided their anticipation guides them to the correct motor program.

Therefore, to design instrument modifications that enable the performance of
novel sounds using pre-existing skills, I propose a shift from a technology-centric
viewpoint to a more human-based one. Beyond addressing the technological
aspects like mappings, sensor precision, interface ergonomics, and various forms
of assistive feedback, designers could focus on the sensorimotor link integral to
musical performance. This link constitutes part of a feedforward mechanism,
where players anticipate the sound they aim to produce and how to execute it
mentally.

This approach deviates from mere questions of whether an instrument can
produce microtones or if it is ergonomically suited to the player’s hands. In-
corporating the feedforward process into the design process leads to a critical
question: does an intrinsic connection exist between a specific interface being
designed and the existing mental imagery of performers who will use the inter-
face, along with the techniques they already possess? If the answer is no, then
the instrument confronts a fundamental mental obstacle, rather than a techno-
logical one. Thus, if a designer’s objective is to enable performers to produce
unfamiliar sounds, this human element needs to be taken into account.

The findings from these two studies extend our understanding of auditory
imagery’s role in music performance. They could inform the process of modify-
ing or augmenting musical instruments.

7.2 Auditory feedback in the design of new or
modified instruments

This research acknowledges the potential contribution of auditory feedback to
the performer’s experience of the instrument, suggesting that it could play a
role in refining a musical performance. This is an expected finding that has
substantial evidence. While sensorimotor imagery is highlighted, the research
also suggests a comprehensive design approach that encompasses auditory feed-
back and ergonomics.

Auditory feedback has indeed importance in the design of new or modified
instruments. Modifying a traditional instrument can lead to a new design that
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produces novel sounds. RQ2 asked to what extent does performers’ pitch ac-
curacy and fluency deteriorate in the presence of unfamiliar auditory feedback?
RQ3 asked does players’ performance improve if the task allows participants to
ignore the sound coming from the instrument and to focus on their internal rep-
resentation of sound (i.e. their expectations based on the sound the instrument
used to reproduce)? In the first and second pitch studies, we saw that auditory
feedback is not salient in determining whether players’ can retain certain as-
pects of their performance on a modified violin. What seems to be important
is their ability to imagine the sound they need to perform and the presence of
pre-existing motor programs that can be used to play it. Players confronted
with an unfamiliar interface (the transposed violin) and mismatching auditory
feedback (transposed notation condition) managed to retain their fluency by
ignoring the auditory feedback produced by the instrument.

However, I do not claim that auditory feedback should be disregarded in
the design process. Auditory feedback can matter for reasons related to how
performers experience the instrument. This has been demonstrated in research
studies and publications [97, 98]. Enactive research generally discusses how it
is possible to develop a methodology for sound control based on commonalities
between objects being played and the consequent sound and the incorporation of
the instrument into body schemas [99, 100]. Perceptually guided action defines
the ‘feel’ and playability of a musical instrument [99]. Cadoz argues there is
a natural relationship between the dynamic of the input and the instrument
output. What makes an instrument playable is a transfer from action to sound
[101]. Being a property of sound and instrument design, auditory feedback does
matter. Moreover, auditory feedback produced by the instrument could also be
useful for adjustments during players’ performances. In the Magpick study, we
saw unity in what performers imagined and played. When the strength of the
effect gradually changed, players acted to compensate for it. I speculate that
this happened as they were listening at some level to the Magpick sound and
adapting their playing to it. Auditory feedback may be needed for correction and
refinement during a musical performance and should be considered for aesthetic
and cultural reasons.

Nevertheless, to support a performance guided by sensorimotor imagination
(i.e. execution with music scores) would entail designing an instrument that
allows a translation from the imagery of a sound to an action that is harmonious
and appropriate to the instrument. If musicians do not have that connection
(transposed violin study, concert notation), they will also lack the skills to
perform with the instrument or its modification.
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7.3 Evaluating skills transfer in new or modified
musical instruments

The case study presented in chapter 5 introduces a new quantitative evaluation
method aimed at investigating skill transfer on modified or augmented instru-
ments. While more tests may be needed, this method provides a potential
direction to understand how musicians may adapt to new or modified instru-
ment designs by actively listening and adjusting their play style based on the
feedback. The case study presented in chapter 6 shows the first steps toward a
further quantitative methodology that aims to evaluate music instrument mod-
ifications designed for skills transfer.

RQ4 asked how do we evaluate how far existing motor skills can transfer
to a modified or extended musical instrument? How do we know to what extent
players make use of existing training? The methodology presented in the Mag-
pick study addresses this question study by proposing a quantitative method to
query players’ responses in the interaction with a modified or new instrument.
The first contribution of the methodology presented in the study is that it pro-
vides a numerical specificity that describes how a modified or new instrument
design allows players to use their skills to control it successfully.

Evaluating whether players actively embrace and control a design can be
difficult. It may be especially challenging to reply to the question are players
listening to the instrument modification? The method uses simple correlations
to query whether players actively listen to the auditory result of interacting with
the modified plectrum and adjusting their playing accordingly or whether they
are simply replicating motor programs they already own by using the plectrum
as they would normally do if it was unmodified.

The method uses mapping and mapping disruptions to query whether play-
ers are listening to the auditory response to their control of the instrument
modification. It does so in a novel way by introducing subtle changes to the
response of the modification. Mapping is sometimes valued as a way to free
instruments from the constraints of acoustic systems [102]. I propose that map-
ping has an additional useful function for studying performers’ interactions.
Changes are periodic and designed to be unnoticed by players so that players
do not consciously know that any change in the modification response to their
playing is taking place. Perturbing the relation between action and sound al-
lows us to look for a compensating effect in the playing actions that control
the modified instrument. Such compensating effects signal whether players are
listening to the instrument modification response to their playing gestures and
actively controlling the modification to achieve certain sonic results.

The method may also be beneficial for studies taking place in a musical
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context in the wild. The fact that it is possible to change the mapping in real-
time while execution is taking place and to change it without the performer
knowing that it is changing means that researchers have a way to study the
relation between action and sound by observing players’ reactions. Because
the perturbation is designed to be latent and subtle, it does not become the
focus of people’s attention. Being designed not consciously to distract players
from their primary activity: playing music, the disruption becomes possibly
compatible with performing in a realistic context such as a rehearsal room or
a concert. A latent perturbation of the system possibly allows players to stay
in their embodied motor thinking as they would normally do in a naturalistic
musical context.

RQ5 asked provided that players succeed in transferring some of their ex-
isting skills to play a new musical interface, does the skills transfer happen on
a conscious basis (involving deliberate attention) to the cost of neglecting other
aspects of their performance (i.e. articulation, fluency)? The results from the
case study appear to show at least a modest subconscious response to changes
in augmentation behaviour. At the end of the experiment, players were asked if
they had noticed any change in the Magpick behaviour. None of them reported
having experienced a difference in the augmented pick sensitivity. I speculate
that participants were not only listening to the sonic augmentation and reacted
to the LFO but also that their reaction was unconscious as they did not report
its effect. Adapting their playing by adjusting their picking gestures became an
automatic subconscious action, possibly similar to the act of placing their finger
on the fretboard or plucking the strings.

7.4 Evaluating the integration of modified in-
struments in players’ performance

A further research goal tackled in this thesis is evaluating the integration of
modified instruments in players’ performance. A designer may decide to extend
an existing musical instrument to instantly produce a new sound in response
to a gesture. Otherwise, they may decide that a gesture affects the subsequent
sounds produced by the underlying original instrument. RQ6 asked: does a
gesture producing an unfamiliar sound in real-time easily integrate into a music
performance compared to a gesture modifying the sound of the instrument in
the near future? The question was addressed in the fourth study presented in
this thesis and did not lead to any significant findings. However, I propose the
study could be the first step toward a methodology to address RQ7: how to
evaluate whether the modification of an instrument can be integrated into players’
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execution. The evaluation is achieved by observing the degree of separation
between the stream of interaction on the instrument modification and the stream
of interaction on the underlying original instrument. The degree of separation
is identified by looking at measurable results in players’ performances, such
as timing accuracy. The method queries whether different events distributed
between the two aspects of the instrument can enter and integrate into the sonic
imagination of the performer. The method needs further work and perhaps a
different approach that finds a condition that would highlight the integration (or
the lack of integration) of the gestures performed on the instrument modification
and the gestures performed on the underlying traditional instrument.

7.5 Future challenges
While providing practical guidance for the design of modified instruments was
beyond the scope of this thesis, the findings from the quarter tones and trans-
posed violin studies offer valuable principles to inform practical design endeav-
ours. These principles underscored the significance of performers’ ability to
imagine the desired sound and activate corresponding motor programs to retain
performance fluency and accuracy. While this thesis does not cover practical
design guidelines, it provides practical guidance for the evaluation of modified
or augmented instruments. The evaluation method introduced in the Magpick
study serves as a practical tool to assess the alignment of a design with these
principles and evaluate its effectiveness in enabling players to utilize their skills
within the musical context outlined in this research. Exploring the translation
of these principles into practical tasks represents a direction for future research.

Outcomes from the case studies presented in this thesis offer additional ques-
tions that could represent future directions for this research. These questions
address two focal points of the research: the influence of auditory feedback and
instrument modification, and the evaluation method presented in chapter 5.8.

Results from the first and second studies suggest that players overcame a
mismatch between sensorimotor imagery and auditory feedback by ignoring the
sound coming from the instrument. However, were they really ignoring the
sound of their performance to its full extent (pitch, timing, articulation)? Were
they ignoring certain aspects (i.e. pitch) while subconsciously considering oth-
ers? Which of these aspects possibly helped integrate the modified violin into
their performances? Additional research may focus on evaluating the influence
of auditory feedback even when players decide to ignore the sound of their per-
formance1. Further research may as well confirm the generalisation of the two

1More information on this subject was provided in section 4.3
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studies’ findings for different instruments.
The evaluation method presented in the Magpick study, section 5, relied

on participant self-reports to determine whether participants consciously or un-
consciously reacted to the LFO. Choosing whether the players’ response to the
disruption is conscious or unconscious is critical in determining the stage of
instrument motor learning experienced by players. For this reason, additional
research strategies are needed to improve the methodology and to reinforce the
hypothesis that performers not only respond to the disruption and adapt their
playing but also that they do so unconsciously as a result of responding to the
auditory feedback of the augmentation.

The work presented in this thesis offers a possible guide to designers who
want to make further instruments which build on skills that already exist. Suc-
cessful examples of instrument designs that transfer existing skills, like the Moog
synthetic keyboard or the electric guitar, suggest that this goal is achievable.
Designers who want to transfer players’ skills to a modified interface may shift
the design lens primarily to sensorimotor imagery. The evaluation method de-
scribed in section 5 offers a quantitative approach to design evaluation in the
musical context considered in this thesis. Such methodology may integrate ex-
isting qualitative methods and could inform whether a designer is on the right
track while modifying or creating a new interface that aims to extend profes-
sional players’ skills.
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Appendix A

Notation Stimuli
Questionnaires and
Interviews

This appendix contains interview questions, and questionnaires, used in this re-
search. The following link gives the notation stimuli used in each study: https:
//www.dropbox.com/sh/8066228w6lz4wd2/AACTtJnj_lprD2JMUODCaAWMa?dl=
0s.

A.1 Interviews
The following sections present the list of pre-defined questions used in the semi-
structured interview for each study (chapters 3, 4, 5, 6).

A.1.1 First Study Interview

• What aspect of these tasks did you find the most difficult, and why?

• Was the visual or the auditory tasks more difficult, and why?

• Which strategies did you take to overcome these difficulties?

• When playing a quarter tone from notation, how did you know when you
were in tune?

• Did you notice any difficulty difference between the first and second set of
notation stimuli?
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A.1.2 Second Study Interview

• Which of the three forms of presentation (concert notation, transposed
notation, audio stimuli) was more natural and harder and why?

• Did you feel that the last musical excerpts of each section (known music
passages) were more accessible and why?

• How did you know where to place your finger on the transposed violin
while reading concert notation?

A.1.3 Third Study Interview

• What aspect of these tasks did you find the most difficult, and why?

• Which section of the study was easier and why?

• Did you notice a change in the behaviour of the pick during the study?

• Did you change the way you were playing in the different conditions?

• Which strategies did you take to match the target stimuli?

• When trying to match the stimuli, how did you know you were succeeding?

• How did you know how much energy to put into the picking gestures to
match the target stimuli?

A.1.4 Fourth Study Interview

• What aspect of these tasks did you find the most difficult, and why?

• Which section of the study was easier and why?

• Did you change the way you were playing in the different conditions?

• Which strategies did you take to tackle the increase in complexity of the
tasks in each section of the study?

A.2 Questionnaires
Fig. A.1 shows the questionnaire used for the first and second studies described
in chapters 3 and 4. Each session of two studies occurred on the same day with
the same participant. This allowed using one questionnaire for the two experi-
ments. Fig. A.2 shows the questionnaire used for the third study described in
sections 5. Fig. A.3 shows the questionnaire used for the fourth study described
in sections 6.
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Figure A.1: questionnaire for the quarter tones and transposed violin studies;
sections 3 and 4.
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Figure A.2: questionnaire for the Magpick tones study; section 5
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Figure A.3: questionnaire for the piano-pedal study; section 6
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