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Abstract

This compilation thesis details steps taken to develop and evaluate a new Sound
Notation system for composition, analysis, and transcription with the capacity
to describe all types of sound. Ideas from electroacoustic music analysis are
combined with traditional notation to form a hybrid system. In this notation,
all symbols are related to physical qualities in the sound, so that a person or a
computer can identify the symbols from their sonification or musical interpre-
tation.

Pierre Schaeffer early identified musique concrète’s lack of music theory
and music vocabulary as a major problem for its integration with music theory
and musicology. Schaeffer, Denis Smalley, and later Lasse Thoresen would go
a long way to provide the genre of electroacoustic music with classification,
terminology, and graphical symbols for the benefit of its study. But if we are to
think of music as a language, it becomes apparent that the lack of a shared inter-
subjective notation system is a problem. Such a notation system would provide
sound-based music with possibilities that were previously only afforded music
based on pitch structures. This includes transcriptions and re-interpretations of
musical works, notation-based ear-training and (computer-aided) composition.
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Sammanfattning

Denna sammanläggningsavhandling beskriver steg som tagits för att utveckla
och utvärdera Sound Notation, ett nytt notationssystem för komposition, ana-
lys och transkription med kapacitet att beskriva alla typer av ljud. Idéer från
elektroakustisk musikanalys kombineras med traditionell notation för att bilda
ett hybridsystem. I denna notation är alla symboler relaterade till fysiska egen-
skaper i ljudet, så att en person eller en dator kan identifiera symbolerna från
deras sonifiering eller musikaliska tolkning.

Pierre Schaeffer identifierade tidigt musique concrètes brist på musikteori
och musikvokabulär som ett stort problem för dess integration med musikteori
och musikvetenskap. Schaeffer, Denis Smalley och senare Lasse Thoresen skulle
gå långt för att förse genren elektroakustisk musik med klassificering, termino-
logi och grafiska symboler till förmån för dess studium. Men om vi ska tänka
på musik som ett språk blir det uppenbart att avsaknaden av ett delat inter-
subjektivt notsystem är ett problem. Ett sådant notsystem skulle ge ljudbaserad
musik möjligheter som tidigare endast erbjöds musik baserad på tonhöjdsstruk-
turer. Detta inkluderar transkriptioner och omtolkningar av musikaliska verk,
notationsbaserad gehörsträning och (datorunderstödd) komposition.
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Chapter 1

Introduction

1.1 Preface

20th century Western music saw a development of experimental music with
an increasing focus on timbre, as described by Edgard Varèse in his visionary
text (Varèse and Wen-Chung, 1966). New musical ideas and playing techniques
resulted in a shift from a notation with relevance for sonic content (traditional
notation) to action notation. Thus, acoustic music came to share similarities
with electronic music, which already had a theory related to actions (hardware
and software synthesis) rather than to the sound itself.

When I started teaching composition at the Royal College of Music in Stock-
holm, I developed a course module in aural sonology. In this course, the stu-
dents worked with Lasse Thoresen and Andreas Hedman’s spectromorphologi-
cal analysis notation (Thoresen and Hedman, 2015). One purpose of teaching
this subject was to make students aware of the spectral structures in sound-
based music. Another purpose was to provide new perspectives of experimental
music; advanced programming or graphically elaborate scores do not necessar-
ily translate to interesting music from a sonic perspective. When teaching aural
sonology it became evident that for composition, I needed a notation system
with features more suitable for this purpose.

Besides my pedagogical needs, this work relates to my work as a composer of
both acoustic and electroacoustic music, always thinking there ought to be more
common ground between the two. The divergent sound production-oriented
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crafts of the two disciplines make it hard to transfer ideas from one to the other.
The need to bridge this gap only increased with today’s post-digital (Jandrić et
al., 2018) approach to the creative process where artists combine acoustic, elec-
tronic, and digital devices with human interaction in systems invention (Mag-
nusson, 2019b).

This text describes my work with developing and testing the Sound Notation
system combining ideas from traditional music notation with an adaptation of
electroacoustic music analysis notation to form a hybrid system for (algorith-
mic) composition and analysis.
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1.2 Thesis outline

This compilation thesis begins with the introductory Chapter 1 with method-
ology, including problem statement, research questions, and studies overview,
followed by an overview of the included articles as well as project-related ar-
ticles not included in the thesis. Chapter 2 provides the research frameworks
for this interdisciplinary project, related to music, analysis, notation, perception
and sonification. Chapter 3 describes the research studies and their outcomes
from each included paper in the form of summaries. Chapter 4 summarises
the main findings and discusses the results including aesthetic and pedagogical
aspects. Conclusions and future work end this chapter. Finally, following the
thesis references are the six included articles.

1.3 Methodology

Problem statement

Traditional music notation can be used for composition, transcription, analysis,
and orchestration. A music score can be interpreted by a musician or sonified
by a computer running engraving software. A trained musician or computer
can then transcribe the music back into a score. This identification of sym-
bolic data in the music is central to the understanding of traditional Western
art music. And the lack of such a language for the musical qualities of sound
in electroacoustic music has been a known problem from the start. However,
efforts to solve this problem have focused on the phenomenological analysis
of music. This has proven meaningful for analysis but is less suitable for com-
position or for re-interpreting music based on its score. In traditional music,
instruments and particularly the piano can be considered a frame of reference,
grounding the notation symbols in the physical manifestation of sound. With-
out such grounding, it is difficult to use descriptive notation as instructions for
musical performance.
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Research questions

The main research questions are:

• How can one create a notation system that enables the creation and anal-
ysis of music with all types of sound?

• And could such a system enable the introduction of sound-based music
in practices that have hitherto been limited to pitch-based music, such as
algorithmic composition, and the re-interpretation of musical works?

These research questions have been dealt with in several different steps with
more specific questions:

• How can sound-based musical structures be visually represented? (Study
1 & 2)

• Can Sound Notation be sonified so that its data can be identified from its
sonification? (Study 3)

• Can Sound Notation be used to re-interpret sound-based music? (Study
4)

• Can Sound Notation be used for the algorithmic composition of sound-
based music? (Study 5)

Methods used

A combination of qualitative and quantitative studies is used, combining meth-
ods from music perception, sonification, musicology and music pedagogy. The
research is partly artistic in the sense that it solves artistic problems.

Study 1 consists of several survey studies where the literature has been
scanned for examples of visual representation of specific parameters. Study
2 relies on listening tests as well as providing the reader familiar with electroa-
coustic music with short excerpt transcripts of well-known works. Study 3 has
listening tests with music professionals for evaluation of the notation and per-
ception of specific timbre parameters, while Study 4 relies on quantitative and
qualitative assessments of sounding and written data from several test groups
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working with the notation. Studies 1 through 4 can be thought of as steps in an
iterative design process where human factors play an important part (Bailey,
1993). Finally, Study 5 is a qualitative expert evaluation from the author, using
the notation system and its data format for computer-assisted composition.

Overview of research studies

• Study 1: Development of the Sound Notation system in relation to current
research (Papers 1, 2 and 3)

• Study 2: Listening tests with Sound Notation examples, transcriptions of
well-known electroacoustic music works (Paper 1)

• Study 3: Sound Notation defined as data for visual and aural representa-
tion. Listening tests with the sonification of timbre notation parameters
(Paper 4 and 6)

• Study 4: Case studies with students over several years where music
sketches were re-interpreted from their score transcriptions (Paper 5)

• Study 5: Computer-aided composition using Sound Notation (Paper 6)
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1.4 Included publications

The scientific contribution to this dissertation was derived from the peer-
reviewed publications listed below, subsequently identified by their roman nu-
merals, Paper I–VI:

Paper I: The visual representation of timbre

Mattias Sköld
Organised Sound, 27(3), 2022, (pp. 387–400)

This is a journal article describing how the spectral features of Sound Nota-
tion were derived from electroacoustic music analysis notation, taking current
timbre research into consideration. I am the sole author of this work.

Paper II: The visual representation of spatialisation for composition and

analysis

Mattias Sköld
Nordic Sound and Music Computing Conference 2019 and the Interactive Sonifi-
cation Workshop, 2019, (pp. 70–77)

This conference paper discusses the notation of spatial aspects of music, pre-
senting ideas for notating 3D positions and trajectories and reverberation taking
current research into account, particularly solutions that integrate notation of
spatial parameters and digital control of spatialised sound. I am the sole author
of this work.

Paper III: The notation of sound for composition and transcription: An

adaptation of Lasse Thoresen’s spectromorphological analysis

Mattias Sköld
The International Conference on Technologies for Music Notation and Representa-
tion – TENOR’20, 2020, (pp. 106–113)
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This conference paper provides an overview of all the symbols of the Sound
Notation system, what they mean and how they can be related to measurable
values in audio signals. The text also describes the extent to which symbols
have been adapted from existing analysis notation. I am the sole author of this
work.

Paper IV: Sonification of complex spectral structures

Mattias Sköld and Roberto Bresin
Frontiers in Neuroscience, 16, 2022, DOI: 10.3389/fnins.2022.832265

This journal article describes the implications of sonifying musical notation,
and it details how this was done using Sound Notation. Listener tests show how
spectral parameters in the notation can be perceived based on their sonification.
My contribution to this work, besides developing the digital tools for notation
representation and sonification, was to prepare, carry out and analyse studies
and have the main responsibility for the text.

Paper V: Notation as visual representation of sound-based music

Mattias Sköld
Journal of New Music Research, 2023, DOI: 10.1080/09298215.2023.2174144

This paper describes a number of case studies conducted with student groups
where students interpreted Sound Notation scores transcribed from sketches of
electroacoustic music. I am the sole author of this work.

Paper VI: Computer-aided composition using a sound-based notation

Mattias Sköld
Accepted for publication in Computer Music Journal, 2023

This journal article describes the Sound Notation data format in detail and how
it was used for generating score excerpts in Max. The scores were then edited
and eventually realised using a combination of recorded sounds and sound syn-
thesis.
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1.5 Additional publications
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paper ii Combining sound- and pitch-based notation for teaching and composition
Mattias Sköld

The International Conference on Technologies for Music Notation and Represen-
tation – TENOR’18, 2018, (pp. 1–6)

paper iii Visual representation of musical rhythm in relation to music technology in-
terfaces - an overview
Mattias Sköld

The 14th International Symposium on Computer Music Multidisciplinary Re-
search, 2019, (pp. 725–736)

paper iv From vocal sketching to sound models by means of a sound-based musical
transcription system
Claudio Panariello, Mattias Sköld, Emma Frid & Roberto Bresin
Sound and Music Computing Conference 2019 – SMC 2019, 2019, (pp. 1-7)
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Chapter 2

Background

2.1 Perspectives on music notation

Traditional music notation has the special property that it can be used both as
prescriptive and descriptive notation as explained by Charles Seeger (1958).
This means that the notation can be used to instruct a musician what notes to
play, but it can also be used to describe what notes were played in a musical
performance. The latter is the prerequisite for traditional ear training, where
musicians learn to recognise and notate music as heard, both regarding pitch
and rhythm.

To develop Sound Notation for both prescriptive and descriptive use, three
perspectives on notation need to be considered. These are how the notation
relates to:

• music as physical signals and mechanical waves,

• music perception,

• music theory.

The connection to physical signals and mechanical waves is necessary for the
notation to be prescriptive of musical activity in performed or (electronically)
generated music. The connection to auditory perception in general and to mu-
sic perception in particular is necessary for the notation to be descriptive of
musical activity as heard. The relation to music theory, and particularly music
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Sound notation

Perception of 
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Figure 2.1: A model showing how notated music relates to its perception and
interpretation, functioning at once as descriptive and prescriptive notation. The
upper grey boxes show how algorithmic composition and (digital) technology
relate to the model. The colour yellow is used to distinguish mental activities.

analysis, is important to ensure the notation’s relevance for the creation and
appreciation of musical structures. In other words, sound measurements that
are relevant for the acoustic properties of sound and/or the perception of sound
are not interesting to notate in a musical context unless it makes sense to con-
sider them (and possibly appreciate them) as musical parameters. The music
theory perspective is here represented by the development of electroacoustic
music analysis initiated by Pierre Schaeffer (see Section 2.2).

Figure 2.1 shows the circular flow that results from Sound Notation being
both prescriptive and descriptive. It also shows that mental representations

10



influence several steps in the process. Going clockwise: the Sound Notation
image at the twelve o’clock position is interpreted (possibly using some form
of sound reference) resulting in a sound producing action. The snare drum in
this example, when played, gives rise to sound waves, picked up by the outer
ear and transduced in the inner ear. Grouping mechanisms, informed by mem-
ory, determine what will be experienced as discrete sound objects. Qualified
perception (also related to memory) leads to the perception of musical param-
eters involved in the heard sound object(s). The perceived musical parameters
can be transcribed (again, possibly with the aid of a sound reference) as Sound
Notation, thus completing the circle. The colour yellow is used to distinguish
mental activities.

Both during the perception and transcription of musical values, there is a
reduction of information. Everything in the auditory stream is not perceived as
musical values, and what are perceived as musical values cannot be represented
at the level of detail they are perceived. While what is perceived is an automatic
process, though subject to training, how much is transcribed is decided by the
transcriber. Related to this is the expansion of information involved in the in-
terpretation of a score. For acoustic musical performances, much of the infor-
mation lost during the transcription process is added by the performer, such as
minor rhythmical changes, tempo changes, intonation, and detailed differences
in dynamics.

The upper row of grey boxes in Figure 2.1 show how algorithmic compo-
sition and software playback relate to the circle. The algorithmic composition
process generates data for notation display and playback (sonification).

Note, tone and pitch

While a deeper discussion of the Sound Notation (SN) symbols borrowed from
traditional music notation is beyond the scope of this text, it is necessary to
address the question of notes, tones, and pitches since these are often confused
and they carry great importance for making sense of the double nature of music
notation as both descriptive and prescriptive of musical structures.

The note is the notated symbol that represents both a sound heard, and a
sound to be produced. A tone is the physical manifestation of a note repre-
senting sounds with harmonic spectra, while pitch is the perceptual property
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of tones, making it possible for us to recognise and order tones in relation to
the (perceived) root frequencies of their spectra. The MIDI format’s connection
to notation is clear as the tones from synthesizers are activated with “note on”
messages.

Because pitch differences are not perceived equally along the frequency axis
it is important not to confuse pitch and frequency (or tone). However, in music
theory, composition, and performance, one often moves between the sounding
and the perceived, assuming their equivalence. Traditional ear training relies on
this equivalence when the teacher uses the piano to corrects a student’s singing.
Pop music producers go further, using “pitch correction” software to force the
singing to align with the digitally produced tones’ root frequencies. The distinc-
tions are further confused by standards like scientific pitch notation, which is a
standard for note names often related to a reference frequency. In other words,
a standard for notes and by extension tones, not pitch.

Sounds with pitch were initially not the focus of electroacoustic music theory
which shows in its analysis practice emphasising what separates this music from
traditional music. The inclusion of traditional notation of pitch in SN should not
be seen as an endorsement of tonality in sound-based music, or of the twelve-
tone equal temperament scale. It is however the most effective general method
for communicating pitch-based structures. Pitched sounds were always part
of the electroacoustic music tradition, e.g. in Karlheinz Stockhausen’s Gesang
der Jünglinge from 1955-56 (Stockhausen, 2001), with the main focus on the
recorded singing of a boy soprano.

Notation as instruction

For notation of musical parameters to be prescriptive (Seeger, 1958) and in-
struct musical performance, there must be a practice for connecting the symbols
to sound production. Such a practice would also need to address the question
of acceptable deviation from the notated values and other (style-specific) be-
haviour appropriate for the interpretation of a given score. In the absence of
such a practice, scores aimed at musicians unfamiliar with the SN system may
require an additional layer of instruction notation for the sound sources at hand.
This is already common in electric guitar notation where traditional notation
can be accompanied by tablature indicating actions on the fretboard in relation

12



to the notated musical structure. For sound-based music with action-notation
scores, like Helmut Lachenmann’s Pression (Lachenmann, 1972),1 having an
added layer of sound notation could provide insights to the sound structure
resulting from the notated actions.

The work concept

A central problem related to musical scores of the Western tradition is that of
the musical work, discussed by Lydia Goehr as a concept regulating musical
practice by the end of the 18th century (Goehr, 1992, p 113). The score-based
musical work can be difficult to define. Citing Roman Ingarden, Jean-Jacques
Nattiez notes that the work is not the musical performance, the listener expe-
rience, the sound, or the score; “[...] the work will always and everywhere
transcend that score” (Nattiez, 1990, p. 69). However, the score ensures the
identity and recognisability of a work over time (Nattiez, 1990). Summaris-
ing the cross-genre contributions to the 2000 Liverpool symposium about the
musical work, Michael Talbot found some agreement that the musical work is
discreet, reproducible, and attributable, with some elasticity surrounding all
three (Talbot, 2000, p. 3). It is not clear at which point a work stops being dis-
creet, and the need to attribute works to named composers is more important
for a work’s copyright than its ontology. The manner of reproducibility of a mu-
sical work is in part dependent on genre (Talbot, 2000), relating to the identity
and recognisability of the work.

What makes the question of the work concept relevant for the development
of Sound Notation is not whether scores carry works’ identities, but rather how
the parameters associated with scores impact our notion of what a work’s iden-
tity entails. Rita S. Wolpert showed how musicians recognised similarities be-
tween music of similar (pitch) structures where non-musicians identified sim-
ilarities between music with similar timbre (Wolpert, 1990). This relates to
Schaeffer’s third listening mode (described in Section 2.2) about qualified per-
ception, where listeners learn to listen for certain aspects of sound, while dis-
regarding others (Schaeffer, 2017). With this in mind, the construction of a

1One can argue that a work like Pression is gesture-based rather than sound-based, although
Lachenmann’s term musique concrète instrumentale itself brings to mind a practice with a strong
focus on sound rather than sound source.
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sound notation system for composition could be taken as an attempt to solidify
the core parameters of sound-based composition contributing to a new general
concept of the musical work and its identity. While this was not the purpose of
the Sound Notation system, it is inevitable that (a generalised) notation system
used for composition takes on a normative role that stretches beyond the work
in which it is encountered.

Digital and post-digital notation

As musical practice became digital, new possibilities emerged for music (Man-
ning, 2013) and musical interaction (Rowe, 1992). The digital score could ap-
pear and relate to musicians and music in new ways (Vear, 2019). With the
development of recording technology during the 20th century, the importance
of symbolic representation for the creation and preservation of music dimin-
ished, and in 21st century experimental music, particularly in the community
concerned with new interfaces for musical expression, the musical work has be-
come more of a system of invention than a manuscript for performance (Mag-
nusson, 2019b). In the post-digital era such systems may combine technologies
and mechanics from different time periods and contexts (Cramer, 2015). Sim-
ilarly, Pierre Couprie and Nathanaëlle Raboisson speak of the electroacoustic
musical work as a network of agents, objects, and concepts regarding the per-
formance of acousmatic music (Couprie and Raboisson, 2022).

Still, music notation and representation remain important for the concep-
tual work with musical material, particularly in a social context. After all, no-
tation is a means for musical communication. New technologies for notation
have developed in different directions over the last decade as exemplified by the
TENOR conference,2 starting as a workshop at Queen Mary University in 2014.
Notable areas of development are animated scores (Hope, 2017), audio-scores
(Bell, 2016), network distribution of (symbolic) instructions (Hajdu and Did-
kovsky, 2009), notation technologies related to algorithmic composition (Agos-
tini and Ghisi, 2012), and live-coding (Magnusson, 2013). Magnusson suggests
a division into idiomatic and supra-instrumental approaches to musical instruc-
tions where the former specifies the instruments, interfaces and technologies

2https://www.tenor-conference.org
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used while the latter prescribes techniques in more general terms (Magnusson,
2019a). Incorporating the supra-instrumental approach in notation can be of
particular value for the longevity of music made in musical fields conditioned
by rapid technological development, and this approach is strongly related to the
SN system.

2.2 Electroacoustic music analysis

Treatise on musical objects

Schaeffer writes his treatise (Schaeffer, 1966, 2017) in reaction to a Western
music theory not ready for the new possibilities afforded by new music in gen-
eral and electroacoustic music in particular. With its focus on notes and acoustic
instruments, musicology had reached a dead end. Schaeffer begins by prob-
lematising music making, music listening and how the musical object and the
physical signal correlate. He moves on to discuss objects and structures, before
presenting his ideas on sound description and classification—his typomorphol-
ogy (Schaeffer, 2017).

Schaeffer writes that our history of music making has been determined by
the development of acoustic musical instruments in relation to their perfor-
mance practice. This development, in relation to music aesthetics not only
defined the limits of musical expression in our culture but also the limits of
musical perception. (Schaeffer defines the musical instrument as: “Every de-
vice that makes it possible to obtain a varied collection of sound objects—or of
varied sound objects—while keeping us aware of the permanence of a cause”
(Schaeffer, 2017, p. 31).) Acoustic instruments generally had greater sound-
ing capabilities than what the tradition would allow, while the introduction of
electroacoustic music challenged the concept of the musical instrument alto-
gether. But more important than the possibility for music production was how
music technology had made possible the study of sound, in part by removing
the sound from its source. Schaeffer refers to this as an acousmatic approach:
“[...] what acousmatics proposes: turning our back on instrument and musi-
cal conditioning, and placing sound and its musical ‘potential’ squarely before us”
(Schaeffer, 2017, p. 69).
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Music perception being at the heart of Schaeffer’s treatise, he introduces
four listening modes (see Table 2.1). They are not mutually exclusive and can
happen all at once. The first mode (listen / écouter) is a listening for exter-
nal events, a natural listening where sounds indicate their sources. The second
(perceive aurally / ouïr) is our constant perception of an environment of raw
sound object(s). The third mode (hear / entendre) is a qualified perception—a
selective perception where training and experience guide our listening. And the
fourth and last mode (understand / comprendre) means a listening to signs and
values understanding their meaning through their relations. Modes two and
three are subjective, while modes one and four make objective (culture-specific)
references. Schaeffer also speaks of how trained listeners acquire a specialised
listening that loses universality and intuition. “The hallmark of specialized lis-
tening is precisely that ordinary meaning gives way to the aims of a particular
activity” (Schaeffer, 2017, p. 89). Musicians are not aware of how their special-
isation limits their perspective of what constitutes a musical object—what does
not qualify is discarded as noise (Schaeffer, 2017).

abstract concrete

objective
(inter-subjective)

4. TO UNDERSTAND
(comprendre)

Understanding sounds as
signs of a musical language

1. TO LISTEN
(écouter)

Listening to sounds
as sources

subjective
3. TO HEAR (entendre)

Hearing certain (qualified)
aspects of sounds

2. TO PERCEIVE
AURALLY (ouïr)
Raw perception

of sound

Table 2.1: Schaeffer’s four listening modes (Schaeffer, 2017, p. 83).

The correlation between the physical signal and the musical object was also
a major concern for Schaeffer. He suggests that the study of sound be divided
into psychoacoustics and experimental music, the latter being the study of mu-
sic perception. The main difference between the two fields is what questions
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are asked: The physicist, using elementary stimuli, asks for the correlation be-
tween the stimuli and the perception of it. The experimental musician asks
about dominant perceptions, musical objects, and perceived structures. The
physicist’s approach leads to a greater understanding of the physical reality
while the musician learns of an original world, studied for its own sake. For
Schaeffer the common points are that the musician’s sound objects can be read
as the measurements of a signal, while the physicist’s signal can be perceived
and understood as the musical values of sound objects (Schaeffer, 2017).

Central to Schaeffer’s development of a new, more inclusive music theory is
his problematisation of what constitutes musical values. In traditional music,
concerned with acoustic instruments, specialists had learnt to perceive and ap-
preciate structures of particular musical values—a musical language. For new
means of expression to have the same status, new musical values had to be de-
fined. Though he did not develop music notation as such, Schaeffer lay down
the framework for a music semiotics of sound-based music:

[...] the need for musical signs that would communicate the real
function of objects more directly is becoming urgent for composers.
Given the growing importance of sounds that are more, less, or
something other than notes, we now lack a link between musical
thought and its realization (Schaeffer, 2017, p. 392).

For Schaeffer’s typomorphology, a key concept is the pair of mass and facture,
where mass concerns the complexity and stability of the sound object’s timbre,
while facture is the sound object’s energy development over time. Connected
to mass and facture is the criterion of originality. Outside of the categories
of balanced objects are ones that are either too elementary (too static mass
or facture) or too original (too much variation of mass or facture), see Figure
2.2. The tone from a played instrument is more original than that of a non-
modulated tone generator.

The idea of dividing certain sound object characteristics into balanced and
non-balanced categories (with non-balanced objects being redundant or too
original) means that Schaeffer suggests what sound objects are suitable for mu-
sic. This can be understood in relation to Schaeffer’s intention—to introduce
new musical values (to a music tradition already very limited in its definitions
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too original

too elementary

balanced objectsmacro 
objects

macro 
objects

Figure 2.2: This image shows the basis for how Schaeffer organises the sounds
in a table based on duration and originality, with balanced sounds in the middle.
The difference between the macro objects on the sides is that they are sustained
on the left while they are accumulations of short sounds on the right (Schaeffer,
2017, p. 346).

of what constitutes musical material). “Through musicianly invention, inher-
ited from ancestral ways, we will endeavor to create sound objects that lend
themselves to a new form of music” (Schaeffer, 2017, p. 280).

Figure 2.3 shows the most famous part of the typomorphology, the TARTYP
(Tableau Récapitulatif de la Typologie). The middle nine categories are the
balanced objects, with the core mass categories N, X and Y:

• N: fixed mass—sounds with pitch

• X: complex mass—sounds without pitch

• Y: variable mass—sounds with varying mass

To the left in Figure 2.3 are sound objects with extensive durations with
continuous energy development, and to the right are sound objects with exten-
sive durations of accumulated sound particles. One can imagine sounds moving
to the left in the table as they are time stretched and to the right as they are
granulated.

The TARTYP is only a small part of an extensive table of concepts developed
to describe sound objects, the TARSOM (Tableau récapitulatif du solfège des

18



macro-objects measured 
duration
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objects

measured 
duration macro-objects
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dictable 
facture

nonexistent 
facture

formed 
held sounds impulse

formed 
iterative 
sounds

nonexistent 
facture

unpre-
dictable 
facture

definite 
pitch (En) Hn N N' N" Zn (An)

complex 
pitch (Ex) Hx X X' X" Zx (Ax)

not very 
variable 
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(Ey) Tn/x Y Y' Y" Zy (Ay)

E T W ! K P A

balanced objects

slightly original 
objects

too original objects

unpre-
dictable 
variation 
of mass

Figure 2.3: Pierre Schaeffer’s famous TARTYP table (Tableau Récapitulatif de
la Typologie) with mass (spectral information) along the vertical axis and fac-
ture/duration along the horizontal axis. This version has been colour-coded to
highlight the levels of originality (Schaeffer, 2017, p. 351 and 366).

objets musicaux) (Schaeffer, 2017). Schaeffer’s treatise remains the most influ-
ential work of music theory in electroacoustic music and his typomorphology
has been used and repurposed many times, e.g. by Normandeau (2010) and
Neuman (2015). Among the more elaborate developments is Thoresen and
Hedman’s notation system (Thoresen and Hedman, 2015) (see below). Be-
cause of the TARTYP’s influence it is good to remember that Schaeffer had an
open mind regarding its use:

[...] the role of our classification system is not, as we have seen,
to put permanent labels on sounds but to open up the ear to the
richness of the contents of sound [...] making [the composer] at-
tentive to the way the object can fulfill a variety of sound functions
(Schaeffer, 2017, p. 371).
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harmonicity

inharmonicity

NOTE

NOISE

granular saturate

Figure 2.4: Denis Smalley’s spectral topology (Smalley, 1997).

Spectromorphology

“Spectromorphology is not a compositional theory or method, but a descrip-
tive tool based on aural perception” (Smalley, 1997, p. 107). Like Schaeffer’s
mass and facture, Denis Smalley’s spectromorphology concerns how spectral
information is shaped and articulated over time. Smalley’s spectral topology is
a note to noise continuum with inharmonic spectra as a possible intermediary
stage (see Figure 2.4). Rather than making up new terms or relying on acoustic
qualities, Smalley uses metaphors to make sense of how sounds appear. A good
example is spectral density which is described in terms of a sound’s ability to act
as a curtain in front of other sounds. A translucent or transparent sound is less
likely to block other sounds than a sound with packed or filled spectral density.

A significant concept in spectromorphology is the gesture and its surrogates.
Smalley argues that our sense of cause and effect is so strong that we experi-
ence the humanity behind a sounding gesture even when we cannot see it. This
needs to be considered also for acousmatic music, where there may be no ac-
tual human gesture behind the sound. If gestures relate to Schaeffer’s balanced
sound objects, Schaeffer’s macro-objects with too extensive duration can be re-
lated to texture—a forming principle Smalley describes as the result of gestures
slowing down to the extent that listening focus shifts towards the inner aspects
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of the sound (Smalley, 1997).

Regarding the morphology, Smalley discusses structural functions of ges-
tures as they meet or do not meet our expectations with regard to onsets, con-
tinuations, and terminations. In a larger perspective, several sets of motion
and growth processes are defined to describe how textures and/or structures of
gestures change over time.

Aural sonology

The spectromorphological analysis of sound objects (Thoresen and Hedman,
2015), henceforth abbreviated as SASO, is the result of Lasse Thoresen’s teach-
ing of Aural Sonology since the 1970s. It stands out as the one fully developed
notation system for the analysis of sound-based music. The term spectromor-
phological was not selected to reference spectromorphology theory at large, but
rather to acknowledge Smalley’s term as the most appropriate for the continu-
ation of Schaeffer’s research (Thoresen and Hedman, 2015). SASO is an adap-
tation of Schaeffer’s typomorphology where the properties of sound experience
categorised in the TARSOM table, and particularly the TARTYP table (Figure
2.3) have been adapted for use as graphic notation in the analysis of music as
heard. SASO is used by composers, teachers, and researchers, particularly in
electroacoustic music: Examples are Elif Balkir’s thesis comparing approaches
to electroacoustic music in Paris and Stockholm (Balkir, 2018), and Ricardo
Climent’s work with Thoresen’s categories as part of the composition process in
music for percussionists (Climent, 2008).

Pierre Schaeffer’s work at GRM3 with describing and categorising sound
objects is admittedly an essential part of the theory formation of electroacoustic
music, but it never received much practical use in analysis. Lasse Thoresen
derives this partly from the impracticality of analysing music by combining letter
codes, and partly from the categories being normative in relation to what sound
objects Schaeffer considered suitable for music (Thoresen and Hedman, 2015).

3GRM (Groupe de Recherches Musicales) was founded by Schaeffer as a research group,
originally focused on musique concrète (GRMC until 1958). It became part of a research depart-
ment at the French national radio in 1960. GRM is now integrated with the National Audiovisual
Institute (Ina GRM). For more information visit https://inagrm.com/.
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SASO retains the basic concept of TARTYP, that sound objects are classified
based on their (spectral) matter, their articulation over time, and their original-
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Figure 2.5: At the top are the main categories Thoresen adapted from Schaef-
fer’s typomorphology (Schaeffer, 2017, p. 366) and at the bottom are the sym-
bols by Thoresen and Hedman that correspond to the same categories (Thoresen
and Hedman, 2015, p. 264). The terminology for the axes and categories has
changed in the adaptation. The arrows at the bottom show that the categories
on each side are related. Thoresen introduced new intermediate categories in
place of these arrows to complete the system overview (Thoresen and Hedman,
2015).
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ity. However, Schaeffer’s terminology is updated, and the normative dimensions
are removed.4 Figure 2.5 shows how a selection of Schaeffer categories were
adapted by Thoresen and Hedman: the main axes of Schaeffer’s TARTYP, mass
and facture, were adapted to sound spectrum and energy articulation, and the
division into balanced and unbalanced sound objects was removed. Thanks to
the introduction of graphic representation, duration is indicated using symbol
extension lines along a time axis. Another advantage of graphic notation is
that symbols can be easily combined in different ways (Thoresen and Hedman,
2015).

Besides the ones adapted from the TARTYP, Thoresen also introduced new
categories to complete the system. For example, a dystonic sound spectrum
category is placed between the pitched and complex categories, and it denotes
inharmonic spectra and clusters. This is reminiscent of Smalley’s spectral typol-
ogy in Figure 2.4.

Like Schaeffer’s typomorphology, the SASO is a more comprehensive system
than can be deduced from its overview table, partly shown in 2.5. Much of the
features of the larger TARSOM table have been incorporated into the notation
language of the SASO, such as gait (allure) to signify cyclic variations in sound
objects.

2.3 Sound Notation

Paper III provides a detailed overview of the author’s Sound Notation system,
henceforth abbreviated SN. It is a hybrid system that combines traditional no-
tation of pitch, rhythm, and dynamics with spectromorphological notation of
timbre, duration, and articulation, adapted from the SASO (see Section 2.2: Au-
ral sonology). Indications for spatialisation and reverberation were also added.
Figure 2.6 shows the basic notation symbols from the system placed over a spec-
trum staff system along a frequency axis.

Paper I provides a background for the notation of the spectral features of
timbre, while Paper II does the same for the notation of spatial aspects of sound.

4An example of Schaeffer’s normative terminology is the “no facture” category (facture null)
for sounds with (too) long durations (Schaeffer, 1966, p. 459).
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Figure 2.6: This figure from Paper III shows the basic notation symbols of the
SN system placed over a spectrum staff system along a frequency axis.

All symbols of the notation system have correspondences in a MIDI-like data
format, described in Paper IV and Paper VI enabling the sonification of the
notation. This was developed to make algorithmic composition possible with
the notation system.

Figure 2.7 shows a transcription of the first 32 seconds of Varèse’s Poème
Électronique (Varese, 1958). A lower synthesised glissando that accompanies
the one notated on the second staff system was omitted in order to produce a
simpler score since this was used as a first notation assignment in a Sonology
course at the Royal College of Music in Stockholm. The omitted glissando would
have been notated on a separate staff. Three similar transcriptions of excerpts
from classic electroacoustic music were provided in Paper I.

When SN is used for analysis of fixed media works, the score implies the re-
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E. Varèse: Poème Électronique  
excerpt 0’00-0’32

b
b

mfmp p

mf mp

mp

pp mp mf mf mf

n
7.5Hz 7.5Hz 7.5Hz

p 

Figure 2.7: The author’s transcription of the first 32 seconds of Varèse’s Poème
Électronique (Varese, 1958). A lower synthesised glissando that accompanies
the one notated on the second staff system was omitted in order to produce a
simpler score since this was used as an introductory notation assignment for
composition students.
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Sound Materials 
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First 3 harmonics present (1600, 3200 and 4800Hz) 
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Figure 2.8: Four score elements from Andro Manzoni’s analysis of Robert Nor-
mandeau’s Clarté from Clair de terre (Normandeau, 2001) transcribed using SN.
The images have been cropped and compiled for the sake of this publication.
Used by permission.

producibility of the musical structure. This was exemplified by master student
Andro Manzoni in 2021, when he chose to analyse Robert Normandeau’s Clarté
from Clair de terre (Normandeau, 2001) for an analysis course at the Royal Col-
lege of Music in Stockholm, using a set of SN score images to account for what
he deemed were significant musical elements of the music. While electroacous-
tic music analysis typically involves overview scores of the different sounds and
musical layers, Manzoni’s set of notated elements is more like the parts of an
orchestral score. Figure 2.8 shows a selection of four such SN score parts.

Transcribing music with SN is different from the equivalent work with tra-
ditional notation since spectral parameters can be difficult to place on the spec-
trum staff system without a frame of reference. For the transcription work men-
tioned here, the digital audio workstation Logic Pro was used. This software is
convenient because of how it combines advanced MIDI features, traditional no-
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tation, auditory analysis, and audio editing. However, like in traditional ear
training, one’s ability to identify spectral aspects of sound can be trained.

2.4 Music perception

Historically music has been made sense of in numerical terms rather than in
terms of its perception, dating back to Pythagoras exploring musical intervals in
terms of integer ratios around 500 B.C. (Deutsch, 1984). As Schaeffer predicted,
following groundbreaking but less musically interesting auditory perception re-
search by pioneers like Helmholtz, music technology would be the catalyst for
more systematic studies of music perception (Schaeffer, 2017). In the 1970s,
the possibility to use technology to generate complex auditory stimuli, and an
increase in collaborations between psychologists and musicians contributed to
an expansion of empirical work on music perception (Deutsch, 1984).

The relevance of music perception for music notation cannot be overesti-
mated. The core musical values graphically represented by traditional music
notation can be perceived, imagined, and therefore also re-transcribed from
their performance. In contrast, there are features of sound that we can mea-
sure and visually represent that only indirectly relate to music perception. One
such example are the frequency, amplitude, and phase components of a har-
monic spectrum. Besides being too much data to grasp as individual streams,
grouping mechanisms in our hearing remove the option of experiencing these
separately.

Particularly audio segmentation and grouping processes are important when
visually representing musical structures. And though this process is instinctual,
it is informed by training and experience related to the mental representations
of the sound environment (McAdams and Bigand, 1993). This is what Schaeffer
refers to when he speaks of qualified perception (Schaeffer, 2017)—what a lay
person hears as one sound object, a music specialist can possibly identify as
the mixture of recognised sound objects. In his explorations of auditory scene-
analysis, Bregman explores how timbre segregation works in different contexts
(Bregman, 1990).

There is much music perception research focusing on connecting music and
speech perception. In music analysis this can be related to music semiotics, and
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electroacoustic music analysis. Schaeffer discusses the connection between lan-
guage and music (Schaeffer, 2017) and Thoresen constructed an analysis theory
based on the division of musical structures into phrases and sentences (Thore-
sen, 1985). Koelsch et al. found that both music and language can prime the
meaning of a word and determine semantic processing (Koelsch et al., 2004),
Hausen et al. demonstrated a clear association between prosody perception
and music perception particularly related to rhythm (Hausen et al., 2013), and
Juslin and Laukka (2003) found similarities between vocal expression and mu-
sic performance regarding communication of emotions.

While some music perception research seems to, at least in part, validate
the structuralist approach of Schaeffer and Thoresen, indicating a relationship
between the neural processing of language and music, see e.g. Limb (2006),
music processing is a multifaceted phenomenon: Peretz and Coltheart propose
a modular model of music processing that involves pitch and temporal organi-
sation, acoustic-to-phonological conversation, and emotion expression analysis
(Peretz and Coltheart, 2003). Some modules are restricted to music, such as
tonal encoding, while e.g. contour analysis may relate to speech intonation as
well (Peretz and Coltheart, 2003).

2.5 Sonification

Sonification and auditory display of data are used in all sorts of machines, util-
ities, software, and disciplines, ranging from the beeps of kitchen appliances
to the life dependent sounds of heart rate monitors. Sonification is “the trans-
formation of data relations into perceived relations in an acoustic signal for the
purposes of facilitating communication or interpretation” (Kramer et al., 2010,
p. 4). It is a special case of the more general term auditory display which does
not exclude any kind of sound for data transmission (Walker and Nees, 2011).

Sonification shares much of its theory with contemporary electroacoustic
music as described by the interdisciplinary circle of sonification from the intro-
ductory chapter of The Sonification Handbook shown in Figure 2.9 (Walker and
Nees, 2011). In fact, this circle of concepts could be used to describe artistic
musical work, if the label Product design were changed to Composition.

What makes sonification theory particularly relevant for the construction of
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Figure 2.9: The interdisciplinary circle of sonification from The Sonification
handbook (Walker and Nees, 2011, p. 2).

new notation is its focus on the relation between the sounds produced and their
perception. For displays of data, the possibility for listeners to perceive and un-
derstand the implications of what is heard is essential, and much focus is placed
on how this transmission of data functions. This should also be essential for any
composer of music concerned with the perception of their musical structures.

This is not to say that composers should use listening tests to assess the qual-
ity of their artistic work, rather that composers should be interested in knowl-
edge gained in the field of sonification and auditory display in order to gain
a better understanding of to what extent their musical structures can be per-
ceived, in relation to their complexity, number of layers and other factors.
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Chapter 3

Results

In this section the included papers are summarized focusing on the results from
each study. For Paper V, an additional study is presented.

3.1 Paper I: The visual representation of timbre

Timbre as a musical parameter is at the heart of this thesis. With the goal of
developing musical notation of timbre with relevance for both music perception
and the acoustic properties of timbre, different research fields must be consulted
when adapting the spectromorphological analysis notation (SASO) into Sound
Notation (SN). This paper takes a starting point in a definition of timbre from
the perception perspective: “a set of auditory attributes—in addition to those of
pitch, loudness, duration, and spatial position—that both carry musical quali-
ties, and collectively contribute to sound source recognition and identification”
(McAdams and Goodchild, 2017, p. 129). The concept timbre is problematic
because it is used both to denote the colour of a sound (spectral qualities) and
the full experience of a sound (spectral qualities and energy articulation). This
paper focuses specifically on the spectral aspects of timbre.

Research relevant for visually representing timbre includes auditory stream
segregation (Bregman, 1990), timbre perception (Grey, 1977; McAdams and
Giordano, 2009), timbre classification through synthesis (Wallmark et al.,
2019), source recognition (Berger, 1964), audiovisual crossmodal perception
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Figure 3.1: The notation and results of the two empirical studies. The partici-
pants were presented with sounds and were asked whether notation A or B best
describes what they heard. The result of the pilot study with nine participants
is shown as numbers of participants while the result of the follow-up online
survey with 28 participants is shown as percentage values.

(Spence, 2011; Grill and Flexer, 2012) and electroacoustic music analysis
(Schaeffer, 2017; Smalley, 1994; Thoresen and Hedman, 2015).

Starting from this research, selected sound parameters were notated with
symbols derived from Thoresen’s spectromorphological analysis (Thoresen and
Hedman, 2007): spectrum category, spectral width, spectral centroid, spectral
density, spectral components (such as significant partials), and spectrum refer-
ence (see Figure 2.6).

The ability of the selected sound parameters and their notation to visually
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P. Henry & P. Schaeffer: Symphonie pour un homme seul, Prosopopée 1 
excerpt 0:00-0:26

Figure 3.2: Sound notation transcription of an excerpt from Prosopopée 1 from
Symphonie pour un homme seul (Henry, 2000).

represent timbre was evaluated in two parts: first in transcriptions of short
excerpts of classic electroacoustic music works, and then in listening tests with
a total of 37 participants (9 in a pilot study, and 28 in an online survey). They
were asked to identify the correct notation of two options in five sound examples
(see Figure 3.1). The participants did not know the symbols or their meaning
beforehand.

The transcriptions, made by the author, were from Prosopopée 1 from Sym-
phonie pour un homme seul from 1950 (Figure 3.2) by Pierre Henry and Pierre
Schaeffer (Henry, 2000), Stockhausen’s Kontakte from 1960 (Stockhausen,
1968), and György Ligeti’s Artikulation from 1958 (Ligeti, 1988). For Kontakte
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and Artikulation there are established scores that the reader can compare to the
SN transcriptions.

The listening tests showed that the notation was intuitive with great margin
in the examples with two sound objects and in the example with spectrum ref-
erence. It was more difficult to identify the correct notation for spectral width
and spectral density from a single sound. The notation examples and the results
from the pilot poll and online survey are shown in Figure 3.1.

3.2 Paper II: The visual representation of
spatialisation for composition and analysis

Spatial aspects of sound are fairly new to music notation. Historically, the need
for notating positions and movements in music first appears in dance, with la-
banotation being the closest thing to a standard. Recently the establishment
of multi-speaker concert halls has brought an increased interest in the notation
and control of (electroacoustic) sound spatialisation, which is, for example, ex-
pressed in Stuart James’s work with timbral spatialisation (James, 2012).

In Paper II, a number of aspects of spatialised sound are discussed in re-
lation to their visual representation: the perspective of spatial positions and
movement, the balance of objects in relation to the listener position, room and
resonance effects, (only) sound movement or physical movement, imagined or
projected space where the former concerns a fictitious sound world, distance
or amplitude which can be a difficult distinction in spatial sound, and articula-
tion or change of position relating to whether spatial change happens on music
structural level or as a way to articulate a sound.

As a starting point for a notation solution, three notation systems for spa-
tialisation were considered. All three combine visual representation and con-
trol of positions and movements of sound streams. These were: 1) SVG to OSC
transcoding (Gottfried, 2015), where Gottfried outputs graphics from Adobe’s
Illustrator as scalable Vector Graphics (SVG) which are converted to OSC control
messages. 2) Spatialisation Symbolic Music Notation (SSMN) (Ellberger et al.,
2016) builds on a taxonomy of spatialisation with symbolic notation that can
define physical movements as well as control panning in a multi-loudspeaker
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system. 3) Finally, Spat-Scene (Garcia et al., 2017) introduces new input meth-
ods and control possibilities for the spatialisation engine Spat in OpenMusic,
which includes notation export possibilities.

The suggested solution for SN is to visually represent the room in two dif-
ferent ways depending on how the music relates to the concept of space: as
projections from the centre of a sphere for more structural work, or as coordi-
nates for works that depict a physical or imagined space. Specific notation is
introduced for room and resonance effects, as well as spatialisation used as the
articulation of a sound object, e.g. a sound in rotation.

3.3 Paper III: The notation of sound for composition
and transcription: An adaptation of Lasse
Thoresen’s spectromorphological analysis

Lasse Thoresen developed his spectromorphological analysis system over sev-
eral years of teaching Schaeffer’s typomorphology (Thoresen and Hedman,
2015). Schaeffer had made his system of classification as a means to describe
sounds beyond traditional music parameters. Thoresen rationalised and gener-
alised Schaeffer’s system and adapted it for use with symbolic notation. As a
notation system for the (phenomenological) analysis of sound-based music, it
is the most developed and elaborate system available.

The two purposes of this adaptation are to ground the notation in mea-
surable and perceivable values so that it can be used for composition and ear
training, and to merge it with traditional notation of pitch and rhythm over
staves since these are the most straight-forward ways of communicating musi-
cal tonality and time. An overview of the basic symbols of the SN system are
shown in Figure 2.6.

Thoresen’s three main symbols for sound spectra: pitched, dystonic and
complex, are used but placed over a hybrid frequency-staff system. Spectral
width is a new category introduced to show the range of a sound’s spectrum
where the spectrum is the loudest, ranging from 0 dB to -12 dB where 0 dB
is the peak amplitude of the sound’s spectrum. Spectral centroid, being the
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centre frequency of a sound’s spectral energy,1 is of particular importance for
the complex spectrum category since those note heads are positioned at this
frequency. It can also be indicated for pitched and dystonic sounds with a small
horizontal line along the vertical spectral width line.

Spectral density, meaning how densely partials of high amplitudes are po-
sitioned in the spectrum, is indicated with a comb-like symbol to the left of the
notated sound object. There are special cases for spectra with every other par-
tial, and for saturated spectra (noise) where the comb has been replaced by a
solid rectangle. The comb-like symbol was inspired by Thoresen and Hedman
who use it to indicate saturation (Thoresen and Hedman, 2015).

Not in Schaeffer’s or Thoresen’s analysis systems, spectrum reference is the
possibility to refer to a known spectrum, either to indicate a similarity or to
signify a specific type of spectrum. This can either be a shared cultural reference,
such as the trumpet, or a sound established during the course of a musical work
to make sure that a musician uses similar sounds for multiple sound objects.

Extension lines indicate pitch/spectral centroid contour, while discrete sym-
bols are used to specify coarseness and speed categories for granularity. Accu-
mulations are used to indicate hordes of sound. These concepts are all symbols
adapted from Thoresen and Hedman (2015).

Variation is a modified multi-purpose version of Thoresen and Hedman’s
notation of Schaeffer’s allure.2 In SN, any musical parameter can be the focus of
variation as indicated either as a curve along the extension line or as a waveform
to indicate a repetitive behaviour. A new symbol is introduced for indicating
amplitude envelope, a small thick-line envelope shape below the sound object.

Dynamics notation is not really a part of the Thoresen and Hedman system,
but Thoresen uses traditional indicators of dynamics in some of his analyses
(see e.g. Thoresen and Hedman (2006)). This has proven useful for SN too.
Thoresen also made sure to incorporate the possibility of sounds changing in
his analysis system and this was inherited by the SN system, e.g. by having
extension lines display pitch/frequency changes.

1The centroid is the weighted mean of frequencies in the sound signal.
2Thoresen translates allure to gait and explains it as “the undulating movement or charac-

teristic fluctuation that often can be found in the sustained part of sound-objects” (Thoresen and
Hedman, 2015, p. 280).
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3.4 Paper IV: The sonification of complex spectral
structures

To work with SN and computer-aided composition, the notation must be repre-
sented as data. The MIDI data format remains an important standard for work
with pitch-based musical structures in software, and it was the inspiration for
the data format developed to mirror the information communicated by the SN.

This paper discusses the problem of software notation playback as a form
of sonification of the notated symbols. The composer/arranger can use the
playback function to learn about the notated structure and gain understanding
of aspects that are hard to grasp by looking at the symbolic representation.

To test this theory, listener tests were conducted using a web survey com-
pleted by 36 participants. They were asked to identify the notation of sequences
of three sound objects by listening to their sonification. For each sound object
sequence, the participants had to select the correct visual representation from a
selection of four notation examples. Four notation features were tested: spec-
trum category, higher limit of spectral width, lower limit of spectral width, and
spectral density. From a total of 16 questions, each notation parameter was
tested with four questions in which the other three parameters stayed constant.
For 12 of the 16 questions, one incorrect answer had the same pattern or con-
tour as the correct answer. With these questions there was a 50% chance of
selecting the correct pattern or contour, and for all questions there was a 25%
chance of selecting the correct answer. For the spectrum category questions, the
same pattern meant that category changes were introduced in the same order,
e.g. p p d and d d c (p-pitched, d-dystonic, and c-complex). For the lower limit
of spectral width, the same contour meant that the order of highest, middle,
and lowest frequencies was the same as in the correct answer though the exact
frequency values were incorrect.

The results were categorised both in terms of percentage of choosing the
correct answer (in absolute values) and choosing the right pattern/contour of
the notated parameter change. Table 3.1 shows the mean percentage of the
participants choosing the correct answer and the correct pattern/contour for
the four features tested. All values were above 87% for the right contours or
patterns and all but one above 80% for correct answers. The identification of
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Parameter Correct answer Correct pattern/contour

Spectral category 90% 97%

Spectral width lower limit 63% 92%

Spectral width higher limit 81% 98%

Spectral density 86% 88%

Table 3.1: Mean results for each timbre parameter in the multiple-choice nota-
tion survey for sonified SN examples. There was a 25% chance of selecting the
correct answer and a 50% chance of selecting the correct pattern/contour for
the 12 questions that had one incorrect answer with the same pattern/contour
as the correct answer.

spectral lower width changes as absolute values stand out as the lowest result
with 63% correct answers.

The smaller in-depth study with four participants’ hand drawn notations
showed that the contours of the focus parameters were correctly perceived
though not with their correct values. That the participants also perceived
changes in the parameters not subject to change may be because of the chal-
lenges both in producing and perceiving multiple timbral parameters indepen-
dent of one another.

3.5 Paper V: Notation as visual representation of
sound-based music

The development of SN was part of an iterative design process. In case studies in
2017, 2018 and 2020, a total of 25 composition students learnt to create short
electroacoustic music works from scores provided by the author. The scores
were transcriptions of short electroacoustic music sketches composed and then
transcribed by the author. The students did not hear the original sketch but were
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handed the transcription scores with the instruction to realise the score using
only concrete (not synthesised) sounds. They were also requested to reflect
on their processes in short written assignments accompanying their submitted
score realisations.

From 2017 to 2020 the notation system changed based on the students’ feed-
back, but even from the start, it was obvious to the author that it was possible for
students to learn the notation system fairly quickly and use it to interpret musi-
cal works based on their SN representation. The student assignments sounded
similar to the original though the students were generally constricted to work
with concrete sounds even when the original sketch included synthesised ele-
ments.

All original sound sketches mentioned in this paper and two examples of
students’ realisations from SN transcriptions, one from 2018 and one from 2020,
have been made available online.3

Listening tests with case study data

By listening to the sound files in Paper V, the reader can get an idea of the simi-
larities between the original sound sketches and two examples of student score
realisations of their SN score transcriptions. In order to further assess these sim-
ilarities, a listening test was conducted in November 2022. Four expert listeners
compared the original sketches of the second notation assignment in 2018 and
2020 with three student assignments from each year in different combinations.

Ethical statement

The participants of the case studies in Paper V gave their written consent that
the data collected be used for further research, and the four participants of this
additional listening test gave their written consent to take part in this study.
In both the case studies and the additional test, the name and identity of the
participants were to remain anonymous when processing the collected data, and
individual participants’ work was not published without additional consent.

3https://doi.org/10.5281/zenodo.7071329
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Test data

As test data, the second notation assignments from the case studies in 2018 and
2020 were selected. This choice was made since the students knew the nota-
tion system better by then, as described in the student reflections from these
assignments. From both assignments, the original sound sketch and three ran-
domly selected score interpretations from the students were selected, making a
total of eight test sounds. The files were shortened so that they were equivalent
in terms of the scored time, resulting in eight test sounds, each approximately
7 seconds long. The files from 2020 run from the beginning to ca 7 seconds.
The 2018 files were trimmed approximately 0,5 seconds in the beginning and
trimmed in the end to make files of ca 7 seconds’ length corresponding to the
same notated passage in the score. Figure 3.3 shows an overview of all the pair-
wise comparisons, each numbered 1 to 20. The four files from each assignment
were all compared with each other and with one student assignment from the
other year. Comparisons 1 to 10 on the left side in Figure 3.3 are comparisons
involving the 2018 assignment, while 11 to 19 on the right side are comparisons
involving the 2020 assignment. Additionally, there is a comparison number 20
(on the far right in Figure 3.3) where the same file is compared to itself.

Participants and test design

The four participants were bachelor students of electroacoustic music compo-
sition at the Royal College of Music in Stockholm in the age group 25 to 35.
The test was conducted with all participants in the same room. The test leader
played the sounds through a stereo speaker system and the participants pro-
vided their responses on paper. For 19 of the comparisons, the sound pairs
were played once and in one case the sound pair was repeated one time on
request from a participant. The order of the comparisons numbered 1 to 20 in
Figure 3.3 was randomised in the test, resulting in the test order: 17, 1, 18,
5, 19, 8, 3, 14, 9, 12, 4, 16, 15, 11, 6, 2, 10, 20, 13, 7. Figure 3.3 shows the
numbering of all pairwise sound file comparisons.
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Comparison Mean (SD) Comparison Mean (SD)

1 18 orig - 18 int1 0,32 (0,17) 11 20 orig - 20 int1 0,43 (0,13)

2 18 orig - 18 int2 0,57 (0,13) 12 20 orig - 20 int2 0,47 (0,17)

3 18 int3 - 18 orig 0,45 (0,14) 13 20 int3 - 20 orig 0,47 (0,26)

4 18 int2 - 18 int1 0,59 (0,15) 14 20 int2 - 20 int1 0,23 (0,12)

5 18 int3 - 18 int2 0,58 (0,12) 15 20 int3 - 20 int2 0,69 (0,25)

6 18 int1 - 18 int3 0,65 (0,21) 16 20 int1 - 20 int3 0,59 (0,29)

7 18 orig - 20 int1 0,73 (0,22) 17 20 orig - 18 int1 0,57 (0,05)

8 20 int1 - 18 int1 0,62 (0,16) 18 20 int2 - 18 int1 0,83 (0,1)

9 18 int2 - 20 int1 0,44 (0,09) 19 18 int1 - 20 int3 0,93 (0,07)

10 20 int1 - 18 int3 0,66 (0,33) 20 20 int2 - 20 int2 0 (0)

Table 3.2: The mean results from the dissimilarity listening test for the listed
pairwise comparisons. High values correspond to high dissimilarity.

Instructions

The instructions were:

You will listen to 20 pairs of electroacoustic music excerpts. For
every pair, rate the dissimilarity on a scale from 1-identical to 10-
very dissimilar.

For each comparison the participants were instructed to put an “X” in one
of the 10 numbered columns, with 1 marked “identical” and 10 marked “very
dissimilar”. After the listening tests, they were asked to “Rate the importance
of these musical aspects for your assessment of the dissimilarities you rated”,
using numbers from 1-not important to 10-very important, for the categories:
rhythm, pitch, timbre, dynamics, and musical intuition.
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Figure 3.3: Overview of all pairwise combinations of music examples in the
listening test. The white boxes with loudspeaker symbols represent the origi-
nal sketch and three score interpretations from the second 2018 notation as-
signment while the equivalent grey boxes are from the second 2020 notation
assignment with a different original and therefore a different score. The num-
bered circles 1-20 represent the pairwise listening test comparisons with the
mean dissimilarity rating from the test participants indicated inside the circles.
The far right comparison 20 was made between two identical music examples
for reference, resulting in the lowest dissimilarity (0). The second lowest dis-
similarity was the number 14 comparison (0,23) between interpretations 1 and
2 in 2020 (grey boxes) while the highest dissimilarity was number 19 (0,93)
between interpretation 1 from 2018 and interpretation 3 from 2020 (created
from different scores).

Results

All participants’ answers were normalised between 0 and 1, with 1 being the
greatest dissimilarity they indicated and 0 being the lowest. The mean dissim-
ilarity between the four participants for all pairwise comparisons are shown in
the circles in Figure 3.3 and as a list in Table 3.2.

The comparisons made by the participants can be grouped in three com-
parison categories (with reference to the pairwise comparisons as numbered in
Figure 3.3):

Comparison category A Between an original sketch and its three score inter-
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pretations: 1, 2, 3 and 11, 12, 13 resulting in average ratings 0,45 and
0,46 for 2018 and 2020 respectively.

Comparison category B Between the three interpretations from one year and
one interpretation from the other year: 8, 9, 10 and 8, 18 and 19 resulting
in average ratings 0,57 and 0,79 for 2018 and 2020 respectively.

Comparison category C Between the three interpretations from the same
year: 4, 5, 6 and 14, 15, 16 resulting in average ratings 0,61 and 0,5
for 2018 and 2020 respectively.

In accordance with the author’s judgment in Paper V, the lowest mean dis-
similarities are found in comparison category A. Greater dissimilarities are seen
in categories B and C. The interpretations were not deemed identical to the orig-
inal sketches. This was not to be expected considering the nature of the assign-
ments; timbre references were not used in the scores and the assignments were
focused on the use of recorded acoustic sound sources despite re-interpreting
partly synthesised original music sketches.

Table 3.3 shows the mean ratings of the importance the participants at-
tributed to the five musical aspects rhythm, pitch, timbre, dynamics, and musi-
cal intuition, for their dissimilarity judgements (from 1-not important to 10-very
important). Rhythm and musical intuition were rated slightly higher than pitch
and timbre while dynamics was considered less important.

Musical aspect Mean (SD)

Rhythm 7,25 (0,83)
Pitch 6,5 (1,50)
Timbre 6,5 (0,50)
Dynamics 4,5 (0,87)
Musical intuition 7,75 (2,28)

Table 3.3: The mean results for the participants’ ratings of the importance of
five musical aspects for their dissimilarity ratings (1-not important, 10-very im-
portant).
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3.6 Computer-aided composition using a sound-based
notation

One goal of this research was to enable computer-aided composition of sound-
based music using methods similar to algorithmic composition of pitch-based
music. A strength of traditional music is the ability to represent it as MIDI data.
MIDI was originally a standard for communication between electronic musical
instruments but has remained a standard for working numerically with pitch-
based music.

Inspired by MIDI, a data format for SN was developed that, like MIDI, could
be used both to display notation and play sound structures. This article de-
scribes this data format, first used in Paper IV, in greater detail with data ex-
amples for all implemented notation features. The system is then tested in
work with computer-aided composition with the two examples, A and B, both
of which are based on computer-generated SN data.

The software Max was used to generate sound structures as data, as well
as to display and sonify the data. Max was also used for post-processing of
the data in example A. The music was then edited and enriched with indica-
tions of articulation, phrasing, and dynamics; this work was carried out using
a graphics editor. Finally, the scores were printed on paper and realised using
a combination of recorded and synthesized sounds.

As in the case of the students’ work in the case studies described in Paper
V, the work was both difficult and time-consuming at first, but eased as soon as
methods were developed to generate and save the SN data.

The author found that computer-aided composition with SN was not only
possible, but also contributed to artistic possibilities not previously available to
sound-based music. By directing the process towards the preparation of an SN
score, a particular focus arises on the interpretation of the work, detached from
the structural design of the composition and independent of sound sources. It
opens up the possibility of making different interpretations for different instru-
ments. This is an obvious possibility for pitch-based scores but not a possibility
for most forms of sound-based music, score-based or not.
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Chapter 4

Discussion and conclusions

4.1 General remarks

The Sound Notation project did not start with this research project but was the
continuation of years of work with teaching aural sonology, music analysis and
sound-oriented ear training. As with traditional music theory, these subjects
could be connected and enrich one another, if there was a symbolic language
to unify them.

There were several reasons for starting from Thoresen’s spectromorpho-
logical analysis: 1) It was (and remains) the most well developed systematic
symbolic language for sound-based music analysis, 2) it is well-established in
electroacoustic music theory as evidenced by its use in others’ research, teach-
ing and artistic work, and 3) it is an adaptation of Schaeffer’s typomorphology
(Schaeffer, 2017), suitably pointing back to the origin of the genre’s music the-
ory.

While Schaeffer and Thoresen both profess to a phenomenological approach
to music analysis, many of their descriptions of sound object categories and
symbols already imply connections to acoustic properties of sound. These con-
nections are further strengthened as more and more analyses are performed
with these tools. One simple case is the difference between Schaeffer’s mass
categories N and X; Thoresen calls them pitched and complex. The acoustic
properties separating these categories are easily described: one contains peri-
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odic waveforms, the other does not. Other categories are harder to define, such
as mass category E, vacillating sound objects. Schaeffer deems them unpre-
dictable macro-objects, not suitable for music composition. What makes such
categories challenging for SN adaptation is how they encompass different kinds
of spectra in one category. This is not a problem when going from sound to
symbol, but becomes a problem when going from symbol to sound. In other
words, for analysis of music we may be content with defining a sound object
as being unpredictable in terms of its mass. But when sonifying such a symbol,
that unpredictability needs to be defined as spectral changes.

The outcomes of the first case study with composition students clearly
showed how the combination of traditional notation and new symbols could
easily cause confusion. With the introduction of new symbols, it became evi-
dent that stems and beams had to be separated from the spectral notation for
the sake of clarity. This was an early improvement resulting from the students’
work and feedback, as was the introduction of dynamics notation, followed by
the addition of amplitude envelope indications. It was important that the tra-
ditional symbols and the new symbols were not confused, so that knowledge of
traditional notation became an asset rather than an obstacle.

4.2 The outcomes of the evaluations of the Sound
Notation system

The student case studies in 2017 were the first empirical tests to assess this
approach to SN. Though the study with the first prototype of SN did not result
in assignments as similar to the original sketches as the studies with the later
versions of SN, it was clear from the beginning that the grounding of symbols
in acoustic properties provided a common ground for discussions, where the
students could participate, possibly emboldened by their knowledge of sound
and its properties, as well as their knowledge of traditional notation.

A difficult aspect of assessing the results from these case studies is the fact
that the students learn the system as they use it. The importance of this aspect
was confirmed by the results and reflections in 2018 and 2020 when there was
a second assignment for the same group; both groups showed an increased flu-
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ency with the notation language when they used it the second time, which they
also expressed in their written reflections. Another challenge involves defining
what constitutes the success of the SN system in these case studies. The scores
did not specify what particular sound sources to use, and the students were en-
couraged to find and record sounds in their environment; the assignments were
tailored so that the students would indeed provide different interpretations,
likely using different sound sources to approximate the same timbre structure.
The structural spectral similarities of the students’ work have been the focus for
presenting these studies, but what makes this endeavour interesting in the long
run is how it opens up for different variations (interpretations) of a score.

The question of interpretation is of interest in the transcriptions of classic
electroacoustic music. The notation of the excerpt from Prosopopée 1 by Pierre
Henry and Pierre Schaeffer (Henry, 2000) was fairly straightforward because
of the music being a one-layer collage with easily recognisable sounds. Because
it was used as a student assignment in which a certain variety of interpreta-
tions was intended, no spectral references were used in the score transcription.
However, this decision resulted in an unsatisfactory representation of the music
since the occurrences of human voices were not accounted for. Because of the
impact of voices when used as source material in music such sounds are not
interchangeable with other sounds with similar spectral characteristics.

For the multi-layered, synthesised music in the excerpts from Ligeti’s Artiku-
lation (Ligeti, 1988) and Stockhausen’s Kontakte (Stockhausen, 1968), there
was the difficulty of choosing the level of detail for the transcriptions. In the
notation of acoustic instruments there is a tradition of what to notate and what
to consider performative aspects, such as vibrato and phrasing. For synthesized
music, all aspects of the sounds are parts of the composition process. How-
ever, both examples were chosen because there were already well-known scores
available. Though these were not consulted during the transcription process,
they are interesting for reference. Of these two pre-existing scores, Kontakte was
the one that shared the most similarities with its SN counterpart, even though
the Artikulation score was based on a systematic categorisation of sound prop-
erties. This was because of the level of detail and the exactness of symbol place-
ment along the timeline in Kontakte necessary for the pianist and percussionist
to perform along the tape part.
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The first listening test in this project was small with only five notation exam-
ples. The idea was to test the intuitiveness of the notation system with sounds
related to notation images—one correct and one incorrect. The test participants
were music professionals who had not seen the notation system before. No clues
were given as to what the symbols represented. Two of the examples included
two sound objects while the other three had one sound object each. Not sur-
prisingly these two produced a higher percentage of correct answers than the
others since there was more information in the sound and its transcription. Also
relevant is how we perceive changes in sensory stimuli on a logarithmic scale
in accordance with the Webner-Fechner law (Dehaene, 2003), making it easier
to identify e.g. pitch values in relation to other pitch values.

Due to the small size of this test and the artificiality of reading notation
without prior knowledge of the system, the test has not been decisive for the
evaluation of SN. However, the test helped to identify potentially problematic
symbols, particularly for spectral density.

The more comprehensive and systematically designed listening test using
the software sonification of SN was important in demonstrating that one can
perceive relative, and to a large extent also absolute, changes in spectral pa-
rameters of sounds and relate them to their SN representations.

The related small freehand notation test showed that though sequences of
notated timbre parameter could be correctly identified from their sonification,
there are questions regarding the independence and interdependence of these
parameters when perceived together. Changing the density of a spectrum may
affect the perception of the spectral width, not to mention how changing the
spectrum category can change the perception of all other spectral parameters.

The final test, using SN for computer-aided composition, demonstrated that
it was indeed possible to compose music as SN scores generated from data, in a
process not unlike that of creating traditional scores from generated MIDI data.
It was also clear that moving beyond MIDI in the work with computer-aided
composition also meant moving away from various ready-made tools for editing
and visually representing the data. The main takeaway was how inspiring it can
be to work systematically with generated sound-based musical structures and
later find suitable ways for articulating and interpreting the music to do the
structures justice.
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4.3 Sound Notation aesthetics

What a unified notation system for sound affords the contemporary composer is
not primarily the possibilities for new sounds or new structures but rather new
ways of defining and describing sounds and their structures. Though electroa-
coustic music is a sonic rather than printed art form, in this regard having “more
in common with much orally transmitted music than with the heritage of West-
ern art music” (Smalley, 1997, p. 108), its creators have always relied on all
sorts of visual representation for its conception. The common realisation score
for studio-created music today is the main arrange window of a DAW, where re-
gions in tracks mirror the cut-out scores of 20th century Polish composers. But
like the scores of experimental acoustic works, focus is on sound production,
i.e. actions performed.

One early question in this project was whether one could conceive of a music
theory of noise: Could SN be used to define aesthetic theories for the combi-
nation of sounds beyond pitch relations and chords. Even in today’s Western
music, concepts like consonance and dissonance remain important for mak-
ing sense of pitch-based musical structures. Any composition of pitch-based
music will contain selections of pitches appearing simultaneously and/or in se-
quence. How these selections are made defines the aesthetics of a work not in
instrument-specific terms but in relation to pitch as a musical parameter shared
by many instruments. This sharing of a common system of musical values gives
pitch-based music language-like qualities. An important lesson from the work
with SN, mentioned in Paper I, is the importance of spectral categories for how
a musical structure is perceived. When two pitched sounds are combined, a
shared identity in the form of an interval is formed, often with the two pitches
still audible, while the combination of two complex sounds with overlapping
spectral width can form one new complex sound with its centroid somewhere
between those of the original two. Such behaviour is significant when theoriz-
ing about the meaning of combining sounds in a musical context.

Timbre and space

Though there is a tradition of notated electroacoustic music works, its his-
tory shows that creativity in music is not tied to standardised notation. This
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lack of notation can even be considered positive (Smalley, 1997); R. Murray
Schafer warns of making sense of sound with visual means, calling music scripts
and sonograms “interesting fictions [...] invented for weighing and measuring
sounds” (Schafer, 2009, p. 13). But even if a standardised system of symbols
were not used for creating most sound-based works, that does not mean that
these works defy description in terms of measurable musical parameters. Two
parameters associated with electroacoustic music (and not described by tradi-
tional notation) are timbre and space. Though the two are complex musical
values, at times hard to separate, any notation system for sound-based music
would need to address their visual representation.

Besides what can be learnt from electroacoustic music analysis, what for-
malised knowledge is there regarding the use and understanding of timbre and
space in music? To a certain degree, orchestration treatises provide some in-
sights regarding the timbre qualities of Western instruments and how they are
traditionally combined for best effect—see e.g. Rimsky-Korsakov (1923), Adler
and Hesterman (1989) and Blatter (1997).1 They are mainly concerned with
pitch-based structures because of their focus on musical instruments. Alfred
Blatter writes that “One of the chief goals of the orchestrator is to mix, blend,
match and contrast the instrumental and vocal colors available” (Blatter, 1997,
p. 330). He writes that there is no correct method for combining colours, and
what is considered colourful is relative to the context: “One may draw attention
to a line by the effective use of contrast, not necessarily by always being more
‘colorful’” (Blatter, 1997, p. 330). Schönberg’s concept klangfarbenmelodie, an
orchestration method where the focus of a musical layer is on the change of
timbre (by changing and combining instruments), counts among early exper-
iments with composing timbre-based structures, relating back to experiments
with tone colour by Helmholtz and Stumpf (Kursell, 2013).

Another source of knowledge concerning both the use of space and timbre
is the literature of sound engineering, e.g. Rumsey and McCormick’s Sound and
recording, where these parameters are covered from a pragmatic music studio
perspective. Of particular interest is how the use of space is integrated with the
combination of sound sources (Rumsey and McCormick, 2012).

1See also Zachary Wallmark’s study on timbre semantics in orchestration treatises (Wallmark,
2019)
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Sound-based counterpoint

An aesthetically relevant question when combining sounds simultaneously or
in sequence is whether they should be perceived independently. This relates to
any use of instruments in orchestration and any combination of sound sources
in mixing. In orchestral composition, instruments can be combined as a form of
synthesis producing a new single timbre as exemplified in Ravel’s Bolero where
instruments playing the recurring theme are combined in the same manner as
organ stops, causing a grouping effect (McAdams et al., 2022). In contrast,
filters and spatial panning on a mixing console can be used to solve conflicts
that arise as a result of sounds blending when they should be heard separately.

Looking beyond music theory and studio technology, the question of
whether sounds joined together are heard independently is already the subject
of studies in psychophysics. There is already much knowledge of the aforemen-
tioned auditory grouping processes. In his work with auditory scene analysis
Bregman (1993) formulates a few basic regularities that can be summarised like
this:

• Sounds starting and ending simultaneously are likely related.

• The sound from one source tends to change character slowly.

• The sounds from the same source tend to be projected from the same
location.

• Any change to a single sound will affect the whole sound (in the same
way).

• Partials from a shared root frequency are likely from the same sound
source (Bregman, 1993).

These regularities can be related to traditional counterpoint theory where
the independence of individual voices is sought by enforcing rules that can be
thought of as inversions of certain auditory streaming regularities. Examples of
such counterpoint rules are: avoiding notes of different voices starting at the
same time and avoiding voices moving in parallel.
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Arrangements of sound-based music

Another question of sound-based composition is to what degree its structures
can be transposed and compressed and retain its identity. In (pitch-based)
choral music, SATB scores2 are sometimes adapted for SSA choirs3, meaning
that a wide range material must be adapted for a more limited range as the
possibilities for low-frequency content are removed. Could similar adapta-
tions be made with sound-based musical structures? Would this mean keep-
ing the proportions of spectral changes for non-pitched sounds while using tra-
ditional adaptation methods for pitch-based material? One could argue that
re-arrangements of sound-based music are already an established practice in
percussion music where works like Xenakis’s Rebonds a for percussion solo, for
two bongos, three toms and two bass drums (Xenakis, 2007) can sound very
different depending on the particular instruments used by the performer.

4.4 New technologies for notation

The examples of SN and its use described in this thesis have been relatively tra-
ditional in how the notation was presented, as visual scores used for musical in-
terpretation. Technological development has brought new ways of working with
musical representation, such as real-time notation (Clay and Freeman, 2010)
or animated scores in Decibel Scoreplayer (Hope et al., 2015). Musical instruc-
tions do not have to be visual, but can be recordings (Cox, 2011) or conveyed
orally, as in Luke Nickel’s “living scores” (Nickel, 2017). For much music since
the 20th century, recordings have been more important than symbolic notation
as the representation of musical works. Working with recordings or animated
scores means new approaches to the parameters of notation, not least in terms
of time (Hope, 2017).

The SN system may well be included in these types of practices. There is
nothing preventing SN symbols from being sent over networks, used in real-time
systems, animated or even orally transmitted. Regarding recordings as musical

2SATB is the common mixed choir format, for soprano, alto, tenor, and bass voices.
3SSA is a common voicing for children’s choirs with two soprano parts and one alto part.
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instructions, one could use the sonification of SN as instructions for sound pro-
duction as in Ricardo Climent’s work with “searched objects” (Climent, 2008).

4.5 Pedagogical aspects

The text analysis of the composition students’ reflections from the case stud-
ies (see Paper V) showed that several students gained insights related to the
acoustic properties of sound as they realised the SN scores. It was clear that the
assignments forced some students to think of timbre aspects of sounds in new
ways. While SN does not provide the only way of teaching sound spectra, it
does introduce the description of timbre in a system integrated with traditional
notation.

The pedagogical implications of this project are far-reaching thanks to a
rich tradition of music teaching across genres relying on the notation of music.
Granted, some use of traditional notation in teaching hinges on students’ abil-
ities to sing and play the music from the scores. It remains to be seen to what
extent one can learn to produce the SN’s spectral changes with one’s voice. That
being said, the piano is a standard instrument for playback of traditional nota-
tion in teaching situations, and it is only able to reproduce very basic notated
material. When durations expand, the hammer-on-string activation of notes
becomes an obvious limitation.

4.6 Conclusions

In this project about the notation of sound-based music, a notation system was
developed as a combination of traditional music notation and an adaptation of
Thoresen and Hedman’s adaptation of Schaeffer’s typomorphology. This was
done considering the acoustic properties of sound as well as human perception
of sound. Referring back to Schaeffer, the starting point is the sound object
which is the sound entity that one decides to notate as one object. This notated
sound object relates at once to the specific physical properties of the sound
signal (including its manifestation as mechanical waves), and to its perception
by human ears.
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The notation system was tested by groups of composition students, creating
electroacoustic music from SN scores, and reflecting on their processes. The no-
tation was improved in an iterative design process based on the feedback from
the students. The system’s intuitiveness was tested in a survey showing that
it was possible to convey meaningful information through this hybrid notation
without any prior explanation of the symbols and their placements. Excerpts
from classic electroacoustic music works were transcribed by the author, show-
ing how SN can be used in relation to the Western musical tradition of sound-
based music. A data format similar to MIDI was developed to make possible
the digital display and playback of SN objects. This was successfully tested in
terms of sonification to make sure that the data of the notation symbols could
be communicated by its playback, and in computer-aided composition.

Considered as a development and an expansion of traditional music nota-
tion, it seems that SN can be used in similar ways to traditional notation. What
differs is the connections to musical instruments and their practice. The histori-
cal coexistence and co-development of traditional musical instruments and their
notation cannot be compensated for by one research project. But particularly
the more flexible instrument families like percussion, voices, and electronic in-
struments can possibly be used to develop similar relations to SN, so that a score
can be performed without an intermediary translation from SN to instructions
for instrument actions.

4.7 Future work

Since the idea and the need for this work originally came from teaching aural
sonology at the Royal College of Music in Stockholm (KMH), there is a natu-
ral continuation of this project in the continued work to develop the subject of
sonology at this school. The students’ reflections in the case studies described in
Paper V showed that working with SN can lead to insights into how timbre func-
tions as a musical parameter. As each new generation of composition students
at KMH learn and work with SN, there is potential for continued refinement of
the system’s ability to represent sound for composition and analysis.

Future work also involves working with more transcriptions of repertoire
works in sound-based music in the hope of being able to draw conclusions about
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timbre-oriented composition. An important aspect to enable this is to develop
more tools to work with SN and its data. One can imagine using machine learn-
ing processes to teach computers to transcribe (single) sound objects, but then
a large dataset of already transcribed material is required for training.

Besides musical use, there are many other opportunities to use SN in cases
where sounds need to be visually represented to provide information about
timbre structures. The work with sonification in Paper IV shows that timbre
parameters can be used to convey data. An example of non-musical use is our
experiments with voice sketching of robot movements in connection with SN
(Panariello et al., 2019).

What feels especially exciting on a personal level is to further explore the
borderlands between electroacoustic and acoustic music with the help of SN,
and problematise the concept of interpretation within sound-based music. It
is clear from Schaeffer’s treatise that he values what a musician brings to the
interpretation of a work (Schaeffer, 2017). In this post-digital era, after 70 years
of electroacoustic music, we have learned to consider musical interpretation
in many different ways, where both computer-generated and human-played
expressions have their place. My hope is that SN will contribute to further
explorations of musical expression, regardless of the nature of the sound source.
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