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To my dad, a brilliant inventor, designer, and problem solver who has not
been told he is a researcher
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Abstract

In this compilation thesis, I examine how systems and formats can be de-
signed to include more people in creating interactive sound and music ap-
plications. I contribute knowledge, aiming to include everyone, but focus
specifically on musicians with no programming skills and little interest in
technical challenges.

I have designed, developed, and evaluated a system – WebAudioXML
(WAXML) – for implementing interactive sound and music in web pages
using native web technologies. The system’s design is novel, and the work
contributes knowledge about how markup language and spreadsheet con-
cepts can describe sound and music structures. The results give insights
into how high-level musical representation can be structured, named, and
designed to be understood by those without prior programming experience.

I also use WAXML to address musical diversity in interactive appli-
cations. I identify and solve technical challenges where current systems
struggle to implement traditionally performed music. Novel solutions are
designed, evaluated, discussed, and presented in the included papers.

The system is finally implemented in applications aimed at education
and inclusion, where I evaluate them through a series of case studies. The
results confirm Web Audio as a solid platform for accessible learning, shar-
ing, and distribution of audio applications and suggest that collective efforts
shaping an ecosystem with a universal format would enable even more cre-
ators to make interactive sound and music applications.

I research for the art through design. The knowledge output is valid
for any interactive sound and music system but specifically addresses the
design of Web Audio applications.

Keywords
Interactive Music, Web Audio, Markup Language, Inclusion, Open Source Stan-
dards
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Sammanfattning
I denna sammanläggningsavhandling undersöker jag hur interaktiva system
och format kan utformas för att inkludera fler personer i skapandet av inter-
aktiva ljud- och musikapplikationer. Jag bidrar med kunskap med m̊alet att
inkludera alla, men fokuserar särskilt p̊a musiker utan programmeringskun-
skaper och med begränsat intresse för tekniska utmaningar.

Jag har designat, utvecklat och utvärderat ett system – WebAudioXML
(WAXML) – för att implementera interaktivt ljud och musik p̊a webbsidor
med hjälp av standardiserade webbtekniker. Systemet är nyskapande i sin
design och arbetet bidrar med kunskap om hur markup-kod and koncept
fr̊an kalkylblad kan användas för att beskriva ljud- och musikstrukturer.
Resultaten ger insikter i hur musikalisk representation p̊a en övergripande
niv̊a kan struktureras, namnges och utformas för att bli först̊add av av dem
som inte har tidigare erfarenhet av programmering.

Jag använder ocks̊a WAXML som plattform för att utforsla möjligheter
till större musikalisk m̊angfald i interaktiva applikationer. Jag identifierar
och löser tekniska utmaningar där nuvarande system har problem med att
implementera musik som spelas enligt traditionen. Jag designar, utvärderar,
diskuterar och presenterar nya lösnignar i de inkluderade artiklarna.

Jag tillämpar även WAXML p̊a applikationer avsedda för utbildning
och inkludering, där jag utvärderar dem genom en serie fallstudier. Dessa
bekräftar Web Audio som en stabil plattform för tillgängligt lärande, delning
och distribution och pekar p̊a att gemensamma insatser för att skapa ett
ekosystem med ett universellt format skulle möjliggöra för fler att kunna
skapa interaktiva ljud- och musikapplikationer.

Jag bedriver forskning för konsten genom design. Resultatet är rel-
evant för interaktiva ljud- och musiksystem i allmänhet och Web Audio-
applikationer i synnerhet.

Nyckelord
Interaktiv musik, Web Audio, Markup-kod, Inkludering, Öppna Standarder
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Foreword
The ball came flying toward me. I was standing somewhere on the field.
Obviously in the wrong place. The ball hit my arm. Someone shouted
“Hands!!”. I didn’t know exactly why. They got a penalty. We lost. It was
my fault. I was seven. I never played soccer again.

I found my comfort in music instead. I played the piano. People liked it. I
made friends. I dived deep into the world of music, and I had a good life.

But I never played soccer.

Similarly, some people tend to miss out on music. Maybe because some-
one told them they couldn’t sing or keep the beat, they missed out on the
experience of playing and singing together. Others think they will never
understand technology and, therefore, don’t take the opportunity to partic-
ipate in shaping the tools we use daily and the instruments with which we
will make the music we will hear tomorrow.

One day, many years after my soccer drop-out, my youngest son asked me
to join him at the soccer field. And, to my surprise, it was a lot of fun! He
was much better than I was, but we had a great time together. And, when
reflecting on my own life, if I can contribute to doing something similar for
people feeling left outside of music or technology, it would mean the world
to me. Hopefully, the work presented in this thesis is a little step in that
direction, and hopefully, it can, in some aspect, contribute to a world where
everyone is included.

v
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List of appended papers

Paper I

Audio Parameter Mapping Made Explicit Using WebAudioXML

Hans Lindetorp and Kjetil Falkenberg
Proceedings of the Sound and Music Computing Conference (2021)

This study was the second of two that presented and further developed the
core concepts of applying ideas from markup languages and spreadsheet
applications to an audio programming language. The features were imple-
mented into WAXML and evaluated with Electroacoustic music composers.
The result presents core ideas of how spreadsheet concepts can be applied to
audio parameter mapping to clarify the mapping configuration. The paper
was presented at the “Sound and Music Computing Conference” 2021 and
aims to answer RQ1 and RQ2.

My Contributions: Concept, method design, development, evaluation,
and writing
Kjetil Falkenberg: Writing and supervision

Paper II

Towards a Standard for Interactive Music

Hans Lindetorp
Innovation in Music: Technology and Creativity ch.12 – Routledge, Taylor,
and Francis Group (2024)

This paper summarizes a collection of features, insights, and ideas from
more than 100 student projects that have been designed and implemented
into WAXML. The data is collected from the documentation of the fea-
tures, and the paper contributes knowledge about practical concepts and
terminology for a high-level representation of interactive music. The study
answers RQ1 and RQ3, and the paper was presented at “Innovation in Mu-
sic”, an international conference held in Stockholm in 2022. The conference
proceedings were published in 2024, and my paper is one of the chapters in
the book.

vi
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Paper III
Solving the Problem of Expressive Musical Timing in Interactive
Music Systems

Hans Lindetorp and Sven Ahlbäck
submitted (2024)

This study aims to answer RQ3 and pose a difficult challenge for current
interactive music systems. The goal is to use a studio recording with ex-
pressive musical timing as interactive music that can respond to user events.
The design process of solving the problem gives insights into the necessary
features for a system to make seamless cuts when jumping between differ-
ent sections in a recording. The result suggests that the recordings must
be annotated with sync points for each bar and start and end points for all
phrases that may not be cut in the middle.

The musicians evaluated the system’s musical output, and the data leads
us to conclude that the concept works well and is a valid addition to the
common approaches to making recorded music responsive. The result con-
tributes to knowledge about how to solve the challenge of using expressive
musical timing in interactive music. We also suggest collective efforts to
find a standard annotation format for MIR and interactive music systems
to share information about the recordings. The paper is submitted.

My Contributions: Concept, design, development, evaluation, and writ-
ing
Sven Ahlbäck: Beat detection and supervision

Paper IV
Evaluating Web Audio for Learning, Accessibility, and Distribu-
tion

Hans Lindetorp and Kjetil Falkenberg
Journal of the Audio Engineering Society (2022)

In this study, we build and evaluate educational applications using web
audio. The data collection spans over two years and involves 42 partici-
pants. We got a lot of quantitative and qualitative data that helped us
better understand how the users experienced drivers and barriers in the
system. The study contributes knowledge related to RQ4. The paper was
published in “the Journal of Engineering Society” in 2022 and is a sequel

vii
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to a paper that got the Best Paper Award at “Web Audio Conference 2021”.

My Contributions: Concept, development, analysis, and writing
Kjetil Falkenberg: Analysis, writing, and supervision

Paper V
Sonification for everyone everywhere – evaluating the WebAu-
dioXML Sonification Toolkit for browsers

Hans Lindetorp and Kjetil Falkenberg
International Conference on Auditory Display (2021)

This study led me into new territories at that time, namely Sonification.
The challenge was to build a web application for complete novices in most
areas related to sonification. The participants had no prior experience with
sound synthesis, sound design, or sonification, and the goal was to design
a tool that let them explore, learn, and distribute a new sonification using
data and sounds of their choice. The study answers RQ4 and contributes
important insights into how to build a powerful yet easy interface for begin-
ners at sonification. The paper was presented at “International Community
for Auditory Display” 2021.

My Contributions: Concept, development, analysis, and writing
Kjetil Falkenberg: Analysis, writing, and supervision

Paper VI
Collaborative music-making: special educational needs school as-
sistants as facilitators in performances with accessible digital mu-
sical instruments

Hans Lindetorp, Maria Swahn, Josefine Hölling, Kjetil Falkenberg, and
Emma Frid
Frontiers in Computer Science (2023)

This is the final study appended to this thesis, and it differs somewhat from
the other in that it uses the interactive music system in hardware – the
FUNKI instruments. The idea behind the study is to explore how personal
assistants can contribute to a collaborative music experience by using an Ac-
cessible Digital Musical Instrument (ADMI) specifically developed for this
study. The study contributes answers to RQ4 and presents web technology

viii
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as a novel approach to designing hardware instruments.

My Contributions: Concept, development, evaluation, analysis, and writ-
ing
Maria Svahn: Concept, development
Josefine Hölling: Concept, development
Kjetil Falkenberg: Evaluation, analysis, writing, and supervision
Emma Frid: Analysis and writing
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Chapter 1

Introduction

1.1 Preface
This thesis contributes knowledge about designing interactive sound and
music systems aimed at including everyone. It speaks to researchers, de-
signers, and developers in the field of Sound and Music Computing and
addresses specific questions about standards and formats for the Web Au-
dio Community represented by the W3C Audio Working Group1 and the
Web Audio Conference2. The thesis scope focuses on web technologies and
contributes ideas, insights, and knowledge directly applicable to this field. I
also hope that any sound and music developer, especially developers in the
game audio industry, will find many of the results general and valuable.

1.2 Motivation
The title – “Interactive Sound and Music Technology for Everyone” – is
intentionally romantic and, of course, beyond the scope of a PhD. How-
ever, I aim to contribute knowledge and encourage the discourse on how
music technology can be designed and developed with a global and inclu-
sive perspective to include everyone. Technology that provides for everyone
and every culture can contribute to a more exciting life on Earth. It can
empower people with diverse backgrounds to learn, create, distribute, and
perceive music without being restricted by limited technical skills, financial
resources, physical or cognitive abilities, and more.

With that said, this thesis can only contribute knowledge and solutions
on a limited scale toward the ultimate goal, and my studies will mainly
focus on musicians with little knowledge and interest in technology and

1https://www.w3.org/groups/wg/audio/
2https://webaudioconf.com/

1

https://www.w3.org/groups/wg/audio/
https://webaudioconf.com/
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musicians playing together rather than generating music with computers.
The last study also contributes knowledge about building music systems for
people with physical and cognitive impairments. Ultimately, all studies are
built with open web standards and accumulate knowledge, terminology, and
solutions to include everyone in the making and experience of interactive
sound and music.

The work presented in this thesis starts from a set of challenges I have
experienced as a lecturer in Interactive Music Production. Over the years, I
have met hundreds of students who disqualify themselves because they find
the process of implementing music into interactive applications too complex
and complicated. I also see an industry where music is the last piece added
to a game or a film. It puts the composer and music producer outside the
core developer team and limits the possibilities for them to contribute to
developing the narrative in an interactive application.

At my university, the Royal College of Music in Stockholm (KMH), we
educate music producers intending to change the power structures in the
industry. The students get a fundamental understanding and knowledge of
all disciplines related to the production of music, film, and interactive media
through lectures and readings, but most importantly, by doing it themselves.
It has led us to develop courses where the students learn to author, design,
and create interactive applications with text, images, video, sound effects,
and (most importantly) music. The setting of running a project covering all
these fields, being a music producer without prior experience in program-
ming or interaction design, can be somewhat daunting for many students,
so I started developing solutions that laid the ground for the work in this
thesis. The aim was to design a technical system that is easy to understand,
open access, supported on all major platforms, easy to distribute, and could
work as an exploratory platform for our students.

We also discovered that interactive music systems often restricted the
students’ musical expression compared to regular practice. It led to ques-
tions about how different musical systems support different musical expres-
sions, and we realized that many aspects of music that are normal for live
performances are not possible to include in interactive productions. This
realization informed the research described in several included papers and
is a core aspect of making an inclusive musical system.

Besides the knowledge contribution, the work has also resulted in an
open-source system for implementing sound and music into interactive web
applications called WebAudioXML (WAXML). The design and development
of the system have been performed as an iterative process in close relation
to my students, and we have discussed many ideas, challenges, and solutions
in both informal and more structured ways over ten years. Some of the it-
erations have been thoroughly studied and are being presented as appended

2
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papers in this compilation thesis. Other parts of the process indirectly im-
pact the knowledge output and are described as features of the technology
in chapter 4.

1.3 Terminology
In this section, I cover terminologies and concepts that are core to the scope
of this thesis.

1.3.1 Markup Language
A markup language is a text-based system for structuring and organizing
digital content. Computers use it to share information between applica-
tions. One of the most well-known markup languages is Hypertext Markup
Language (HTML), which is the language used to describe the content on
every web page. eXtensible Markup Language (XML) has a similar syntax
to HTML, but can be used to describe anything. Both HTML and XML are
designed to be both human- and machine-readable for storing and trans-
porting data. It is structured with elements, attributes with values, and
content, as shown in figure 1.1.

<element attribute="value">CONTENT</element>

Figure 1.1: A code example illustrating a simple XML element with one attribute (the
names are chosen for instructive purposes).

Elements can be nested, allowing for any hierarchy to be described. The
example in figure 1.2 shows one parent element with three child elements.
Elements can have opening and closing tags (as the parent element in the
example) or be self-closing without any content (as the child elements).

<parent>
<child id="1"/>
<child id="2"/>
<child id="3"/>

</parent>

Figure 1.2: A code example illustrating a nested XML structure with one parent
element and three child elements with unique values for the id attribute.

The names of the elements and the attributes can be freely specified for
any purpose. In this thesis, I will repeatedly refer to WAXML – a specifica-
tion I have made based on XML elements. The names of the elements and

3
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attributes refer to the different audio objects (see figure 1.3) needed in an
Interactive Sound and Music application. These needs were not yet defined
when I started my doctoral studies, and I am exploring them through the
work presented in this thesis. The current specification of all implemented
element names and attributes can be found http://waxml.org.

<Mixer gain="-6dB">
<OscillatorNode frequency="440" />
<OscillatorNode frequency="220" />
<OscillatorNode frequency="110" />

</Mixer>

Figure 1.3: A WAXML code example illustrating how XML can describe a hierarchical
structure of three oscillators connected to a mixer. The attribute values specify the
property values for each object respectively.

1.3.2 Music Representation
Musical sound can be represented on different levels, from the abstract to
the concrete (Dannenberg, 1993). My work primarily focuses on high-level
representation, dealing with larger structures of musical content like sec-
tions, tracks, and phrases. In Papers I, IV, and V, I also evaluate systems
that move the focus toward the concrete level with waveforms and frequen-
cies.

Most participants in my study have a background in using Digital Au-
dio Workstations (DAWs). They are often familiar with Musical Instrument
Digital Interface (MIDI), making it a natural choice for representing pitches
when mapping sensor data to musical scales. MIDI is rooted in the 12-tone
system and has many cultural biases. Such biases are unavoidable when
building a system, so it is essential to be transparent about the affordances
and limitations they contribute. In my studies, the syntax for representing
musical structures derives from the traditions prevalent in music produc-
tion education at KMH, and my work intends to support those traditions
rather than challenge them. Still, ideally, several music representations with
different biases can coexist in a future system.

1.3.3 Music Technology
The term music technology is multifaceted. It can represent any device for
making or performing music, from an ancient flute to the latest DAW. It
can also refer to the study of those devices. In this thesis, I use the term
to mean digital devices or systems for making, performing, or perceiving
music.

4
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I use music technology as the broad term and sometimes specify what
I mean by using device or musical instrument for objects that we engage
with directly, often but not necessarily tangible. When I use music system,
I refer to a function, application, or framework with a more central function,
often with some logic embedded in it, controlling the playback of sounds.

Music technology has evolved rapidly over the last decades and has not
seen any signs of a decrease, but rather the opposite in the light of machine
learning and artificial intelligence. This thesis does not aspire to describe the
history of music technology or try to speculate about the future. Instead,
I want to take a pragmatic approach to the challenges we can see now and
gain knowledge about how we can contribute to a healthy continuation of
the development of music technology for the future.

1.3.4 Interactive Music

Since the audio recording revolution, music has partly changed its role from
being a human activity also to becoming a thing, a fetish (Adorno, 1938).
It has been argued that musicking is a helpful term for all types of musi-
cal activities (Small, 1998), and that there is much potential for Musicking
Technologies with a complexity level somewhere between traditional instru-
ments and music playback devices (Jensenius, 2022). I agree and believe
in a renaissance for more engaged interactivity with music in video games,
virtual reality, and other interactive media. The music may not always be
performed on instruments as we were used to, but new musicking activities
might emerge due to new musical interfaces being built.

I use the term Interactive music a lot in this thesis, meaning music
that is composed, produced, and implemented in an application where it,
to some extent, can be controlled to respond to user actions and gameplay
logic. But this is just one side of the meaning. The other is that interactive
music can also carry triggers and events that make callbacks to the hosting
application, thus making musical system interact with the application. This
aspect is my main reason for using the term interactive rather than terms
like adaptive, non-linear, modular, dynamic, or flexible, sometimes found in
academic discourses and commercial products.

I will furthermore zoom in towards a specific type of Interactive Music,
namely Interactive Recorded Music (IRM) (Paterson & Toulson, 2018). The
term refers to music that is recorded and produced using traditional methods
but delivered and implemented in a format that makes it possible to play
the music in a flexible form. The ways this can be done and how that affects
music in different genres are of particular interest to me and are the focus
of the studies in this thesis.

5
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1.4 Research Questions
This thesis aims to contribute knowledge about how Web Audio technol-
ogy can be designed to be accessible and include everyone. The following
research questions inform the studies presented in the appended papers.

RQ1 How can sound and music technology be designed using a markup
language?

RQ2 How can the concept of spreadsheets be applied to controlling audio?

RQ3 How can traditional musical expressions inform new features in an
interactive music system?

RQ4 How can web audio applications contribute to making interactive
sound and music technology more accessible?

These questions are relatively narrow and may not directly address the
ultimate goal in the thesis title. But, in the following sections, I present my
view on how they all contribute to the knowledge-making process that aims
to reach the goal one day.

RQ1 – How can sound and music technology be designed
using a markup language?

HTML, first specified by Sir Tim Berners Lee in 19913 is the foundation for
all web pages ranging from simple, static, and private to global social media
platforms with billions of users. It is arguably one of the most important
technologies behind the information revolution as we know it today. One
aspect that made HTML a popular language early on was that it was a
semantic markup language that was easy to read for humans and computers
alike. HTML and related standards in web technologies are built upon
Open Standard Principles4. Developing standards for the web is led by a
consortium of members (W3C)5 with the mission to make the web work for
everyone. This perspective has inspired much of my work with WAXML.
Early in the process, I decided to see if using markup language could also
be applied to sound and music and what that would look like.

This research question is mainly addressed in Paper I–II.

3https://html.spec.whatwg.org/
4https://open-stand.org
5https://www.w3.org

6
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RQ2 – How can the concept of spreadsheets be applied
to controlling audio?

One of my favorites of all existing applications is the digital spreadsheet
made famous through Microsoft Excel. The concept allows the user to write
small formulas into cells and have cells refer to each other in their formulas.
The cells are, therefore, updated automatically as soon as any value changes.
This simple yet powerful concept has helped many researchers, accountants,
CEOs, and others do advanced calculations and visualize the results in
pretty diagrams. Excel offered features that, before its release, required a
team of developers to build a dedicated application. When I took a PhD
course in sonification, I realized many similarities between sonification and
visualization using diagrams regarding data preparation. There is always
some calculation and some mapping involved.

Paper I explored this research question, and my insights led to applying
the concept of cells with formulas to audio parameter mapping in sonifica-
tion. A great deal of my work deals with mapping using this concept and
contributes to answering the second research question.

RQ3 – How can traditional musical expressions inform
new features in an interactive music system?

Music and technology have had intimate relationships since the first musical
instrument was built. Musicians have (mis)used tools and encountered new
sounds. Instruments have been built to produce an intended musical result,
so this is not new for digital technology. My experience in making music
and my observations from teaching indicate that today’s digital tools for
producing music constrain the musical result to a large degree. It is valid for
DAWs and even more for tools used to implement music in video games. The
features for copying, pasting, looping, and editing the music might initially
seem liberating. Still, my experience is that we easily accommodate the
features, which tends to make the music more repetitive with less freedom
in timing and harmonic structures.

I want to challenge this trend with my studies and use traditional musical
expression to push feature development towards a more human approach to
making music.

This research question is explicitly addressed in Paper III, but the ap-
proach is dear to me and influences all my studies.

7
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RQ4 – How can web audio applications contribute to
making interactive sound and music technology more
accessible?
The first three research questions focus on the foundational features of a
musical system. Still, this research question focuses on what we can learn
from implementing the system into applications for a specific task. I have
found this process of moving between the general (the syntax in WAXML)
and the particular (the applied applications) extremely helpful for a better
understanding of the needs of a system and how it can contribute to tools
that are accessible. Web technologies are made to be inclusive, and I always
aspire to have a Universal Design6 approach guiding my design. This re-
search question guides the studies presented in Papers IV, V, and VI. The
findings will speak to developers of sound and music applications in general
and Web Audio developers in particular.

1.5 Ethics
The research has been performed according to The European Code of Con-
duct for Research Integrity (ALLEA, 2023). In all studies where partic-
ipants contributed data, they consented to the collected data being used
anonymously by me for research purposes. All participants were grown-
ups except for the study presented in Paper VI. In that study, activities
involving human participants were reviewed and approved by the Swedish
Ethical Review Authority. The participants’ legal guardian/next of kin pro-
vided written informed consent to participate in the study. Paper II differs
from the others in that the data was collected by analyzing the system’s
documentation and not from participants.

1.6 Delimitations
My students use their musical style as a driving factor throughout the work.
It makes the scope of musical challenges bigger than if the system, e.g., had
been evaluated with generated test files, but the target group is still limited.
They represent a privileged group that benefits from free higher education
and access to cutting-edge music technology. Of course, they come with
various biases due to who they are. Most of them are students between 20
and 30 years old, and most have a background in pop music production.

One limitation set for this work is to focus on IRM and not on music
generated by algorithms or Artificial Intelligence (AI). I have also left ques-

6https://universaldesign.ie

8
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tions about copyright or the financial side of the music industry outside this
thesis in favor of further exploring the field directed by the research ques-
tions. Finally, I have narrowed the scope to studying web-based technology
and using a markup language as a platform for exploring the field. There
are many other potential ways to build interactive music systems, but I lim-
ited my work to Web Audio. It is still relatively unexplored for interactive
music and has excellent potential as a platform for inclusive and accessible
sound and music systems.

1.7 Outline of the thesis
This thesis presents six studies that contribute to the field of sound and
music computing. In chapter 2, I present scientific research on music tech-
nology in general and interactive music systems in particular. In chapter 3,
I present and argue for my methods and relate my choices to the discourse
in Research Through Design. In chapter 4, I begin by describing the sys-
tem (WAXML) that emerged from the design studies and compare it with
related software to make the novel contributions from the studies explicit
and then present the output from the six papers. In chapter 5, I relate the
results from the papers to the research questions and discuss to what degree
these studies have contributed to new knowledge and what remains to be
explored. I summarize my findings and suggest some directions for future
work in chapter 6.

9
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Chapter 2

Background

The digital revolution has profoundly impacted how we create, distribute,
and experience music. Computer music has evolved immensely since the
mid-20th century, with the first computer-generated sounds to the latest
machine-learning systems that can produce new music, often indistinguish-
able from human-generated music. In this chapter, I present necessary re-
search, technologies, and products in this field that, in various ways, lay the
foundation for all my studies. I will highlight current needs and challenges
and describe how I aim to meet and solve them through my studies.

2.1 Computer music languages
One of the leading pioneers in computer music, Max Mathews, is known
for shaping the first generation of computer music languages, among which
MUSIC-V is the most well-known. It is a domain-specific language for mu-
sic with two distinct parts – the score and the orchestra. The score part
deals with the musical structure and lists events that trigger notes at specific
times. The orchestra language lets the user define instruments with Unit
Generators that simulate the electronic devices in early analog synthesiz-
ers (Mathews & Pierce, 1987). This structure is fundamental to many later
languages, including CSound (Lazzarini et al., 2016), Nyquist (Dannenberg,
1997), SuperCollider (McCartney, 2002), ChucK (Wang et al., 2015) and is
also a core part of how a DAW is built.

All languages mentioned above are text-based, but even graphical lan-
guages like Max/MSP (Puckette, 2002) and Pure Data (Puckette, 1997)
share some similarities with MUSIC-V, especially concerning the concept
of Unit Generators that form a chain for processing the audio signal. In
the graphical languages, the connections are visualized with virtual cables
indicating the signal flow between nodes representing the unit generators.

11
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Dannenberg argues that the creative process of making music requires a
language that supports rapid prototyping and experimentation and that it
leads to specialized notations, syntax, and semantics (Dannenberg, 2018).
With my work, I aspire to such a language and build on the concept of
a score-language and an orchestra-layer, which I refer to as the Musical
Structure and the Audio Configuration. A further explanation of how the
language I have developed relates to this terminology is found in section 4.1.

2.2 Interactive music systems
Interactive systems for music have inspired a lot of activity in the research
domain and for commercial purposes. They include applications where
the computer follows and accompanies a solo musician from a predefined
score (Dannenberg, 1984) or listens and generates new music depending on
the musical input (Rowe, 1992) as well as commercial video games with
music that is automatically responding to the events in the game. Inter-
active music systems typically have a user input and a musical output,
and they can be anything from an experimental musical interface to a con-
sumer auto-accompaniment keyboard. The musical response from the sys-
tem can be generated using different methods, including Algorithmic Com-
position (Nierhaus, 2009), Parameter Mapping Sonification (PMSon) (Her-
mann et al., 2011), and loop-based playback of audio samples or MIDI se-
quences. Music computer languages like the ones mentioned in section 2.1
are often used for these tasks and have played a core role in shaping the
development of interactive music systems.

Sonification is a broad term for using the auditory domain to represent
data (Kramer, 2000). It can be used for research as well as artistic purposes
and offers a variety of mapping methods. When a sonification model is ap-
plied to real-time data (e.g., from user data) or when user interactions can
change the sonification model itself, this is often referred to as Interactive
Sonification (ISon) (Hermann & Hunt, 2005). One of the most frequently
used models for Sonification is PMSon (Hermann et al., 2011), which in-
volves an association between the underlying data with audio parameters
like gain or frequency. The mapping between data and audio parameters
can be done differently, from simple one-to-one relationships to complex
many-to-one or one-to-many configurations where one data source can con-
trol multiple audio parameters. To master PMSon the developer needs skills
for data preparation, sound synthesis, mapping parameters, and listening
to effectively tune the settings (Hermann et al., 2011) and even if research
activities have been performed aiming for a standard theory for how this
can be done (Nees & Walker, 2007; Neuhoff et al., 2002) there is arguably
a still a lot left to be explored. Paper I, included in this thesis, focuses

12



“output” — 2024/5/15 — 18:42 — page 13 — #35

2.2. INTERACTIVE MUSIC SYSTEMS

on creating a language for PMSon, and Paper V explores possibilities of
making an accessible interface for education in Sonification.

When PMSon is applied to Interactive Sonification (ISon), we are mov-
ing towards the field of Digital Musical Instruments (DMIs), which has
caused a lot of research and artistic interest that centers around the The In-
ternational Conference on New Interfaces for Musical Expression (NIME)
community1. One common strategy for building DMIs is using different
types of sensors to capture movements mapped to one or several audio pa-
rameters that generate or modify a sound. There are established theories
about parameter mapping when building musical instruments (Arfib et al.,
2002; Hunt et al., 2003) but no standardized way of doing it.

It was discussed more than 15 years ago that a laptop could be an ex-
pressive instrument (Fiebrink et al., 2007), and more recently, smartphones
with accelerometers, gyroscopes, cameras, and multi-touch-pads have be-
come powerful enough to be used as musical instruments as well (Essl &
Rohs, 2009). This trend invites a broader audience into building and using
DMIs and qualifies ordinary smartphones and laptops to be seen as electro-
acoustic instruments (Jensenius, 2022). Lately, the significant advances in
machine learning have contributed to image recognition from video streams
as one more exciting way of controlling sound with the body (Baumann
et al., 2018; Kiefer et al., 2009; Lesteberg & Jensenius, 2022; Reuter et al.,
2023). With a simple web camera, it is now possible to map the position of
any part of the body to audio parameters, opening up a wide range of possi-
bilities to make ISon a more widely used practice. Paper IV evaluates how
the Sonification of body gestures utilizing this technology can be accessible
for learning and distribution.

Musification can be seen as a subset of Sonification where the audio
response of the system is music. How this differs from other forms of Soni-
fication is debatable and depends on the definition of music. In this text,
I will refer to music as sounds organized to be music. A lot of research
has focused on how music relates to emotions (Berg & Wingstedt, 2005;
Friberg et al., 2006; Godbout et al., 2018; Wingstedt et al., 2005) where
most of the studies associate the data with a musical parameter (e.g., pitch,
tempo, or articulation). The most flexible way to make these mappings is
to use transformational or generative (Wooller et al., 2005), algorithmic,
computer-generated music where the relation between the data and the
musical output can be controlled down to the most detailed aspects of a
musical expression. While there is still a great potential for research using
these methods, my work is not primarily dealing with music composition on
this level of granularity but instead using larger blocks of music that remain
unaltered from how they once were composed and performed.

1https://www.nime.org
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2.3 Interactive Music Production

Music production is a discipline in change. The digital revolution has
transformed the role of a music producer from an exclusive role for a few
privileged to a potential hobby for anyone. Top hits that previously were
recorded in expensive and exclusive professional music studios are now being
produced on consumer laptops in the bedroom (Gullö, 2009; Thompson,
2023). The aim of music production has also partly changed from being a
documentary process to becoming an act of artistic expression itself (Gullö,
2010) where music is built with layers of recordings, loops, and audio effects
instead of being a recording of a live performance. An analogy with visual
art is that music production has moved from photographing to painting,
where the colors are added rather than captured. These trends affect many
types of music production, including interactive music production.

2.3.1 Game Music

The digital revolution has changed both where, by whom, and how music
is produced, but there are more changes to come. It is argued that inter-
active media, like video games and virtual reality, possibly are the primary
targets for music in the future (Redhead, 2018) and that “economic value is
increasingly created by providing the audience with tools that allow them
to ‘do things’ with music rather than providing the audience with basic ac-
cess to music” (Wikström, 2012). If that is true, then the role of the music
producer will be radically changed, and new skill sets will be required.

For many people, game music is the only form of interactive music they
have experienced, and even if it is just one form of interactive music, it
serves as an example of new aspects of music production. One significant
difference between traditional linear music production and non-linear In-
teractive Music (Berndt, 2009) is that the producer does not have complete
control over the result delivered to the user. In some cases, this only relates
to how long a particular piece is played before it is replaced or muted, but in
other cases, the music is produced to react and adapt closely to the events
and states of the game. This flexible structure introduces new challenges
for the producer. One is to make music that varies over time and does not
become too repetitive (Berndt et al., 2012) without producing unique music
that would last all the potential hours a user would spend playing the game.

Another challenge is the number of different potential paths a game could
take. If the music should adapt to the narrative and make sensible tran-
sitions between all possible parts, it could quickly generate an impossible
workload for the music producer.

14
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2.3.2 Middleware
There are various ways to solve these challenges. Since computers devel-
oped and game consoles got decent sound quality, the most common way to
implement music into games has been to use audio loops triggered in real
time by the game engine. In its simplest form, the loops are just started or
stopped by the game engine, but in more eloquent implementations, it is
common to use special software to control the playback of the music. This
type of software is referred to as middelware and is a plugin to game engines
like Unreal Engine2 and Unity3. Middleware can structure audio files into
sections, layers, and transitions to seamlessly respond to the events and
state changes in the game. This format of Interactive Music is referred to
as Interactive Recorded Music (IRM) (Paterson & Toulson, 2018). Some
examples of middleware for audio and music in games are FMOD4, Wwise5,
and Elias Studio6. Two commonly used methods to make the music re-
spond to external events in these applications are to jump between different
recordings – Horizontal resequencing – or to crossfade between different lay-
ers of synchronized recordings – Vertical reorchestration (McAlpine et al.,
2009). One advantage of IRM is that it can retain the feel from real record-
ings while being adaptive in how it is played. Middleware applications also
allow the producers of Interactive Music to use skills from producing linear
music in a DAW to structuring the tracks and loops into separate files and
implementing them in a tool that is not too different from their normal en-
vironment. IRM is the kind of music that drives the work in this thesis, and
many of the findings apply to features used by middleware applications.

2.3.3 Algorithms or Recordings?
Some researchers have criticized IRM for being an inefficient way of pro-
ducing responsive music, and they argue for using algorithmic solutions
instead (Collins, 2009; Gungormusler et al., 2015; Hutchings & McCor-
mack, 2020; Prechtl et al., 2014). There are also exciting projects where a
hybrid between DMIs and Algorithmic Composition can be used as a tool
for game music (Nordin, 2020). The argument for algorithmic, generated
music is valid if the purpose is to have music with infinite variations that
can respond to changes in the game immediately by generating a subtle
variation or an entirely new theme. One limitation of this approach is that
the musical output is restricted to computer-generated sounds that exclude

2https://www.unrealengine.com
3https://unity.com
4https://www.fmod.com/
5https://www.audiokinetic.com
6https://eliassoftware.com
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human singing and the authentic sound of a musician playing an acoustic
instrument.

A completely different solution for making never-repetitive, always re-
sponsive music, potentially for a low cost, is using AI-generated music. This
technology is rising but arguably not yet ready as I write this thesis. How-
ever, I expect it to change the field profoundly for music producers soon.

One reason that IRM is criticized for not being responsive enough could
be that the potential for that method is not fully explored. The tools for im-
plementing music into games might be limited in how they support different
musical expressions, they might be complicated to use, or the game industry
might not prioritize the work it takes to do a more complex implementation
of the music. With my studies, I am exploring new technical solutions to
these challenges when working with live recordings in interactive music.

2.4 Standards and Formats
A musician or a music producer might not find the title of this section par-
ticularly inspiring. Who wants to be standardized? However, creative art
always balances the normative and the unexpected. Many modern music
producers do not even reflect on the benefits of standards like the standard-
ized layout for a musical keyboard, the equal temperament tuning system,
MIDI7, or different audio file formats (Dobson, 2000). Still, the formats
are fundamental to most music produced today and highly affect the music
we hear. Therefore, I argue that shaping standards is one of the most im-
portant ways to influence tomorrow’s music’s sound. In this section, I will
present academic work that contributes to standards related to my work.

2.4.1 ...for structural representation
Music has been represented by different systems back to the invention of
the musical score, and new systems are continuously being developed to
include new musical expressions (Sköld, 2022). Music is a complex art
form, which makes it hard to describe precisely. It is suggested that musical
representation can be thought of on different levels, from the abstract and
symbolic level we use in printed music to the concrete and nonsymbolic
representation of an audio signal (Dannenberg, 1993). Computer languages
like Music V (mentioned in 2.1) often represent a score as an event list where
a note is represented with a time position, a pitch, a length, and which
instrument should play the note. In music production, this representation
is inherited by all common DAWs where the event lists typically also can be

7https://midi.org
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represented graphically in a piano-roll editor. This level of representation
is a core level for the algorithmic generation of music or manipulation of
a composition on a note level and was used in many early video games to
make the music respond directly to the narrative (Collins, 2008).

Many computer languages and music production tools have proprietary
native file formats, but some important formats have opened up the possi-
bility of exchanging music information between applications. In 1988, the
Standard MIDI File (SMF)8 was added to the original MIDI specification.
This format specified how recorded MIDI data could be structured into a
file, allowing music applications (often known as sequencers) to share event
lists. It was later accompanied by a specification called General MIDI, where
a list of instruments and how they should respond to controller information
was defined9. The combination of Standard MIDI Files and General MIDI
was a revolution at the time and was, for a long period, the only way to
experience music on a web page.

One drawback with separating the musical structure (the score) repre-
sented by the Standard MIDI File and the sounds (the orchestra) is that
the music producer has limited control over the final result. This problem
and a need for a robust representation of the sounds led to the Download-
able Sound (DLS) format (White, 1997), where multi-sampled instruments
could be included in the file. The next logical step was to define a standard
that included both the score and the orchestra, which was specified in the
eXtensible Music Format (XMF)10.

A parallel standard for sharing musical scores between different nota-
tion software applications was MusicXML (Good et al., 2001), which has
some similarities to SMF with the addition of a graphical representation
layer. Interestingly, there is now a group at the Manufacturers Association
(MMA) (the volunteer industry group that oversees the MIDI Specifica-
tion) working on a new version of SMF where the founder of MusicXML is
a part (Lehrman, 2020). This work could lead to a standard where different
levels of musical representation can be combined.

2.4.2 ...for audio signals
The core feature for sharing audio between applications is to have a standard
audio file format. There have been several competing formats during the
years (Dobson, 2000) including uncompressed (loss-less) formats like Wave-
form Audio File Format (WAVE), Audio Interchange File Format (AIFF),
and FLAC as well as compressed (lossy) formats like MP3, Ogg Vorbis, and

8https://midi.org/standard-midi-files
9https://midi.org/general-midi-level-1

10https://midi.org/extensible-music-format-xmf
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AAC. These formats can, to a varying degree, contain meta information
like markers and copyright details. All these formats support a stereo audio
signal, and some can include multiple channels. There have been initiatives
from both the industry and academia to complement these formats with
more complex specifications where Open Media Framework (OMF) (Lamaa,
1993) and its sequel Advanced Authoring Format (AAF) (Gilmer, 2002) led
by the video industry are the most prominent interchange formats for mul-
tichannel audio.

A later contribution to the field of open audio file standards is Native
Instruments Stems11. It derives from the DJ scene and takes a tighter grip
on the interchangeability by defining four categories of layers in a musical
composition – Drums, Bass, Melody, and Voice. This structure has clear
limitations, but with the same token, the simplicity makes it easy to build
software and hardware that share a similar approach to music production.

2.4.3 ...for Immersive Audio
One of the huge trends in current music production has become the notion
of spatial audio, and even if Ambisonics (Furness, 1990) has been around
since the mid-seventies, it is not until the launch of Dolby ATMOS12 that
the music industry began taking notice of spacial audio. Since then, several
competing formats for object-based, spatialized audio have been presented,
where MPEG-H (Herre et al., 2015) from Fraunhofer13 and Immersive Audio
Model and Formats (IAMF)14 from the Alliance for Open Media are two
important contributions.

2.4.4 ...for Interactive Music
As mentioned in section 2.3, Interactive Music is an important trajectory in
music production. There are no widely used standards in Interactive Music
production, and most industry parts rely on proprietary formats. Still, a few
initiatives are worth mentioning, both from academia and the industry. In
the late nineties, DirectMusic15 by Microsoft was released as a component of
Microsoft DirectX. It was never widely adopted by the industry and is now
deprecated, but it was arguably the most ambitious attempt so far to create
a format for interactive music. DirectMusic provided playback of dynamic
musical soundtracks based on stored compositional material in formats like
MIDI, WAVE, and DLS and contained real-time audio processing like reverb

11https://www.native-instruments.com/stems
12https://www.dolby.com/technologies/dolby-atmos
13https://www.fraunhofer.de
14https://aomedia.org/iamf
15https://en.wikipedia.org/wiki/DirectMusic
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and spatial positioning of sounds. Many concepts in DirectMusic are found
in the middlewares described in section 2.3.2, and some (like a pitch mapping
feature for chords) are, to this day, not yet implemented in any commercial
tool.

After DirectMusic, there have been a few contributions to Interactive
Music standards. One is Interactive eXtensible Music Format (iXMF) –
“A Standardized Interchange File Format for Advanced Interactive Audio
Content” – by Chris Grigg (Grigg, 2003) that builds on top of the XMF spec-
ification. The added elements were Cues, Scripts, Variables, and playable
sound media Chunks that contributed to the interactive features of the for-
mat. The project was partially supported by the iXMF working group at
MMA but never became a widely supported standard.

In 2007, Gulden and Rutz presented an XML model (Gulden & Rutz,
2007) describing the notions of time, positions, and parts of a waveform
intended to “be a part of an overall XML specification for musical instru-
ments and other sound generators”. Their aim to contribute interoperable
data formats describing musical events is particularly interesting but has
not been taken further. In my work, I have used this model to represent
phrases in audio files. It is described in detail in Paper III.

Jang et al. identified in 2010 that “A standardized file format is in-
evitably required to provide the interoperability between various interactive
music players and interactive music albums.” and proposed MPEG-A In-
teractive Music Application Format (IM AF) that is intended for an active
experience where the listener can select and mix the music to their taste
and a few years later Gallot et el. presented iKlax (Gallot et al., 2009) with
a similar intent – “a New Musical Audio Format for Active Listening”. The
project was presented as a “new musical audio format, a new media player
for interactive music, and a creation software for iKlax files”.

These projects all carry essential knowledge and experience about a po-
tential future format for Interactive Music, but so far, none of them have
been widely adopted by the industry. With this thesis, I add more perspec-
tives that contribute to a format that could one day embrace all the needs
for interactive audio applications.

2.5 Web Audio API
Web Audio API16 is an Application Programming Interface (API) for im-
plementing audio objects in a web page and received the status of becoming
a Web Recommendation by The World Wide Web Consortium (W3C) 2021.
All major browsers now support Web Audio API, and we are facing an era

16https://www.w3.org/TR/webaudio/
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in which audio applications are more often built using web technologies.
The advantages of web technologies are many, including aspects such as

omnipresence, immediacy, discoverability, and freedom and openness (Choi,
2016). These aspects mean that a web application can function across
platforms, is immediately accessible through a URL, can be discovered
through search engines, and is not controlled by a centralized software mar-
ketplace. The introduction of Web Audio API has led to many research,
educational, and commercial initiatives, and Web Audio applications are
now available, ranging from small demos17 to sonification applications like
SIREN (Peng & Choi, 2022), experimental interactive audio platforms like
Nü Soundworks (Robaszkiewicz & Schnell, 2015) and fully functional DAWs
like Soundtrap (Lind & MacPherson, 2017).

There have been several contributions to make it easier for creators to
make applications with Web Audio API. This includes JavaScript abstrac-
tions like WAAX (Choi & Berger, 2013), Flocking (Clark & Tindale, 2014),
Gibberish (Roberts et al., 2015), and Tone.js (Mann, 2015). Such abstrac-
tions give the user objects and functions that are easy to use and can do com-
plex tasks automatically from a single instruction. There are also graphical
abstractions like Quint.js (Burleigh & Schaller, 2015) and JSPatcher (Ren
et al., 2021), and online coding environments like BRAID (Taylor & Allison,
2015), EarSketch (Mahadevan et al., 2016), and p5.js—(Reuter et al., 2023)
that contributes to make Web Audio coding easier. Several initiatives, both
commercial and experimental, are bringing the traditional audio program-
ming environments to the web, like CSoundWeb (Lazzarini et al., 2014),
Max RNBO18, Pure Data19, and SuperCollider (McCartney, 2002), and
since the support for the AudioWorkletProcessor has grown over the last
years, the possibility to port native audio applications into WebAssembly20

is also very promising. One interesting experiment called Audio Tags from
Mozilla Hacks21 shall also be mentioned as an inspiration for my project.
It uses web components in HTML to represent Audio Units in Web Audio
API. Audio Tags never became an official standard, but the concept is in-
teresting, with audio objects naturally integrated as elements in a web page
next to any other elements.

During the few years since Web Audio API became a Web Recommen-
dation, there has already been some activity for proposing new standards
related to Web Audio. Web Audio Modules (WAM) (Kleimola & Larkin,
2015) and Web Audio Plugin system (WAP) (Buffa et al., 2018) merged into
Web Audio Modules 2.0 (Buffa et al., 2022). It offers a standardized way

17https://googlechromelabs.github.io/web-audio-samples/
18https://rnbo.cycling74.com/
19https://github.com/sebpiq/WebPd
20https://webassembly.org/
21https://hacks.mozilla.org/2014/03/audio-tags-web-components-web-audio
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of implementing plugins compiled for WebAssembly (Haas et al., 2017) into
web pages. Another interesting project is X3D by Papadaki et.al. (Papadaki
et al., 2023), which proposes a standardized XML syntax for configuring 3D
audio scenes in immersive web applications. My work with WAXML partly
overlaps with X3D. They are both XML abstractions of Web Audio and
offer a simple and standardized way of specifying audio objects in a spatial
context. Still, spatial audio is only one of many features in WAXML, where
the main focus is interactive music, mixing, and audio synthesis.

Even if Web Audio API cannot yet compete with compiled applications
in terms of performance, it is a good candidate for a project aiming for a
technology for everyone. It is built upon Open Web Standard principles22,
is highly accessible and has, therefore, been my only platform throughout
the work presented in this thesis.

2.6 Accessible Musical Technology
In line with the Agenda for Sustainable Development, there has been an in-
creased activity related to accessible musical instruments and tools over the
last few years. Still, Accessible Digital Musical Instruments (ADMIs) are ex-
pensive and unavailable for many people with various impairments (Moreno
& Maia, 2021). A research literature review study by Frid (Frid, 2019)
identifies 83 unique instruments presented up to 2018, where most projects
aimed at people with physical impairments. Few instruments were designed
specifically for persons with visual or hearing impairment, elderly, or young
children, and only a tiny minority were used after the initial study. Frid also
emphasizes the importance of “including users in ongoing tests throughout
the instrument’s development process” and suggests that some critical as-
pects for a successful ADMI design are “adaptability and customization,
user participation, iterative prototyping, and interdisciplinary development
teams”. Paper VI presents a use case where WAXML contributes to the
concepts with a framework where the action-sound mapping can be built,
tested, and delivered using the same syntax as any other interactive music
system.

This common ground for different interactive music systems is also an
exciting field for developing a standard language. Jensenius argues that
we should consider automatic instruments like a music box as musical in-
struments as well as a piano or a violin and that the difference between
them regarding mechanization rather is on a continuum than being entirely
different (Jensenius, 2022). This perspective invites viewing all different in-
teractive music systems from ADMIs to video games with interactive music

22https://www.w3.org/standards
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as being related. It would, therefore, be beneficial if they could share a
standard format.

The work towards accessibility and inclusion presented in this thesis is
done on the premise that a critical factor in facilitating a flourishing future
for accessible musical technologies is to lower the thresholds and remove
unnecessary barriers on all levels. It includes using technologies that are
easy to learn, affordable, accessible, and easy to share and that allow not
only technical specialists and research experts to contribute. When these
fundamentals are in place, we could see exponential growth in the field,
which may be similar to what web technologies have done to blogging and
vlogging.

I also want to emphasize that I take a holistic view of accessible design
that includes but is not limited to people with various impairments. Other
essential factors to consider when designing for all are socioeconomic status,
technical skills, and cultural differences. Papers IV and V focus on technical
skills and evaluate WAXML in teaching Sonification and DMIs development
to students without prior experience in programming, and Paper VI focuses
on including students with cognitive and physical impairments.

2.7 Visions
Several voices from the sound and music communities envision a future
where open standards play a central role. It is argued that “open source
approaches based on re-use and recombination of content components can
create significant economic value, stimulate artistic innovation, and spur
creativity and growth in the culture and entertainment industry” (Hughes
et al., 2007). It is argued that a unified format is needed for commercial
music to become interactive. Still, all existing multi-track audio formats
have been found unsuitable due to the lack of controllability (Paterson et
al., 2016).

Academic studies have also pointed out the benefits of standards, and
Hermann et al. envision a future where sonification techniques are estab-
lished and standardized (Hermann et al., 2011) and “Sonification will be a
standard method for data display and analysis”. Another area where stan-
dards and established frameworks have been suggested to contribute with
significant value is to preserve the legacy of computer music that would
otherwise risk disappearing (Dahan, 2020).

I strongly agree with these visions and ideas and contribute knowledge
to designing a shared format that could meet them all.

22
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Methodology

Interactive sound and music technology is a relatively new research field
with many unexplored areas. Various methodological approaches could con-
tribute knowledge about those areas, and I will argue for why and how I
approach the field with Research Through Design (RTD) (Frayling, 1993).

There is an ongoing discourse about what RTD is, how it can prove
itself valid, and how it can generate new knowledge and theories (Redstrom,
2017). In the following sections, I present my view.

3.1 Theory and Practice
My overarching aim with the thesis is to contribute knowledge to making
interactive sound and music technology accessible to everyone. I have ex-
perience in product design and development and have seen how much tacit
knowledge every product development process has. I want to use Practice-
based research methods to make those processes explicit in this study.

One model for navigating the field of interaction design research is the
The Interaction Design Research Triangle (Fallman, 2008). It suggests three
types of activities: Design Practice, Design Exploration, and Design Studies.
Design Practice focuses on learning from the inside perspective of a design
process similar to a design process in product development and, therefore,
suits my intention well.

Fallman further stresses that the researcher designer needs to work with
an explicit design research question in mind that drives the reflection. This
question can range from purely “reflective” to “proactive”. In my case, the
questions have a proactive research agenda, directing the reflective activities
toward knowledge that helps reach the inclusive goal of the thesis through
new technical solutions.

Design practice research can be practice-based or practice-led (Candy,

23



“output” — 2024/5/15 — 18:42 — page 24 — #46

CHAPTER 3. METHODOLOGY

2006). Most of my studies are practice-based, and the design research is
performed in a setting where the problems, questions, and solutions arise
from the curriculum and the students’ ideas.

My two research questions (“How can sound and music technology be
designed using a markup language?” and “How can the concept of spread-
sheets be applied to controlling audio?”) guide my work in a hybrid ap-
proach. I apply concepts that have proven successful in other fields (markup
language and spreadsheet) to interactive sound and music systems and eval-
uate through practice-based activities what we can learn from doing that.

Practice-based research has limitations and depends on the conditions
for the activities outside the research goal. Most of my studies have been
impacted by the curriculum for the courses where I have collected the data.
The implications of this will be further discussed in section 5.1.1. To com-
plement these studies, I performed the study described in Paper III guided
by Design Exploration perspective. The activities in this study were de-
signed to address the research questions rather than applying the questions
in the evaluation and discussion phase.

3.2 Systematic or Exploratory?
A research field can be mapped systematically or with an explorative ap-
proach. Both approaches have different advantages. A systematic approach
is preferable for knowing that a field has been thoroughly investigated. The
problem comes when the landscape is unclear, and the structure of the field
is unknown. In those cases, the explorative approach offers a way of discov-
ering an area not all set from the start. It invites qualitative methods and
lets the researcher creatively find activities step by step.

The explorative approach allows for some unpredictability when defining
the following study while all studies are connected and inform the design
of the following project. However, the explorative approach also has lim-
itations. It fails to generate generalizable knowledge and will likely leave
areas of the field unexplored. Still, I argue that it is the most pragmatic
approach for my studies. It would have been hard to use a well-systematized
approach because the field is, to a large extent, unexplored.

3.3 Participants
Most of my studies involve relatively few participants. The most extensive
study is the one described in Paper IV, with 42 participants, but most
others have just a handful. With more participants, I could, on the one
hand, have gained more perspectives on the research questions, but I think
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the current strategy was a pragmatic approach that supported the aim well
with the explorative design. It made it possible to understand better how
a few experts perceive a particular technical solution rather than getting a
quick opinion from many.

The study described in Paper II differs in that it has no external partic-
ipants. Still, this study covers information from many discussions over the
years, which has accumulated and been turned into a documentation XML
Schema Definition (XSD) file.

3.4 General or Particular?
As we have seen, practice-based, explorative design research with few par-
ticipants can leave us with a problem: the knowledge output might only
apply to particular cases. It cannot say anything about the general. It is a
well-known fact, and an intermediate-level design knowledge form – Strong
Concepts – has been proposed (Höök & Löwgren, 2012) to fill this gap. I
aspire to navigate the tension between the particular and the general with
my studies and argue that the methods, even if applied to specific cases,
contribute to knowledge valid outside my practice.

One example is the study described in Paper III, where we study a pro-
duction process with three musicians. Their musical tradition is particular,
but it shares similarities with many other musical traditions regarding ex-
pressive musical timing, and the concepts found in this study can, therefore,
apply to many different cases.

3.5 Evaluating Interactive Music Systems
It is not a straightforward task to evaluate interactive music technol-
ogy. There are many stakeholders, and a framework has been sug-
gested (O’Modhrain, 2011) to evaluate DMIs. It is also argued that “it is
problematic to assume that software engineering definitions, theories, and
frameworks apply to the arts, where there are no problems to solve, only
decisions to make” (Armitage et al., 2023).

I want to complement this perspective by arguing that we can learn a
lot by applying RTD approaches to music systems. A musical performance
can be viewed as a task and a musical tradition as a problem to solve for
the system. Therefore, it is possible to evaluate a music system similarly to
other interactive systems by assessing the user experience and its usefulness.

Papers I – III describe design processes that start with an idea of what
musical challenges they aim to solve. For this purpose, I use rules set by
a musical tradition to evaluate to what extent the problem is solved. This
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method also pushes the design work towards making the technology trans-
parent to the music by letting it pass through without noticeable effects
caused by the system. Other methods would lead the studies towards ex-
ploring new expressions, but I want to contribute with knowledge that can
inform the development of technology for existing traditions as well. This
stand makes me a researcher through design for the art.

3.6 Educational environment
I do research through design in an educational environment. I do not do
pedagogical research in this thesis and am not aiming to solve pedagogical
challenges with interactive music technology with my contribution. With
that said, I think there is a great educational potential for Web Audio
technology in general and WAXML in particular.

For this thesis, the educational environment is rather my natural habitat.
I encountered challenges for artists in the teaching and learning setting when
they were introduced to interactive sound and music technology. The studies
presented in this thesis could have been done with other participant groups,
but I think there are some exciting sides to using students as participants.
One is that they have a task and goal to achieve, and one is that they
have proven to invest artistic passion and engagement into their projects,
contributing to an environment where real problems are encountered.

In our case, integrating education and research has contributed to a
better tool for the students to reach the potential of their artistic ideas. It
has contributed to the ongoing development of our courses (Hansen et al.,
2019), and the students have been able to contribute with research data
without setting extra time apart.

Another aspect of research in an educational environment has contributed
excitingly to the studies’ results: The students do not accept syntax that
is hard to remember or understand, so they often contribute simple and
self-explanatory solutions to problems.

In the following section, I will describe how the studies have been per-
formed and what methods I have used to collect data from different parts
of the design process.

3.7 Data Collection
I perform most of my research through an iterative process in an educational
setting where I have a combined role of lecturer and researcher. One circle
in the process is initiated by a problem or an artistic idea that requires a
technical solution. This challenge often springs out of the students’ creative
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projects. We then discuss the challenge and develop a syntax for imple-
menting the feature. After adding the necessary code in WAXML, we test
and evaluate the feature together, and I adjust some behaviors if needed.
The features added in one course are successively added to the WAXML,
making them available for the next upcoming course.

<WebAudioXML/>

1

23

4

Figure 3.1: An illustration of the iterative process, starting with an artistic project idea
(1) challenging current technology, followed by design and making of a prototype (2).
The solution is evaluated in the project (3), documented, analyzed, and presented in an
academic context (4).

The results in this thesis derive from case studies at different steps in
developing WAXML. I use mixed methods to capture various aspects of
the process and answer the research question with data from the design
process, the students’ productions, and the end-user experiences of different
applications.

3.7.1 From Design Process
Annotated portfolio

A method I use in Papers I, II, and III is the Annotated Portfolio (Gaver &
Bowers, 2012). One of the most appealing features of annotated portfolios
is that they bring the internal and specific knowledge of the designer into
view and make it available for further research to be built upon. Implicit
knowledge can reflect many different concerns, and an annotated portfolio
can, therefore, cover very different aspects, including the functionality of
the design, aesthetics, and practicalities of the production, among other
elements. It can also reveal possible design choices that were not made
and the reason why. I usually write my annotations in a separate digital
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notebook. Still, as the artifact is made out of programming scripts, I also
write comments directly in the code, which is used as data for the studies.

Interviews

In addition to the annotated portfolio, Paper I was complemented with
data from video-recorded interviews in which experts commented on various
syntax aspects. The interviews were recorded with audio and video and were
an essential source for seeing the syntax from other experts’ perspectives.
The recordings were analyzed exploratively, and perspectives mentioned by
several participants or ideas that contrasted with my own or those embedded
in the technology were collected and presented in the studies.

3.7.2 From Students’ Productions
One of the most important sources of data for this work is the many stu-
dents from KMH, the Royal Institute of Technology in Stockholm (KTH),
and Södertörns University (SH), that have participated in several of the
included studies. It is also worth noting that, to this date, more than 300
students have made interactive music using WAXML (or its predecessor
iMusicXML). Some have contributed data to the studies in this thesis, and
others have had a more implicit impact on the result.

Online Forms

Several times yearly, I am asked to run workshops introducing students to
interactive sound and music. These workshops have become an elaborate
platform for me to collect research data. In the study presented in Paper IV,
data was collected from such workshops partly through online forms. These
forms have proven efficient in collecting information about the participants’
musical backgrounds and earlier experiences and have helped understand
their expressed perception of the technology.

Written Reports

Other studies are performed integrated with courses in the bachelor’s and
master’s programs. They typically run over several weeks or sometimes
months, and Papers IV and V present results from studies performed dur-
ing such courses. The setup provides for collecting data by analyzing the
written reports made by the students at the end of the course. It offers
the possibility to ask more profound questions about their experience and
to understand their artistic intent better and in what ways the technology
contributed to or hindered them from reaching their artistic goals.
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Code Analysis

In Papers IV and V, I have been experimenting with collecting quantitative
data by auto-analyzing the students’ scripts. It was done through a feature
in WAXML that provides a statistical summary of the audio configuration in
the application. This method has not performed to its full potential in these
studies, but it seems promising for further research and as an evaluation tool
for interactive learning objects.

Documented Observations

Finally, I also use less structured observations from workshops and classes
where I observe how the different features are received and used, how the
students seem to understand the technology, and what part of the syntax
tends to be misunderstood. These observations are collected in my notebook
and continuously inform the development of new features and modifications
to existing features.

3.7.3 From End-User Experience
Stimulated recall

Paper VI differs from the others in terms of both informants and methods.
The participants are students and assistants from a Special Educational
Needs (SEN) School and a professional musician. The assistants are inter-
viewed using the Stimulated Recall (Calderhead, 1981), initially a method
used for research on teaching. It has also proven to be a valuable method
to use recorded video clips to stimulate the informants to reflect on their
actions.
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Results

This chapter presents the results organized in two sections. In section 4.1,
I describe the system – WAXML – resulting from the studies with code
examples and a comparison to existing interactive sound and music systems.
In section 4.2, I present the individual results for the six included papers
and put them into the context of the thesis.

4.1 WebAudioXML (WAXML)
All studies in this thesis have been based on and leading up to the platform
WAXML – an interactive sound and music system for Web Audio based on
XML syntax. The motivation behind choosing XML as a foundation for the
project was to offer a way for my students to build interactive Web Audio
applications without having to learn JavaScript. I was encouraged by other
web technologies like HTML1, Cascading Style Sheet (CSS)2, and Boot-
strap3 and saw how these technologies made web development accessible
for non-programmers.

I was curious to see if the concepts borrowed from other fields could
inform the design of a system for interactive sound and music, and a ten-
year iterative process of problem-finding, designing, and evaluation led to
the features found in WAXML.

People sometimes ask why I don’t use JSON (JavaScript Object Nota-
tion)4 instead of XML, and the answer is that, according to my experience,
people without programming experience find characters like colons, brack-
ets, and curly braces hard to read and find the XML syntax much more

1https://www.w3schools.com/html
2https://www.w3schools.com/css
3https://getbootstrap.com/
4https://www.json.org/
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accessible. I also get the question of why I use a text-based language rather
than a graphical interface, and my answer to that question is that graphical
interfaces take more time to build and that the text-based approach helped
me to explore more aspects of the field in my research. With that being
said, my wish for WAXML is that it contributes to a format that a wide
range of applications with various graphical interfaces can use.

One can also ask if we really need another music programming language,
and in this chapter, I will give the background to my answer by describing
WAXML and comparing it with other systems.

4.1.1 Description

WAXML is a JavaScript plugin for web pages. It is an abstraction of the
Web Audio API that uses XML syntax to describe how audio objects are
structured and connected – called an audio graph. It has features for mixing,
chaining, and splitting audio signals. The syntax also offers solutions for
routing and mapping variables from a hosting web page to any parameter in
the audio graph (see figure 4.1) and for describing the structure of interactive
music compositions. WAXML is included in a web page using a standard
<script>-tag with a reference to the source code and the configuration
file. WAXML is an open source project hosted as a Github repository5 and
all source code, documentation, tutorials, and demo applications are freely
available for download at http://waxml.org.

[h!]
<Mixer gain="$x" mix="$y">

<AudioBufferSourceNode id="sound1" src="sound1.mp3" loop="true" />
<AudioBufferSourceNode id="sound2" src="sound2.mp3" loop="true" />

</Mixer>

Figure 4.1: A WAXML code example with two AudioBufferSourceNodes being mixed
together. The external variable $x (set by the hosting application) is controlling the
overall gain, and the variable $y is controlling the balance between the files.

WAXML also offers an API for more experienced developers. With this
API, it is possible to access all elements and all properties using standard
JavaScript and CSS-selectors. The example in figure 4.2 illustrates how the
CSS-selector – #oscillator1 – refers to an OscillatorNode with a matching
id in the WAXML audio graph and how it is possible to set its frequency
with JavaScript.

5https://github.com/hanslindetorp/WebAudioXML
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waxml.querySelector("#oscillator1").frequency = 440;

Figure 4.2: A code example illustrating how the WAXML JavaScript API can be used
to access the frequency of an oscillator in the audio graph. In the WAXML code, the
oscillatornode has its id attribute set to “oscillator1”.

4.1.2 Comparison
WAXML shares similarities with other interactive music systems. In this
section, I will compare the core concepts and point out the novelties in
WAXML by comparing it with three related types of systems: DAWs, Audio
Middleware, and Graphical Music Programming Languages.

Digital Audio Workstation (DAW)

WAXML shares a lot of concepts with DAWs. It has arrangements with
tracks for audio files, and the tracks can be divided into regions. A region
is a container positioned at a specific time with either a single audio file or
multiple options.

All tracks in an arrangement share the same timeline with one tempo
and one timeSign (time signature). Some DAWs also have a session view.
In this view, clips can be triggered anytime in sync with the timeline. These
clips are typically synchronized to a specific musical value (like the next beat
or next bar) to align with the rest of the arrangement. WAXML also has
this way of triggering audio files aimed for separate musical phrases, fill-ins,
or one-shot sounds.

Another similarity is how audio is routed. Tracks in a DAW typically
play the audio through a mixer channel with a chain of audio effects and
then sum the signal in a master mix. Such a mixing setup can also be
accomplished with WAXML, and the signal can be processed with any Web
Audio compatible signal processor.

So, how does the structure differ from a DAW? One is how WAXML
triggers loops differently. In traditional DAWs, loops are played from their
starting point to the endpoint, and then the next instance of the loop is
played immediately after the first one. This approach makes having audible
content outside this range impossible.

In WAXML, loops are treated as musical repeats instead. It allows an
audio tail after the endpoint to play its full length simultaniously as the next
repeat of the audio file is triggered. Similarly, there can be audible content
before the start point of the repeat (a preroll), which is layered on top of
the end of the previous repeat. This feature has proven crucial for looping
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sounds with a long decay (e.g., cymbals) and sounds that start before the
downbeat (e.g., a strummed guitar).

Another difference is that any audio object can be assigned to a voice
group, which has proven helpful in making fill-ins natural. Voices allow one
audio file to for a specific time replace another similarly to how DAWs treat
audio files layered on the same track. The voice feature in WAXML makes
this behavior applicable to any object and makes it possible to control how
different musical objects should replace the sound of another on a global
level, including both tracks and fill-ins (see section 4.1.2).

There are also essential features in DAWs that are not yet implemented
in WAXML, like MIDI tracks and the possibility to record new tracks, edit,
or export the result to an audio file. Finally, the most significant difference
compared to a DAW is that WAXML also has typical features from audio
middlewares described in the next section.

Audio Middleware

An audio middleware is a system that helps the sound and music designer
implement audio files into a game engine (see section 2.3.2) and typically
has many features for interactive sound design. Still, over the years, features
have been increasing to support interactive music better. WAXML shares
many similarities with these systems and can be seen as an audio middle-
ware targeted for web pages. Common for WAXML and other middleware is
that they structure musical content in different sections (sometimes called
themes) where typically a section plays during a stage in a game. Each
section can contain tracks similar to an arrangement in a DAW. The sys-
tems have different approaches to making the music respond to interaction
events described in section 2.3.2. WAXML supports both Horizontal Re-
sequencing and Vertical Re-orchestration and has also novel approaches for
Fill-ins (leadin), Interludes, Multi-dimensional Vertical Layers and Flexi-
ble Horizontal Re-sequencing that I will describe in the following sections.

Fill-ins: A fill-in (leadin in WAXML) is an object that can be triggered
in sync with the background music layer (similarly to a stinger in an au-
dio middleware). The results from my studies suggest that it is essential
for fill-ins to have musical attributes such as rules for synchronizing with
the arrangement and a set of variations that can be connected to musical
variables like intensity or harmonic progression.

The voice feature, described in section 4.1.2, has also been proven cru-
cial for a natural result when triggering a fill-in. This feature can control
how a fill-in replaces the sound from a loop with settings for how an audio
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1
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Figure 4.3: An illustration of how tracks with audio loops (the red boxes) are being
replaced by a fill-in (the yellow box). A user event (1) triggers a drum fill-in that
synchronizes its anchor point (2) to the next bar (3) and replaces the sound from a
drum loop (4) from the first beat (5) after the user event and finally merges the sound
from the drum loop and the tail of the fill-in (6).

tail in the fill-in can be layered on top of the loop. Figure 4.3 illustrates
how the fill-in attributes are used to achieve a musical result simulating a
drummer exchanging a looped drum pattern for a fill-in at the end of a bar.

Interludes: Interludes in WAXML are arrangements used to transition
between other arrangements. It can also be done in other systems, but the
novel approach in WAXML is that they are core to the structure. They
build on the concept of a musical chain reaction where a user event triggers
a chain of musical events.

A-B
A

B

C
Figure 4.4: An illustration of how arrangements (A, B, and C) can be structured with
an interlude (A-B) for the transition between A and B.

It is also core to interludes that they are part of a multi-path struc-
ture, typical for interactive media, where the narrative can take different
paths depending on the user’s actions. Interludes use a class tagging sys-
tem, native to web markup languages, to indicate how they relate to the
arrangements. Figure 4.4 illustrates how an interlude can be inserted as a
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transition from arrangement A to B while the transition from A to C is
done without an interlude.

Figure 4.5 shows the chain of musical events using a combination of a
fill-in and an interlude, and the code to describe the structure is illustrated
in figure 4.6. It is also important to stress that using interludes (and fill-ins)
is optional and flexible. Interludes and fill-ins can be associated with one
or several transitions by applying one or multiple class names.

1

A BA-B

Figure 4.5: An illustration of how a user event (1) triggers a fill-in and an interlude
“A-B” when the music transitions from arrangement “A” to “B”.

<arrangement class="A">
<track src="loopA.mp3" />
<leadin class="A-B" src="fill-A-B.mp3" />

</arrangement>

<arrangement class="A-B" length="2">
<track src="interludeA-B.mp3" />

</arrangement>

<arrangement class="B">
<track src="loopB.mp3" />

</arrangement>

Figure 4.6: The WAXML code used to structure the audio files as illustrated in
figure 4.5. The interlude <arrangement> element (“A-B”) is associated with the
transition from “A” to “B” and the <leadin> element for the fill-in is associated with
the interlude through the use of the class attribute.

Multi-dimensional Vertical Layers: A common approach to make the
music responsive to the gameplay state is to use Vertical re-orchestration.
It is supported by WAXML, either by using a dynamic mixer responding
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continuously to the change of an external variable or by muting and un-
muting tracks at musically meaningful positions. Sometimes, though, a
single-variable approach cannot reflect the complexity of a game. A multi-
dimensional mixer is therefore offered in WAXML that can simultaneously
respond to several variables. Figure 4.7 illustrates how four audio files can
be structured and how two variables can control the gain level on all four us-
ing a hierarchically structured mixer. The code for describing this structure
is illustrated in figure 4.8.

$intensity0 1

$s
uc

ce
ss

0

1

intens0_success0.mp3 intens1_success0.mp3

intens0_success1.mp3 intens1_success1.mp3

Figure 4.7: An illustration of how multi-dimensional vertical layers can be used to
respond to two variables ($intensity and $success) simultaneously. The four loops are
vertically synchronized, and the gain is controlled by three <Mixer> elements.

<Mixer mix="$intensity">

<Mixer mix="$success">
<track src="intens0_success0.mp3" />
<track src="intens0_success1.mp3" />

</Mixer>

<Mixer mix="success">
<track src="intens1_success0.mp3" />
<track src="intens1_success1.mp3" />

</Mixer>

</Mixer>

Figure 4.8: The WAXML code used for describing the multi-dimensional vertical layer
example.
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Flexible Horizontal Re-sequencing: Many interactive music systems
have either a rigid approach to the timeline (DAWs and audio middleware)
or a very flexible approach (node-based music programming languages). In
addition to these approaches, WAXML also supports flexible horizontal re-
sequencing. This approach uses an asymmetric timeline with specified sync
points for controlling when the music can respond to gameplay state changes.
It also uses slices in audio files that represent a part of a recording that may
not be cut in the middle (i.e., musical phrases). Figure 4.9 illustrates how
this approach can be used to transition from one musical position (i.e., a
bar) to another with all tracks being synchronized even if the crossfades are
done at slightly different times.

A B

Figure 4.9: An illustration of Flexible Horizontal Re-sequencing with a cut from
position A in the first section to position B in the second, where all phrases have
individual crossfade settings regarding position and length.

Node-based Music Programming Languages

The audio configuration of WAXML is similar to a node-based music pro-
gramming language. In node-based languages, audio unit generators (like
oscillators, filters, etc.) are equivalent to XML elements in WAXML. The
audio graph is constructed by creating and connecting these generators,
and data can be mapped to control any audio parameter in the graph (see
figure 4.10).

<Chain>
<OscillatorNode type="sawtooth" frequency="$x"/>
<BiquadFilterNode type="lowpass" frequency="$y" Q="5" />
<GainNode gain="-3dB"/>

</Chain>

Figure 4.10: A subtractive audio synthesis audio graph expressed using WAXML with
two external variables ($x and $y) controlling the frequencies of the oscillator and the
filter respectively.
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Like other node-based languages, WAXML is modular and lets the user
store any part of the configuration in an external file (locally or on a remote
server). WAXML is also able to connect to external protocols like Open
Sound Control (OSC)6 and MIDI7 and have native support for Web Sensor
APIs, like Device Motion and Device Orientation.

WAXML differs from other node-based programming languages due to
its native web structure. It has advantages similar to HTML, like using CSS
selectors, which, e.g., makes connecting elements very efficient. Another
difference is that it is built entirely on standard JavaScript, using no extra
libraries, and can, therefore, be implemented and run on any web page
without additional installations.

4.1.3 What is missing?
The studies have also contributed insights into what WAXML is missing.
These are areas that I have down-prioritized so far in favor of projects that
I thought had more knowledge-contributing potential.

Several studies have reported a need for a better way of checking config-
uration errors. It applies to errors in syntax and logic as well as in the music
itself. A related feature asked for that was implemented and evaluated for
Web Audio Conference 2024 was the variable mapping inspector (Lindetorp,
2024b).

Another aspect the participants have mentioned is the need for a graph-
ical interface when structuring the audio files and a tight connection to a
DAW so that they can focus on their artistic ideas rather than learning how
to write code and spend a lot of time exporting audio files.

Several student groups have identified a word that they need to describe
a common process in producing interactive music – a word for the activity
to transform a traditional music production into an interactive one. They
call it to “Interactify” – “Interaktivisera” in Swedish – and use it as a term
for everything involved in the process of structuring tracks and regions,
exporting and naming audio files, and configuring the files into a middleware
to have an interactive musical result finally.

4.1.4 Summary
WAXML might appear to be an ambitious project, trying to include many
features from different types of interactive music systems, but this is in line
with what the results from the studies suggest: An interactive sound and
music system must incorporate many features and approaches from various

6http://opensoundcontrol.org
7https://midi.org/
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applications to support different musical challenges. WAXML is far from
a finished product, but it points in a direction I think we need to go. To
summarize, the best comparison with today’s available products is that
WAXML could be understood as a genre-agnostic version of Ableton Live8

combined with Max for Live9 running as a middleware in a browser.
And finally, to answer the question: Do we need another music program-

ming language? My answer is “Yes, we do!”, but the critical question is not
“Do we need?” but rather “What can we learn?”. Designing a new music
programming language can be a good idea even if it is not “neede”, and the
process has led to insights that might otherwise have remained hidden.

Several colleagues have asked: “Why XML?” This is a good question,
and the future will show to what degree XML will prove helpful in interactive
sound and music systems. Still, one thing is obvious: Using a text-based
markup language like XML as a base for exploring and designing solutions to
musical problems as a response to my first research question has significantly
contributed to finding answers to the rest of the questions.

4.2 Summary of appended papers
The results from the six included papers are presented in a thematic order,
where the first three papers focus on the design process and development
of WAXML. The last three papers describe three use cases where web ap-
plications using WAXML were built, aiming to understand better how Web
Audio can make the development and experience of interactive audio appli-
cations more accessible.

Paper I:
Audio Parameter Mapping Made Explicit Using WebAudioXML

The study is a follow-up to the first paper presenting WAXML at the Sound
and Music Computing Conference (Lindetorp & Falkenberg, 2020). It aims
to make advanced audio parameter mapping, data interpolation, and value
conversion more accessible and easy to assess and focuses on RQ1 and RQ2.
I developed new features for WAXML, documented the process, and evalu-
ated the result with three technically experienced music artists. The starting
point for the design study was three student projects that all challenged the
current state of WAXML at that time. Ideas from both a markup language
and from spreadsheets were applied to the code which led to a new element
in WAXML – the <var> element. It can be seen as a complex spreadsheet

8https://www.ableton.com/
9https://www.ableton.com/live/max-for-live/
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cell with a unique identifier and a series of settings. These settings are com-
mon steps in a mapping process, each represented by an attribute in the
<var> element. The order of the steps was shown as crucial and made the
solution easy to use (see figure 4.11).

<var
name="f"
value="$deviceOrientationAlpha"
mapin="0,180"
curve="step"
mapout="60,84"
steps="0,2,4,5,7,9,11,12"
convert="MIDI->frequency"

/>

Figure 4.11: Code example of the steps of mapping variables using snippets of logic
similar to formulas in a spreadsheet cell. value represents the input and can either be a
static value or a reference to another cell or external variable. mapin sets the cropped
range of the value. curve controls if and how the output value shall be interpolated.
mapout defines the output range. steps aligns values to a pattern of intervals. convert
defines an expression applied at the last step, i.e., converting values from MIDI note
numbers to Hertz.

The concept of spreadsheets, where cells can represent either a value
or a formula, was proven to be a successful approach to solving the design
challenges in the study. It made it easy for the participants to understand
the syntax for one-to-many and many-to-one mappings.

Paper II:
Towards a Standard for Interactive Music

This study summarizes an accumulative exploratory design process in which
over 100 student projects at KMH have used Web Audio to make interac-
tive music. It focuses on RQ1 and RQ3 and contributes knowledge about
solutions to musical challenges posed by the students. I prototyped and
implemented new features to solve the challenges, evaluated them with the
students through an iterative design process, and analyzed the documenta-
tion using this XSD file. This file describes all available elements with all
possible settings and summarizes the features we collectively found useful.
The student projects focused on producing and implementing interactive
music in web applications. The web pages were mainly artistic, interac-
tive presentations and simple online games, and the music was primarily
Western film or pop music.

The study shows that many concepts from DAWs are useful when shap-
ing a markup language for interactive music. It was easy for the students
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to understand the terminology that they could already relate to from their
usual music production practice and syntax with words for arrangements,
tracks, region, and option (see figure 4.12) grew naturally from our itera-
tive design loops. I could also observe increased artistic creativity when the
students got a markup language to structure the compositions rather than
using JavaScript commands to trigger audio files, which was the solution
before this study.

<arrangement tempo="100" timeSign="6/8">
<track loopLength="4">

<region pos="1" length="3" src="drumbeat.mp3" />

<region pos="4" retrig="shuffle">
<option src="fill1.mp3" />
<option src="fill2.mp3" />
<option src="fill3.mp3" />

</region>

</track>
</arrangement>

Figure 4.12: Code example illustrating how music can be structured in WAXML using
terminology inherited from DAWs. In this case, there is a three-bar-long file with a
drumbeat. The last bar has a region with three different options. One of them is
randomly selected on each repeat.

The knowledge contribution related to RQ3 shows several essential fea-
tures in a system needed for traditional music to work well in an interactive
environment. I identified five areas where novel features had emerged over
time: structure, variation, transition, user interaction, and accessibility.

The syntax for structure inherited from DAWs needed to be comple-
mented with features for the system to respond musically to events, and
this led to features like loops with preroll and audio tail and also free musi-
cal elements that could be triggered in sync with the rest of the arrangement.
Different solutions, like a random selection, to generate variation are com-
mon for interactive music systems. The novel approach suggested by this
study is a solution that allows a combination of randomness and a predefined
harmonic structure. Many students wanted better control over the musical
flow to create seamless transitions between different arrangements. It led to
the insight that we needed fill-ins and interludes to accomplish musical tran-
sitions similar to what live musicians would have done when transitioning
to a new composition section. Finally, we learned that a simple syntax for
connecting user events to trigger musical objects contributed significantly
to the students’ results, and a syntax as illustrated in figure 4.13 was added.

42



“output” — 2024/5/15 — 18:42 — page 43 — #65

4.2. SUMMARY OF APPENDED PAPERS

<!-- index.html -->
<button data-waxml-click-start="A">Start A</button>
<button data-waxml-click-start="B">Start B</button>

* * * * * * * * * * * * * * * * *

<!-- audio.xml -->
<arrangement class="A">

<track src="loopA.mp3" />
</arrangement>

<arrangement class="B">
<track src="loopB.mp3" />

</arrangement>

Figure 4.13: Code example with fragments from an HTML file and a WAXML file
illustrating how two buttons in a web page can trigger arrangement “A” and “B”
respectively.

The paper concluded that there is excellent potential for a common
standard for terminology, file formats, and sharing possibilities and proposed
a broader discussion about the topic in which many users, genres, and types
of applications are participating.

Paper III:

Solving the Problem of Expressive Musical Timing in Interactive
Music Systems

This study evaluates a novel strategy for IRM. It aims to solve the problem
of using music with expressive timing in an interactive context and focuses
on contributing answers to RQ3. I designed, developed, and evaluated a
system using a flexible horizontal re-sequencing approach to achieve natu-
ral intensity changes in an interactive test application. The core idea is to
use a linear studio recording and let the musical tradition drive the tech-
nical requirements for the system. Three musicians and a music producer
evaluated whether the cuts between different music sections were audible.
The result indicates that an essential feature for making unnoticeable cuts
between different sections is to annotate the recording with precise sync
points for the positions in the music where a cut was allowed. It is also
essential to annotate phrases with start and end points for each instrument
to control the crossfade time and positions individually (see figure 4.14).
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<wave voice="fiddle" src="fiddle1.wav">

<slice from="0.010" to="7.000" />
<slice from="7.142" to="14.200" />

<slice from="14.372" to="21.300" />
<slice from="21.497" to="28.500" />

<slice from="28.824" to="35.700" />
<slice from="35.918" to="43.125" />

</wave>

Figure 4.14: An example of how the WAXML syntax can specify slices for wave files to
annotate recordings with phrase information.

The implementation led to new features in WAXML, and the study
suggests that musical traditions are an essential factor in evaluating an
interactive music system. Musicians, who are specialists in their tradition,
are also necessary informants in the design of new technology to make it
transparent and inclusive towards various traditions.

Paper IV:

Evaluating Web Audio for Learning, Accessibility, and Distribu-
tion

This paper describes a study where WAXML is implemented in different
web applications for exploring and learning interactive sound and music. It
aims to answer RQ4 by evaluating how different user groups describe their
experience using the tools and by analyzing the code they produce. The
evaluation was made at two stages, where I had the chance to add new
features in between and compare the differences.

The results suggest that Web Audio in general and WAXML in particular
served as an efficient platform for accessible learning and sharing interactive
audio applications. In the second evaluation, we moved the coding from a
desktop code editor to an online application. It further reduced the start-up
time and made it possible to reduce it to a minimum. Another contribution
is the insight that combining a web camera, a body recognition library, and
an integrated interactive audio system facilitates a stimulating environment
for learning interactive audio and sound synthesis for the participants (see
figure 4.15). The study also contributes knowledge about improving a sys-
tem like the one tested. The participants expressed the need for built-in
documentation, debuggers for coding, and graphical inspectors for tracing
audio bugs.

44



“output” — 2024/5/15 — 18:42 — page 45 — #67

4.2. SUMMARY OF APPENDED PAPERS

Figure 4.15: The online interface used in the second evaluation shows the hand
recognition feature in MediaPipe. The x and y locations for each joint can control any
parameter in the audio graph using the WAXML syntax.

The web application used in the second evaluation is open source and is
available at https://hanslindetorp.github.io/waxml-lab.

Paper V:
Sonification for everyone everywhere – evaluating the WebAu-
dioXML Sonification Toolkit for browsers

This study contributes to the field of PMSon with WAST – a novel web
application for sonification novices to explore and learn the basic concepts
of audio parameter mappings in sonification (see figure 4.16). The study
aims to contribute further to answering RQ4 with the perspective from a
field different from music. The evaluation was done by collecting data from
source code and written reports from ten student projects.

The result indicates that the application serves its purpose well, even
if the analysis revealed that most projects were relatively simple, mainly
focusing on mapping data to control the gain levels on various audio files.

The students also gave valuable feedback that led us to conclude that
the ultimate sonification toolkit should benefit significantly from built-in
effects like volume, pan, EQ, compression, and reverb, similar to a mixer
in a DAW. That would probably have encouraged them to work more with
the balance and positioning in the mix. The study also highlighted that
sonification with an interactive sound synthesis is a complex challenge for a
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Figure 4.16: The WebAudioXML Sonification Toolkit (WAST) User Interface with a
visual display for the data sources at the top and a list of mapping configurations below.

novice. It would be helpful with a mapping system where one main “super-
knob” could control several synthesizer parameters. Such a solution would
probably help them focus on the aesthetics of expressing a data set with
sound rather than having to learn all the fundamentals in sound synthesis.

The WAST application is open source and available as a live demo and
for download at https://github.com/hanslindetorp/SonificationToolkit

Paper VI:
Collaborative music-making: special educational needs school as-
sistants as facilitators in performances with accessible digital mu-
sical instruments

This study was performed in preparation for organizing a joint concert that
brings together students from a special educational needs (SEN) school with
students from a music school with a specific focus on traditional orchestral
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Figure 4.17: The FUNKI instruments used to control this system’s music playback.
The three instruments are different and have touch sensors, buttons, and sliders sending
control signals to the main system.

instruments. It differs from the other studies by focusing on hardware in-
struments rather than web pages. The novel approach in this study is that
we built a system with interconnected ADMIs using web technology. The
three main instruments (see figure 4.17) are called “FUNKI instruments”10

and connect to a computer-based instrument developed specifically for this
study. The setup made it possible to evaluate WAXML in a different context
and to answer RQ4 further.

The paper focuses on how the system could engage the students’ assis-
tants in collaborative music-making. Still, the main takeaway in the light
of this thesis is how a study like this contributes essential insights to the
development of an interactive music system. We designed the system and
produced the musical content using the exact technical solutions as if it
would have been for video game music even if it, in reality, was a set of
ADMIs that were controlling the music playback.

The assistants’ response was generally very positive. They emphasized
that the system made the sound of the instruments work well together.
A significant contribution from the study is the insight that Web Audio
applications contribute to an affordable setup and that open-source tech-
nology allows anyone to engage in developing audio tools and instruments
for groups with little financial potential.

We also conclude that creating an ecosystem where different interactive
music systems use the same file format will create a growing community of
potential content providers, which could benefit minor applications periph-
eral to the mainstream industry.

10https://www.funki.se/
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Chapter 5

Discussion

In this chapter, I discuss my studies’ methodological perspective, review
the findings in light of the research questions, and compare my results with
those of earlier studies.

5.1 Critical Reflection on the Methodology
In this section, I will critically review the benefits and limitations of re-
searching through design in an educational environment and discuss what I
have learned from evaluating musical systems in my studies.

5.1.1 Research in an Educational Setting
All studies presented in this thesis are based in an educational setting in
one way or another. I often have several roles, such as lecturer, developer,
and researcher. The academic setting has strengths and weaknesses, which
I will try to unpack in the following sections.

Students as Participants

One strength I can never over-emphasize in this study is that I have inte-
grated my research into my daily practice at KMH. This integration has
led to endless meaningful discussions with colleagues and students and has
made it possible to try and evaluate the technology with several hundred
students along the way. The benefit for the students has also proven valu-
able and has led to explorative activities and learning objectives that were
otherwise impossible.

One potential weakness in using students as participants is that they
might have a positive bias toward the technology, almost wanting it to work
because they had taken part in shaping it. The bias might also have been
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affected by the power imbalance between me as a teacher and them as
students.

Curriculum Impacting the Research

One aspect of the fact that the research has been practice-based is essential
to realize: There are learning objectives in the curriculum that control the
learning activities in the courses where the studies have been performed.
These learning objectives impact the students’ projects and shape the envi-
ronment for me as a researcher. The curriculum even affects my choice of
topic – I might not have thought about the challenges of interactive music
if not for the fact that I had to teach it.

This aspect points towards both a strength and a weakness with practice-
based research. It naturally creates an opportunity to study fields and find
relevant and essential questions for the particular target group. Still, there is
also a risk of missing areas of knowledge because there were no opportunities
within the practical setting to investigate them.

Designing for Education

Even if WAXML is intended for implementing interactive sound and music
in general, the fact that the studies have been performed in education brings
a particular flavor to it. When I reexamine the trend in making the syn-
tax, I see that we have always strived for simplicity and clarity. This trend
probably results from the participants imagining their classmates using the
feature and wanting to make it simple enough for everybody to understand.
I think this has served the purpose well and contributed to reasonable so-
lutions. Still, the educational setting has possibly also contributed to the
fact that WAXML is perceived as primarily a tool for teaching (Lindetorp
& Falkenberg, 2021b).

5.1.2 Research Through Design
I have used methods from the field of research through design. Annotated
portfolios, participatory design, and interviews have been essential in ex-
tracting knowledge from the different projects. The methods have con-
tributed significantly to a deep understanding of the design’s core concepts
and how the participants’ musical challenges have affected the decisions in
the design process. These methods also come with strengths and weak-
nesses, and it is essential to consider that this thesis presents deep insights
into specific challenges rather than general knowledge.

One can argue that this would make the results less valid for a study
aiming for technology for everyone. Still, I consider the approach neces-
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sary for understanding the challenges to the degree that new solutions can
adequately address them. I also argue that a wide range of similar design
studies applied to different user groups and musical contexts would be an
excellent way to add to this field’s knowledge.

The process of proposing new features, designing solutions, and eval-
uating the result has been performed in several iterations as described in
section 3.7. It means that every project inherits the technology shaped by
earlier iterations. In many ways, this is a strength leading to more valuable
solutions. Still, it comes with a weakness that perspectives from earlier
projects might also limit the scope of what is possible simply by the current
state of the technology. It is a natural consequence of an iterative develop-
ment process, and it is essential to realize how this might add bias to some
features and cause others never to be asked for. In an ultimate setting for
collecting ideas for shared standards, I can see a potential for a setup with
several simultaneous design loops with different groups of participants that
now and then stop and share ideas.

One reflection when I reexamine the whole process is a phenomenon
that I think is worth mentioning: The students contributing to a solution
to a specific challenge generally get excited by trying the new feature, but
the following student group that inherits the latest version takes the same
feature for granted as if it had always been there. I have seen the tendency
repeatedly, and I think it is essential to be aware of it when asking questions
about the technology. The user might be much better at identifying issues
and potential improvements than seeing and appreciating the affordances
of technology.

5.1.3 Evaluation of Music Systems
Musical instruments and tools have affordances and constraints that affect
the musical output. These embedded qualities might be obvious to some
and hidden to others. My reflection from observing my students creating
music with different tools and instruments is that they know the affordances
and constraints of various musical instruments and audio effects but might
be blind to the limitations in their primary application: the DAWs. I notice
that they generally record music to a metronome, quantize tracks, use auto-
tune, and add tracks one at a time without reflecting much about how
different it is from recording a full band playing together. This tendency
seems even more articulated for IRM, where all musical components often
need to conform to a particular structure so they can be exchanged in real-
time.

I argue that it is crucial to be aware of musical traditions when evaluating
interactive music systems and to be transparent when presenting the results
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from a study. Many studies, some of my own included, tend to focus on “how
well the technology works” without declaring what musical constraints it
introduces. Several of the included papers in this thesis seek to answer what
the participants perceive as drivers and barriers when using the system.
This approach has been a valuable method for understanding to what degree
the users perceive the tool as creative. Still, it tells nothing about the
actual music they created or what constraints are embedded in the system.
Another problematic side of evaluating music systems according to drivers
and barriers is that they can be seen as two sides of the same coin. A
constraint in a DMI is not necessarily only a limitation but can also serve
as a source for creative musical explorations (Magnusson, 2010).

With this being said, evaluating a DMI and a musical programming
language like WAXML is different. With its affordances and constraints,
a DMI is a limited abstraction from a programming language with a more
general purpose. I, therefore, argue that musical programming languages
and formats should be designed and evaluated, aiming at as few constraints
as possible.

5.2 Research questions
In this section, I discuss the findings presented in section 4 related to the
research questions (RQ1-4) formulated in section 1.4.

RQ1 – How can sound and music technology be designed
using a markup language?
The strategy of using markup language for structuring a sound and music
application has been validated throughout all papers, but it is the explicit
focus of the first two studies. The result shows that XML can describe
audio configurations, parameter mappings, and a musical structure well.
Using XML as a platform for explorative studies has also contributed to a
focus on terminology, a natural effect of using a text-based markup language
while every element and every attribute needs to have a name. I have been
pragmatic in finding names for the different elements. The native Web
Audio nodes have kept their JavaScript class names, and their property
names are translated into attribute names in XML.

The names of elements in the musical structure are more questionable.
They are similar to objects in existing applications but might differ in some
aspects. There is also no standard terminology in the field, contributing
to the confusion, and some terms have changed meaning over time. Let us
look at one example:
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A track is technically imprinted in a wax phonograph cylinder but can
also refer to a song. On multi-track analog recorders, it means one channel
of the recording, and in DAWs, it represents a layer in music production,
often containing a sequence of events. So the term track is ambiguous and
problematic, but what is the best replacement? In a scoring application,
it would best be exchangeable with a staff or an instrument, but that is
often a too narrow definition. A track in WAXML and other middlewares
is sometimes a stem (containing several mixed-down tracks from a DAW)
and sometimes a full mix, so maybe it would be better to call it a layer,
which is also a common terminology in visual media applications.

I have used a terminology for WAXML that was useful in educational
settings for music producers. Still, another group might have devised differ-
ent names for the objects, pointing to the need for collaborative efforts to
agree on common terminology. I think the potential consequences of such
collaborative work are very positive. If we compare it with HTML, which
was my initial inspiration for WAXML, it is hard to overstate the impact
it has had, and the key to success is that all browsers have to rely on the
same syntax for describing the content of a web page. This foundation has
paved the way for the internet revolution and is foundational for training
machine-learning systems today. It is exciting to think about what a similar
approach applied to sound and music technology can lead to.

RQ2 – How can the concept of spreadsheets be applied
to controlling audio?
In Paper I, we explicitly studied this research question, concluding that
the concept was easy to understand and perceived as beneficial for audio
parameter mappings. The solution became a core part of how variable
mappings work in WAXML and has been a foundation in all my audio
applications ever since. One of the benefits of using a markup language
in combination with the concept of code snippets similar to spreadsheet
cell formulas is that it makes the audio parameter mapping explicit and
contributes to solving the classic problem of the “black box” where the
logic is hidden inside a system that can not be opened.

The design strategy was to use three use cases for parameter mappings
derived from student projects and design a solution that would suit all of
them. I explored what necessary steps that would be needed and elaborated
on the order to execute them, trying to find a strategy that would work.
These steps were added to the <var> element in WAXML, which can be
compared with a collection of spreadsheet cells with values and formulas.

The result suggests a preset order of steps: mapin, curve, mapout, steps,
and convert, and that the order contributed to making the feature easy to
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use. Similar to the discussion for RQ1, the names used for the steps are
chosen from a pragmatic perspective within our context, and they would
similarly benefit from being reviewed by a larger community.

RQ3 – How can traditional musical expressions inform
new features in an interactive music system?

Papers II and III explore this research question. They contribute knowledge
on how traditional musical expression exposes limitations in many interac-
tive music systems today and suggest solutions to some of them. The most
important result is that musical traditions of composing, arranging, and
performing according to a particular style are essential for evaluating mu-
sic technology. It differs from measuring the sound quality of a system,
the robustness, or the user experience. It has proven crucial in Paper III,
where an interactive system is expected to make inaudible cuts in a musi-
cal recording with expressive musical timing. The result suggests that the
challenge can be solved using asymmetric sync points, phrase annotation,
and individual crossfade settings for different instruments. It also indicates
that musicians familiar with the tradition are valuable when evaluating the
system’s musical quality.

Of course, the details of my results depend on the musical genres that
I have applied to the system (Paper II represents projects primarily using
music from the film-scoring tradition, and Paper III focuses on Swedish folk
music). Still, the knowledge contribution has a general aspect: It suggests
that many similar studies with diverse musical traditions would contribute
to general solutions that ultimately lead to interactive music systems for all
kinds of music.

RQ4 – How can web audio applications contribute to
making interactive sound and music technology more
accessible?

The last three papers all focus on answering RQ4 through designing, proto-
typing, and evaluating different Web Audio applications. They contribute
with specific insights for their target groups, but there are also general con-
tributions. When concluding what I have learned from all studies, I have
found four essential steps that contribute to making interactive sound and
music technology more accessible:

1. Hardware that supports interactive audio needs to be accessible to
everybody. It has rapidly changed for the better over the last decade,
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and according to Statista (accessed May 2024)1, most people world-
wide now have a device capable of playing interactive audio (68% of
the world’s population were smartphone users at the end of 2022).

2. Specifications for implementation are needed to make applications
work similarly on different platforms. It is now solved by Web Au-
dio API, which gives us a platform for developing one version of an
application that works for all users.

3. Formats for sharing components and content between applications
helps create an ecosystem where development resources can easily be
shared between different projects. WAXML is my contribution to
shaping such a format, but there is a lot more collective work for the
community to agree on a format that works for all.

4. Inclusive applications must be created with universal design as a
guide. This step has already been taken for many standard web pages,
but there is much more work to be done regarding interactive sound
and music applications.

5.3 Comparison with earlier studies
In this section, I review how this thesis’s results relate to findings in earlier
studies and argue for how I contribute knowledge and solutions to some of
their questions, needs, and challenges.

5.3.1 Standards for Interactive Music
As mentioned in section 2.4.4, there have been a few attempts to create
formats for Interactive Music (Gallot et al., 2009; Grigg, 2003), but still
none of them has become a universal standard. Unified formats have been
suggested to contribute to applications where listeners can engage with com-
mercial music (Paterson et al., 2016) and to help preserve an otherwise dis-
appearing legacy of computer music (Dahan, 2020). My studies contribute
to these needs with knowledge about how such standards can be designed
using native web technologies.

I argue that sound and music could benefit from building a standard
based on Web Audio API, which is supported on more devices than any
other audio implementation. I also argue that Web Audio API needs to be
accompanied by a format for structuring interactive sound and music objects
and offer an ecosystem with components that could easily be exchanged
between applications.

1https://www.statista.com/topics/840/smartphones
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My studies contribute insights into using XML for shaping such a format
with syntax for a high-level musical representation that can be understood
by music producers, and that can include various musical traditions.

5.3.2 Novel Approaches to Interactive Music
In section 2.3.2, I presented common approaches to produce interactive
music (McAlpine et al., 2009) and exemplified how Interactive Recorded
Music (IRM) is criticized for being repetitive (Berndt et al., 2012) and not
very responsive (Prechtl et al., 2014). Based on my results, I argue that
new approaches can challenge and solve this. The studies demonstrate how
traditional musical expressions and practices can inform the development
of technical solutions for interactive music and contribute to novel design
strategies, such as preroll and audio tails, voice objects, interludes, fill-ins,
and flexible horizontal re-sequencing. Implementing these features provides
better support for diverse musical styles than traditional systems offer.

It is fair to question how general my results are. All the papers included
are built on case studies, with anything from a handful to 42 participants
contributing data, and the analysis is, of course, heavily dependent on the
biases in the groups. Even if several hundred students indirectly affected
the design work in this thesis, it is still important to see my results as one
voice in the broader discourse.

If we aim for a universal standard that includes all types of musical
expressions, we would also need more research done by musicians with ex-
pertise in various genres, which would contribute to the knowledge required
for shaping a unified interactive music format that satisfies all needs.

5.3.3 An Ecosystem for Web-Based Audio Applications
A platform for interactive audio content would need a solid ecosystem for
sharing components between tools and creators. Studies have towards a
Web Audio plugin system (Buffa et al., 2022), but there is a potential to
further build on these ideas. The approach used in WAXML, where audio
configurations can be described using a standard markup language, exem-
plifies how Web Audio components could be implemented and configured
to shape an ecosystem with elements from different creators and how they
could be inter-connected without the need for any JavaScript coding.
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I have studied how sound and music systems can be designed, implemented,
and evaluated to include more people and musical traditions in creating in-
teractive sound and music applications. I have used methods from the field
of Research Through Design to answer four research questions:

RQ1 How can sound and music technology be designed using a markup
language?

RQ2 How can the concept of spreadsheets be applied to controlling audio?

RQ3 How can traditional musical expressions inform new features in an
interactive music system?

RQ4 How can web audio applications contribute to making interactive
sound and music technology more accessible?

In my work, I have identified challenges, prototyped new features, de-
signed an XML syntax, and developed a system for implementing sound and
music in interactive applications. By analyzing the design process and col-
lecting data from users of the system, I have found answers to the research
questions, and the result from my studies led me to draw the following
conclusions:

• Markup language has proven useful for exploring the needs of an in-
teractive sound and music system.

• Terminology is core to a markup language, highlighting the need for
a universal naming convention for musical objects and features.
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• It is powerful to break down the logic of an application into snippets
of code. It contributes to making technology more inclusive to non-
programmers. It is true for spreadsheets and audio applications as
well.

• Traditional ways of composing, arranging, and performing music can
reveal limitations in music systems. These limitations can be solved
with technical solutions, which need to be evaluated by someone fa-
miliar with the musical tradition.

• Web audio, in combination with the increase of web-compatible de-
vices worldwide, has contributed greatly to paving the way for acces-
sible sound and music applications. Universal standards and formats
will further contribute to an ecosystem where more people can partic-
ipate in creating and experiencing content.

Web technologies are still in the early phase of being used as a platform
for audio applications. Still, if the trend for audio follows the trends we
can see in most other fields of applications, we are heading towards a future
where audio applications will be expected to be web-based as well. If this is
the case, then the need for an ecosystem of tools, modules, and file formats
will be unquestionable. It will likely be a disruptive step for the indus-
try with the potential for important changes. I have contributed knowledge
that can inform the design of interactive sound and music systems for such a
paradigm, even if the results cover only a small fraction of the future needs.
I encourage academic research and initiatives from the industry in collabo-
rative efforts, contributing to a universal standard where all musical genres
are included and interactive sound and music can be made, distributed, and
experienced by everyone.

Hans Lindetorp
Rönninge, Sweden 2024
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Sköld, M. (2022). Notation as visual representation of sound-based music.
Journal of New Music Research, 51 (2-3), 186–202. https://doi.org/
10.1080/09298215.2023.2174144

Small, C. (1998, July). Musicking: The meanings of performing and listen-
ing. Wesleyan University Press.

Taylor, B., & Allison, J. (2015). Braid: A web audio instrument builder with
embedded code blocks. Proceedings of the International Web Audio
Conference.

Thompson, P. (2023). Any sound you can imagine? the bedroom producer,
creativity and popular music education. Journal of popular music
education, 7 (2), 205–218.

Wang, G., Cook, P. R., & Salazar, S. (2015). Chuck: A strongly timed
computer music language. Computer Music Journal, 39 (4), 10–29.
https://doi.org/10.1162/COMJ a 00324

66

https://doc.gold.ac.uk/aisb50/
http://www.jstor.org/stable/3681767
https://doi.org/10.1080/09298215.2023.2174144
https://doi.org/10.1080/09298215.2023.2174144
https://doi.org/10.1162/COMJ_a_00324


“output” — 2024/5/15 — 18:42 — page 67 — #89

BIBLIOGRAPHY

White, T. (1997). Downloadable sounds level 1 specification. Audio Engi-
neering Society Convention 103.

Wikström, P. (2012). A typology of music distribution models. International
Journal of Music Business Research, 1 (1), 7–20.

Wingstedt, J., Liljedahl, M., Lindberg, S., & Berg, J. (2005). Remupp: An
interactive tool for investigating musical properties and relations.
Proceedings of the Conference on New interfaces for musical expres-
sion.

Wooller, R., Brown, A., Miranda, E., & Diederich, J. (2005). A framework
for comparison of process in algorithmic music systems. Generative
arts practice, 109–124.

67



“output” — 2024/5/15 — 18:42 — page 68 — #90



“output” — 2024/5/15 — 18:42 — page 69 — #91

Chapter 7

Appended papers

69



“output” — 2024/5/15 — 18:42 — page 70 — #92


