
Interfaces for Musical Expression
Based on Simulated Physical Models

Andrew Johnston

University of Technology, Sydney

Submitted to the Faculty of Engineering and Information Technology in Partial
Fulfilment of the Requirements for the Degree of Doctor of Philosophy

2009





Certificate of Authorship / Originality

I certify that the work in this thesis has not previously been submitted for a degree
nor has it been submitted as part of requirements for a degree. I also certify that the
thesis has been written by me. Any help that I have received in my research work
and the preparation of the thesis itself has been acknowledged. In addition, I certify
that all information sources and literature used are indicated in the thesis.

Andrew Johnston
October 2009





Contents

Contents i

Acknowledgements xi

Abstract xiii

1 Introduction 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 What is a Virtual Instrument? . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Musical Expression and Exploration . . . . . . . . . . . . . . . . . . . 4
1.5 Significance of the Research . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Literature Review 9
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Design Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Ease of Use and Expressive Potential . . . . . . . . . . . . . . 10
2.2.2 Intimacy and transparency . . . . . . . . . . . . . . . . . . . . 12
2.2.3 Predictability and Consistency . . . . . . . . . . . . . . . . . . 16
2.2.4 Diversity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.5 Personality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.6 Notes in time vs. timbre / Micro vs. Macro level operations . . . 20

2.3 Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.1 Limitations of Mapping . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Instrumental Gestures . . . . . . . . . . . . . . . . . . . . . . . 24

2.4 Applications of Physical Modelling Techniques in Music . . . . . . . . 26
2.4.1 Physical models in sound synthesis . . . . . . . . . . . . . . . 26
2.4.2 Physical Models in Musical Interfaces . . . . . . . . . . . . . . 28

2.5 Interactions with Virtual Instruments . . . . . . . . . . . . . . . . . . . 31
2.6 Audio-visual works for acoustic instrument & computer . . . . . . . . . 32

2.6.1 Messa di Voce . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.6.2 The Singing Tree . . . . . . . . . . . . . . . . . . . . . . . . . . 34

i



2.6.3 The Metasaxophone . . . . . . . . . . . . . . . . . . . . . . . . 36
2.6.4 Hyperinstruments . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 Methodology 43
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Research Paradigm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3 Research Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.1 Action Research . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.3.2 Design Science . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.3.3 Design Approaches . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4 Research Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.4.1 Identifying design criteria . . . . . . . . . . . . . . . . . . . . . 56
3.4.2 User Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4.3 Grounded theory method . . . . . . . . . . . . . . . . . . . . . 65

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 Virtual Musical Instruments 71
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2 Design process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3 Design criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.4 Overview of the virtual instruments . . . . . . . . . . . . . . . . . . . . 76

4.4.1 Controlling the virtual instruments . . . . . . . . . . . . . . . . 76
4.4.2 Physical model as mapping layer . . . . . . . . . . . . . . . . . 77

4.5 Partial Reflections I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.5.1 Physical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.5.2 Mappings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.5.3 Aesthetic Perspective . . . . . . . . . . . . . . . . . . . . . . . 84

4.6 Partial Reflections II . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.6.1 Physical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.6.2 Mappings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.6.3 Aesthetic Perspective . . . . . . . . . . . . . . . . . . . . . . . 89

4.7 Spheres of Influence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.7.1 Physical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.7.2 Mappings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.7.3 Aesthetic Perspective . . . . . . . . . . . . . . . . . . . . . . . 94

4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.8.1 Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.8.2 Continuous versus discrete excitation gestures . . . . . . . . . 96
4.8.3 Sound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.8.4 Effect of timbre change . . . . . . . . . . . . . . . . . . . . . . 97

4.9 Technical details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98



5 Interactions with the Virtual Instruments 99
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.2 Method Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.2.2 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.2.3 Qualitative Data Analysis . . . . . . . . . . . . . . . . . . . . . 105
5.2.4 Analysis Example . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3 Findings: Interactions with the Virtual Instruments . . . . . . . . . . . 112
5.3.1 Modes of Interaction . . . . . . . . . . . . . . . . . . . . . . . . 112
5.3.2 Focus of Attention . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.3.3 Aspects of Musician - Virtual Instrument Interaction . . . . . . 128

5.4 Findings: Evaluating the Virtual Instruments . . . . . . . . . . . . . . . 142
5.4.1 Observer’s notes . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.4.2 Questionnaire Findings . . . . . . . . . . . . . . . . . . . . . . 149
5.4.3 Audience Interviews . . . . . . . . . . . . . . . . . . . . . . . . 155

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6 Framework for Criteria-Based Design 161
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.2 Framework for Criteria-Based Design . . . . . . . . . . . . . . . . . . 162

6.2.1 Instrumental interaction . . . . . . . . . . . . . . . . . . . . . . 163
6.2.2 Ornamental Interaction . . . . . . . . . . . . . . . . . . . . . . 165
6.2.3 Conversational Interaction . . . . . . . . . . . . . . . . . . . . . 166
6.2.4 All Modes of Interaction . . . . . . . . . . . . . . . . . . . . . . 167

6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

7 Implications, Ongoing and Future Work 171
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.2 Taxonomies of Interaction with Virtual Instruments . . . . . . . . . . . 172

7.2.1 Rowe’s Taxonomy . . . . . . . . . . . . . . . . . . . . . . . . . 173
7.2.2 Winkler’s Performance Models . . . . . . . . . . . . . . . . . . 175
7.2.3 Chadabe’s Continuum . . . . . . . . . . . . . . . . . . . . . . . 176
7.2.4 Modes of Compositional Engagement . . . . . . . . . . . . . . 178

7.3 Physical Models and Musical Interfaces . . . . . . . . . . . . . . . . . 179
7.3.1 Mapping Between Acoustic Sounds and Physical Forces . . . 179
7.3.2 Using Simulated Physical Models to Control Audio Synthesis . 179
7.3.3 Other Audio Synthesis Methods . . . . . . . . . . . . . . . . . 180
7.3.4 Instrumental Control and Technical Feedback . . . . . . . . . . 182

7.4 Partial Reflections III: Exploring Conversational Interaction . . . . . . . 182
7.4.1 Responding to Two Performers Simultaneously . . . . . . . . . 183
7.4.2 A More Complex Physical Model . . . . . . . . . . . . . . . . . 183
7.4.3 Altering Physical Model Structure During Performance . . . . . 185

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187



8 Conclusion 189

References 195

A Memos 205

B Coding Scheme 225

C Episode Report 231

D Interview with Ben Marks 257

E Guidelines for Observers 265

F Consent Forms 269

G Questionnaire 273

H Transcript of Audience Study 275

I DVD Track Listing 279

J Software CD 281

K Publications 283



List of Figures

2.1 Graph illustrating degree of mapping transparency for player and au-
dience (Fels et al. 2002, p. 116). Expressive instruments will be trans-
parent to both audience and player - positioned in the top right section
of the graph. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Block diagram of a virtual instrument using a dynamic independent
visual-mapping layer (Momeni and Henry 2006, p.50). . . . . . . . . . 30

2.3 A performance of Messa di Voce (the Bounce module). Here the
vocalist Jaap Blonk is making cheek-flapping sounds which cause a
stream of bubbles to be shown on screen as if emerging from his head.
(Reproduced with permission.) . . . . . . . . . . . . . . . . . . . . . . 33

2.4 A still from the Fluid module of Messa di Voce showing a glowing fluid
or plasma emerging from the performers’ mouths as they vocalise.
(Reproduced with permission.) . . . . . . . . . . . . . . . . . . . . . . 34

2.5 Photograph of the Singing Tree at the Haus der Musik, Vienna. (Pho-
tograph by the author.) . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6 Diagram showing mappings from the Matasaxophone sensors to pa-
rameters of ExBow physical models (Burtner and Serafin 2002, p. 138) 38

2.7 Diagram showing the relationship between live audio and acoustic and
sensor data streams from the Metasaxophone in the piece S-TranceS.
Note that although not shown here, the bowed string sounds are also
convolved with one another, which adds further to the sonic complexity
of the piece. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1 Overview of the research project. Processes are shown as clouds,
concrete outcomes as boxes. . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Crotty’s four elements of research (Crotty 1998, p. 5). . . . . . . . . . 46

3.3 Action research cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.4 Overview of the design science approach to Information Systems re-
search (Hevner et al. 2004, p.80). While the emphasis is on ‘business
needs’, the paradigm is of course also applicable in other domains. . . 52

4.1 Block diagram of a virtual instrument using a dynamic independent
visual-mapping layer (Momeni and Henry 2006, p.50). . . . . . . . . . 77

v



4.2 Mapping from the volume of the source sound to force acting on the
simulated physical model. . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3 The mass-spring model for Partial Reflections I. Circles represent masses
and connecting lines represent springs. The smaller, shaded sphere’s
position is fixed, all others are mobile masses. . . . . . . . . . . . . . 82

4.4 Ben Marks plays the virtual instrument for Partial Reflections I. Note
the bright glow of some of the spheres indicating that they are currently
having force exerted upon them. (Photo: Ros Hodgekiss) . . . . . . . 85

4.5 Ben Marks plays the virtual instrument for Partial Reflections I. (Photo:
Ros Hodgekiss) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.6 The mass-spring model for Partial Reflections 2. Circles represent
masses and connecting lines represent springs. The smaller, shaded
sphere’s position is fixed, all others are mobile masses. . . . . . . . . 87

4.7 Photograph of performer and Partial Reflections II virtual instrument
just before playing commences. (Photo: Ros Hodgekiss) . . . . . . . . 87

4.8 Photograph of Ben Marks performing with Partial Reflections II virtual
instrument. Note that due to the slow camera shutter speed, the pho-
tograph shows six masses on screen. Actually, to the naked eye, one
mass was orbiting around the central point when this photo was taken.
(Photo: Ros Hodgekiss) . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.9 Photograph of Ben Marks performing with Partial Reflections II vir-
tual instrument. Here, two masses are orbiting the fixed central point.
(Photo: Ros Hodgekiss) . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.10 Screenshot of Spheres of Influence in its resting state. . . . . . . . . . 92

4.11 Diagram of the physical model for the Spheres of Influence virtual in-
strument. Shaded circles are fixed masses, non-shaded circles are
mobile masses and lines represent springs. The fixed masses around
the outside are closest to the viewer, the fixed mass in the centre is
in the far distance. The mobile masses (non-fixed) are positioned in
between the outer fixed masses and the fixed central mass. None of
the fixed masses are visible on-screen. . . . . . . . . . . . . . . . . . 92

4.12 Photograph of Ben Marks performing with the Spheres of Influence
virtual instrument. (Note: This photograph was taken before the map-
ping between the harmonic structure of the acoustic sound and the
colour of on-screen spheres was enabled.) (Photo: Ros Hodgekiss) . 94

4.13 Screenshot from the Spheres of Influence virtual instrument, illustrat-
ing how different visual colours are produced in response to acoustic
sounds with different harmonic structures. . . . . . . . . . . . . . . . . 95

5.1 Demographic information collected from the musicians who partici-
pated in the study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102



5.2 Whiteboard sketch showing the modes of interaction. Note that ‘orna-
mental’ mode was still characterised as an ‘effect’ at this stage of the
analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.3 An arrangement of computer punch-cards labelled with modes of in-
teraction and virtual instrument characteristics. These were used to
help clarify and make coherent the emerging theory. . . . . . . . . . . 111

5.4 Another arrangement of punch-cards, showing a number of desirable
and undesirable virtual instrument characteristics as described by the
musicians in the study. . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.5 Three modes of interaction mark boundary points of a map of interac-
tions with a virtual instrument. . . . . . . . . . . . . . . . . . . . . . . . 117

5.6 Virtual instruments which support conversational interaction facilitate
a shifting balance of power between musician and virtual instrument. . 136

5.7 Sample page of notes taken by an observer present at the sessions. . 143

5.8 Summary of findings by the observers of the musicians’ interactions
with Partial Reflections I. ‘1’ indicates the observer found clear evi-
dence the criteria was met; ‘0’ indicates that the observer did not find
evidence the criteria was met; ‘1?’ indicates that evidence was found
but was incomplete or unconvincing (these are not counted in the totals).145

5.9 Summary of findings by the observers of the musicians’ interactions
with Partial Reflections II. ‘1’ indicates the observer found clear evi-
dence the criteria was met; ‘0’ indicates that the observer did not find
evidence the criteria was met; ‘1?’ indicates that evidence was found
but was incomplete or unconvincing (these are not counted in the totals).146

5.10 Summary of findings by the observers of the musicians’ interactions
with Spheres of Influence. ‘1’ indicates the observer found clear evi-
dence the criteria was met; ‘0’ indicates that the observer did not find
evidence the criteria was met; ‘1?’ indicates that evidence was found
but was incomplete or unconvincing (these are not counted in the totals).147

5.11 List of questionnaire responses. Numbers indicate degree of concur-
rence with statements (1 = strongly disagree, 2 = disagree, 3 = neutral,
4 = agree, 5 = strongly agree). . . . . . . . . . . . . . . . . . . . . . . 153

5.12 Mean values and standard deviations for each question. . . . . . . . . 154

7.1 Overview of scanned synthesis. The performer manipulates a dy-
namic system (usually a mass-spring model) to change the shape of
the audio waveform, thus directly affecting the timbre of generated
sounds (Verplank et al. 2000, p. 368). . . . . . . . . . . . . . . . . . . 181

7.2 The physical model for PR3 was made up of 48 masses arranged in a
circle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184



7.3 Screenshot showing effect on the physical model when a middle C is
sounded on an acoustic instrument. As with the other virtual instru-
ments, the mass which was currently having force exerted upon it was
also made to glow in order to aid transparency of operation. . . . . . . 185

7.4 During performance the structure of the physical model was altered.
This screenshot shows the model after a number of links have been
cut and the tension in some springs relaxed. . . . . . . . . . . . . . . 186

8.1 Overview of the research project. Processes are shown as clouds,
concrete outcomes as boxes. . . . . . . . . . . . . . . . . . . . . . . . 190



List of Tables

2.1 Summary of the taxonomy of effective instrumental gestures (Cadoz
1988, Cadoz and Wanderley 2000). These terms will be used in chap-
ter 4 to describe the mapping between performers’ acoustic sounds
and the resulting behaviour of the virtual instruments. . . . . . . . . . 25

4.1 Mass-spring model simulation parameters for Partial Reflections I. Note
that the values shown here are unit-less, as the choice of units has no
impact on the simulation. Simulation parameters are proportional in
that a force value of 10 applied to a mass of 100 will have the same
effect as a force of 1 applied to a mass of 10, provided the simulation
rate is unchanged (Henry 2006). Thus while it is possible to conceive
the mass as being in kilograms and the link length in meters if desired,
this has no intrinsic meaning in the simulation. . . . . . . . . . . . . . 82

4.2 Summary of mappings from live audio to physical model in Partial Re-
flections I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.3 Summary of mappings from physical model behaviour to audio syn-
thesis in Partial Reflections I. . . . . . . . . . . . . . . . . . . . . . . . 84

4.4 Mass-spring model simulation parameters for Partial Reflections II. . . 86
4.5 Summary of mappings from live audio to physical model in Partial Re-

flections I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.6 Summary of mappings from physical model behaviour to audio syn-

thesis in Partial Reflections II. . . . . . . . . . . . . . . . . . . . . . . . 89
4.7 Mass-spring model simulation parameters for Spheres of Influence. . 92
4.8 Summary of mappings from live audio to physical model in Spheres of

Influence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.9 Summary of mappings from physical model behaviour to audio syn-

thesis in Spheres of Influence. . . . . . . . . . . . . . . . . . . . . . . 93

6.1 A framework of design criteria informed by practice and research. . . . 163

8.1 A framework of design criteria informed by practice and research. . . . 193

ix





Acknowledgements

I am indebted to a great number of people who supported and encouraged me during
this project. To my supervisors, Linda Candy and Ernest Edmonds, thankyou for
giving me the freedom to explore and the intellectual and moral support to ensure
that I did, eventually, produce a thesis.

To my colleagues Michael, Jim, Laurel and Bruce, thankyou for the many lunches
during which we discussed family, philosophy, food, travel and general gossip. Thanks
for the comradeship, the ideas and the laughs.

To all the researchers at the Creativity and Cognition Studios, past and present,
thanks for providing such a vibrant, creative and interesting environment in which to
work. There is nothing more rewarding than hanging around with smart people who
are passionate about the things that really matter.

Special thanks to Ros for being such a good friend and a willing ‘guinea pig’ in
the early stages.

To all the musicians who participated in the study, thankyou for being so willing to
give up your valuable time and for providing such insightful comments and feedback.
Without your help this project would not have been possible.

Ben Marks – mate your contribution has been enormous. Thanks for the inspira-
tion and support, for being so open to new ideas and for your energy and generosity
of spirit.

I have been incredibly fortunate to have been surrounded by inspiring musicians
all my life. Foremost amongst them has been my father. Dad, thanks for the music –
and so many other things. Mum, for the love, unstinting support and for being such
a lovely Nana I will always be grateful.

Finally, to my beautiful girls: Emma, Zoe and Mia – you always put a smile on my
face. Thankyou for supporting, enduring and inspiring this work. Love always.

xi



xii



Abstract

xiii



This thesis is concerned with the design of interactive virtual musical instruments
intended to augment acoustic instruments in live performance. For the purposes of
this work, a virtual musical instrument is defined as a computer system designed to
facilitate musical expression and/or exploration. The aim of the research is to develop
understanding of the nature of virtual instruments and how musicians interact with
them. The approach has been to use participatory design techniques to develop a
series of virtual instruments for use in live performance and then to examine closely
the experiences of musicians who use them.

An interaction design strategy which uses simulated physical models to medi-
ate between the sounds produced by acoustic instruments and computer generated
sounds and visuals has been developed. In this approach, a simple physical sys-
tem is modelled in software and characteristics of acoustic sounds are mapped to
forces and other parameters which affect the model. In response the model moves
in ways that are physically realistic. These movements are then used as parameters
to control video and audio synthesis.

Using a research approach which draws on action research, design science and
participatory design, a series of virtual instruments which use this interaction tech-
nique were developed and used in live performances. A set of initial design criteria
which guided development were identified. In order to refine these criteria and better
understand the impact that using these virtual instruments has on musicians’ music-
making, a series of user studies were conducted. A number of expert musicians
used the virtual instruments and discussed their experiences. These sessions were
video-recorded, transcribed and analysed using grounded theory techniques.

The results of the study identified three modes of interaction with the virtual in-
struments: instrumental, conversational and ornamental. Musicians interacting with
the virtual instruments in instrumental mode emphasise the importance of being in
control and being able to trust that the instrument will respond consistently. When
musicians use a virtual instrument ornamentally, they surrender detailed control of
the generated sound and visuals to the computer, allowing it to create audio-visual
layers that are added to the musicians’ sound. The more complex, (and difficult to
design for) conversational interaction involves the sharing of control between the mu-
sician and the virtual instrument. The balance of power is in flux, allowing the virtual
instrument to talk back to the musician, reflecting and transforming the sonic input in
ways that move the performance in new musical directions.

The contributions of this thesis are therefore:-

• a set of virtual musical instruments which use a unique interaction paradigm
in which simulated physical models mediate between live sounds produced on
acoustic instruments and computer generated sounds and visuals;

• a theory of musician-virtual instrument interaction; and

• a set of design criteria informed by practice and user studies.
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