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“I determined, however, like a man who walks alone in the darkness, to go
forward so slowly, and with so much circumspection at every step, that, even
if I made very little progress, I should at least avoid a fall.”

— René Descartes, Discourse on the Method, 1637.

“Dulces ante omnia musae” (“Sweet above all to me are the muses”)

— Janus Dousa, closely involved in the founding of Leiden
University in 1575. Motto carved in the wall of the courtyard of
the Academiegebouw.

“..und nicht seines Nuzens wegen allein, sonst wiirde er gleich fertig seyn.”

— Wolfgang Mozart, about the piano builder Johann Stein, 1777.






Dedicated in gratitude to my country of birth, the Netherlands.
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Introduction: Thesis outline and summary

This thesis is about the unique and central role computation has to play in the
development of how humans make music.

Like other natural phenomena, human music making can be described as a causal
chain, consisting of components that are each subject to measurement and empirical
investigation. Therefore, as a working definition, in Section 1.1 we propose
instrumental control of musical sound: the phenomenon where human actions make
changes to a sound-generating process, resulting in heard sound which induces musical
experiences within the brain.

To create a technique for making music, then, is to set up a causal relationship,
between aspects of human action and changes in heard musical sound. The
development of different techniques may then be motivated by a single, overarching
question: How can the instrumental control of musical sound be improved? As is
discussed in Section 1.5, answering this question requires also answering another,
fundamental question: What forms of instrumental control of musical sound are
possible to implement?

Parts of the answer to this question are already present in the many techniques for
making music that have been developed from prehistory onward. These techniques
initially involved the human body only, or made use of mechanical technologies. More
recently, electromechanical technologies have also come into development and use (see
Section 1.2). However, it is only when computational technologies are given the
central role of causally linking human action to heard musical sound, that a unique
advantage appears: Unlike earlier technologies, Turing-complete automata combined
with transducers explicitly minimize the constraints on implementable causations (see
Sections 1.4.4 and 1.5).

There is evidence for this theoretical advantage resulting in the practical
implementation of new forms of instrumental control of musical sound: The
combination of electronic digital computer and electric loudspeaker, introduced in the
1950s, has enabled the development of a wide variety of new types of sound-
generating processes, which have come into wide use. In Section 1.4, an overview of
these types is given, based on how instrumental control moved away from direct
manipulation of the wave table.

Considering this evidence, the following question in particular seems potentially
rewarding: How can we systematically extend the scope of computational technologies,
from the sound-generating process, to the other components of the causal chain? In
Section 1.4.4, we first formulate a computed sound model, to describe the
fundamentals which enabled the wide variety of implementable sound-generating
processes. Here, a Turing-complete automaton must become causally linked, via a
transducer, to human auditory perception. Then, in Section 1.5.1.1, we generalize this
to the notion of completely computed instrumental control of musical sound. Here, the
Turing-complete automaton can track, represent and induce all relevant aspects of



human action and perception. This seems to approach a general capability for
implementing all perceivably different causal relationships between human actions and
changes in heard musical sound.

Realizing a system capable of completely computed instrumental control seems
hard. We can work toward this goal, however, by progressively developing transducers
combined with Turing-complete automata. We call this process the computational
liberation of instrumental control, as it will gradually minimize constraints on
implementable causal relationships (see Section 1.5.1.2). We view computational
liberation then as a de facto ongoing historical process, exemplified in the development
of computed sound.

What area to consider next for computational liberation? Fingertip use is extremely
important to the instrumental control of musical sound (see Section 1.2.5). Therefore, it
makes sense to give priority to the area of fingertip touch.

To describe the prerequisites for computational liberation that are specific to
fingertip use, we formulate a model for computed fingertip touch (see Section 1.5.2.1).
Here, a Turing-complete automaton may be causally linked, via transducers, both to
human somatosensory perception and to human motor activity involving the fingertips.
The model is explicitly rooted in existing knowledge on fingertip movement and touch,
including its anatomy, physiology, and neural processes (see Section 1.3 and Appendix
A). This allows us to explicitly distinguish between different fundamental subtypes of
touch. In Chapter 4, this results in working definitions for computed passive touch,
computed active touch, and computed manipulation. These working definitions
differentiate based on the presence and dynamics of a perceptually induced
exterospecific component.

Within the area of fingertip use, a specific type of movement deserves additional
priority. In Section 1.2, after considering fingertip use throughout time and across
musical instruments, we identify unidirectional fingertip movement orthogonal to a
surface as a widespread, common component. Here, fingertip movement approximates
a single path of movement, at right angles with a surface, and extending across at most
a few centimeters. Technologies implementing the computed fingertip touch model
should support this type of fingertip movement with priority, because it offers
advantages in terms of control precision, effort, speed, and multiplication (see Section
1.2.5). This motivates a number of choices directing transducer development: to have
the human fingerpad as transducer source and target; to create transducers based on
flat, closed, and rigid contact surfaces; and to provide orthogonal as well as parallel
force output to the fingerpad (see Section 1.6.2).

Finally, for reasons that are discussed in Sections 1.4.4 and 1.6.7, it is crucial that
technologies implementing the computed fingertip touch model are developed in such
a way as to be mass-producible, cheap, and powerful.
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Figure I Overview. What forms of instrumental control of musical sound are
possible to implement?

* Along the vertical axis: time. Along the horizontal axis: the number of implementable
and perceivably different causal relationships between human actions and changes in
heard musical sound.

* The rising edges then indicate the increasing contributions, over time, by body-only
instrumental control and by different types of technology. The gradual shift in
background hue at each edge is meant to indicate that these different contributions
combine, to enable the overall total of implementable causal relationships.

*» As is shown, body-only instrumental control has contributed from the earliest times.
Mechanical technologies have contributed from at least 40 millennia BCE; while
electromechanical technologies have done so, roughly, from the 19" century onward.

o From the 1950s onward, the labels are shown in white, to highlight the turn to a
process of computational liberation: Here, the use of computational technologies
enables an explicit minimization of constraints on implementable causal relationships.

» Zooming in, contributing technologies here include those implementing the computed
sound model; the computed fingertip touch model; and other, as yet unspecified
models.

» The star in the upper right of the graph marks a hypothetical point in the future
where this development arrives at a theoretical endpoint: the completely computed
instrumental control of musical sound.



Hypothesis

Based on the above, we formulate the following Hypothesis:

Developing technologies that newly fit the computed fingertip touch model
enables the implementation of new forms of instrumental control of musical sound.

Here, the implementation of new forms of instrumental control should result after
some /imited amount of time and effort. This makes it possible to design experiments
disproving the hypothesis, ensuring its falsifiability.

Testable predictions

In Chapters 2 and 3, we develop the cyclotactor (CT) system, which provides
fingerpad-orthogonal force output while tracking surface-orthogonal fingertip
movement. This system will newly implement the computed fingertip touch model.
Then, by deduction, the Hypothesis yields the following Prediction 1:

The CT system developed in Chapters 2 and 3 will enable the implementation of
new forms of instrumental control of musical sound.

In Chapters 2 and 3, we also develop the kinetic surface friction transducer (KSFT)
system, which provides fingerpad-parallel force output while tracking surface-parallel
fingertip movement. This system, too, will newly implement the computed fingertip
touch model. Then, by deduction, the Hypothesis yields the following Prediction 2, as
well:

The KSFT system developed in Chapters 2 and 3 will enable the implementation of
new forms of instrumental control of musical sound.

Experimental results

The first part of the experimental results is about technology: How do the CT and
KSFT systems each indeed newly implement the computed fingertip touch model?
Tables Ila and IIb, below, first describe the main qualitative and quantitative aspects of
both technologies. Their resulting capabilities, in terms of human action and
perception, are then summarized in Table Ilc. Here, the phrase “complete integration
with computed sound”, used in Table Ila, means that input from human motor activity,
output to somatosensory perception, and output to auditory perception are easily
combined within a single written algorithm. Table III then concludes this part, by
listing novel aspects of each technology. An important property here is to avoid the use
of connected mechanical parts moving relative to the target anatomical site. We
emphasize this as a general principle for transducer construction, with the potential
benefit of enabling more precise output to somatosensory perception.

10



qualitative aspect system
based on the use of a flat, closed, and rigid contact surface CT KSFT

provides fingerpad-orthogonal force output, tracks surface-orthogonal CT
fingertip movement

provides fingerpad-parallel force output and tracks surface-parallel KSFT
fingertip movement

I/0 made programmable in physical units; via SuperCollider classes CT KSFT
complete integration with computed sound CT KSFT
precisely adjustable, personal fit, for more accurate & comfortable /O CT

cheaply mass-producible CT KSFT

Table Ila Qualitative aspects of the technologies developed in Chapters 2 and 3.

quantitative aspect CT system KSFT system
input spatial resolution 0.2 mm 0.02 mm
spatial range 35.0 mm hundreds of cm?
temporal resolution 4000 Hz 125 Hz, average
output force resolution +0.003 N N/A
force range bipolar, varying over distance: 0.14-1.43 N,
see Chapter 3, Figure 3.2 kinetic friction
temporal resolution | accurate wave output features between
up to 1000 Hz 1-10 ms
/O  latency 4.0 ms 20.5 ms, average

Table IIb Quantitative aspects of the technologies developed in Chapters 2 and 3.

resulting capability system

force output can co-determine the movement of fingertip control actions CT  KSFT

I/0O can induce aspects of haptic perception CT

accurate mechanical wave output CT

across the frequency ranges involved in fingertip vibration perception

excellent support for real-time instrumental control of musical sound CT

I/O can induce high-resolution aspects of KSFT

fingertip surface texture perception during active touch

Table Ilc Resulting capabilities, in terms of human action and perception, of the
technologies developed in Chapters 2 and 3.

11



novel aspect

system

explicit and specific support for unidirectional fingertip movement CT
orthogonal to a surface

transducer completely avoids the use of connected mechanical parts CT
moving relative to the target anatomical site

I/O specific to those flexing movements of the human finger that are CT
independent, precise, and directly controlled by the motor cortex

transducer partially avoids the use of connected mechanical parts KSFT
moving relative to the target anatomical site

inducing high-resolution aspects of fingertip surface texture perception KSFT
using cheap, off-the-shelf optical mouse sensor input

Table III Novel aspects of the technologies developed in Chapters 2 and 3.

The final part of the experimental results is about forms of instrumental control:
What new forms have been implemented using both systems? This is summarized in
Table IV. In its first examples, computed fingertip touch was used to display the state
of the sound-generating process — at a higher level of detail than provided by existing
technologies. This to better inform, and thereby alter, fingertip control actions. In the
final examples, new forms of instrumental control were pursued more directly: Here,
computed touch was used to implement new types of fingertip control action.

see

422

432

433

4.5.2

453

type system

passive touch |CT
display

active touch | KSFT
display

active touch CT
display

control action KSFT

control action CT

key points

* display of granular synthesis at the level of
individual grains

* via presence, duration, amplitude, and vibrational
content of fingerpad-orthogonal force pulses

* using a timescale identical to that of sonic grains

* during actions similar to turntable scratching:
display more specific to the stored sound fragment
» via fingerpad-parallel friction, millisecond resolution

* during surface-orthogonal percussive fingertip
movements
* touch display expanded outside moment of impact

* pushing against a virtual surface bump
» using horizontally applied output forces,
during horizontally directed fingertip movements

» fingertip tensing during force wave output
* can be used simultaneously with control based on
surface-orthogonal fingertip movement

Table IV New forms of fingertip instrumental control presented in Chapter 4.
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Discussion

Below, we will first discuss the results of two research excursions (for their motivation:
see the Acknowledgments). We then conclude this summary by reflecting on the main
experimental results, presented above. In the final chapter, Section 7.6 will follow up
on this, with some brief speculation on future developments based on the concepts of
computed manipulandum and computed instrument.

The first research excursion followed the phenomenon of unidirectional fingertip
movement orthogonal to a surface elsewhere. Chapter 5 presents one-press control, a
fingertip input technique for pressure-sensitive computer keyboards, based on the
detection and classification of pressing movements on the already held-down key. We
show how this new technique can be seamlessly integrated with existing practices on
ordinary computer keyboards, and how it can be used to simplify existing user
interactions by replacing modifier key combinations with single key presses. In
general, the proposed technique can be used to navigate GUI interaction options, to get
full previews of potential outcomes, and then to either commit to one outcome or abort
altogether — all in the course of one key press/release cycle. The results of user testing
indicate that effective one-press control can be learned within about a quarter of an
hour of hands-on operating practice time.

The second research excursion followed the idea of using computation to induce
aspects of human perception elsewhere. In Chapter 6, we first consider how the use of
techniques incorporating stages of automated computation offers visual artists a control
over perceived visual complexity that is otherwise unattainable. This motivates the
question whether computed output also can induce 2D shape perception in the retinal
afterimage: the familiar effect in the human visual system where the ongoing
perception of light is influenced by the preceding exposure to it. A fundamental
problem here is how to exclude the possibility that shape recognition is caused by
normal viewing of the stimuli, which may occur simultaneously. To solve this, we
develop a rasterization method, a model of the afterimage intensities it induces, and
then a series of candidate formal strategies for concrete rule sets computing stimuli.
The Electronic Appendix to the chapter provides video examples, the image sequences
used in a pilot experiment, and also software implementing the approach, in source
format. The results of the pilot experiment testing the approach confirm shape display
specific to the retinal afterimage. This result also demonstrates feasibility of the
computed retinal afterimage in general.

Turning to the main results, the contents of Tables Ila to IV confirm both Prediction
1 and Prediction 2. This supports the Hypothesis: Developing technologies that newly
fit the computed fingertip touch model enables the implementation of new forms of
instrumental control of musical sound. At the outset of this summary, we presented an
articulated, empirical view on what human music making is, and on how this relates to
computation. The experimental evidence which we obtained seems to indicate that this
view can be used as a tool for systematically generating models, hypotheses and new
technologies that enable an ever more complete answer to the fundamental question as
to what forms of instrumental control of musical sound are possible to implement.
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1. The computational
liberation of music making

CHAPTER SUMMARY
This text will be concerned with the human activity of making music. In Section 1.1,
this is defined more precisely as instrumental control of musical sound: the
phenomenon where human actions result in sound which induces musical experiences.
This involves the instrumental control of human actions making changes to some
sound-generating process, resulting in heard sound which induces musical
experiences within the brain. Musical instruments are understood separately, as tools,
external to the human body, which may be used in this overall process.

In Section 1.2, fingertip use is discussed chronologically, from ancient prehistory
to the beginning of the 21* century, and across a wide range of widely used musical
instrument types, incorporating acoustic, electromechanical, and electronic sound-
generating processes. A widespread, common component is identified: unidirectional
fingertip movement orthogonal to a surface.

To articulate an understanding of the human fundamentals of fingertip instrumental
control, in Section 1.3 the functional anatomy, physiology, and neural processes of
fingertip movement and touch are discussed. Central turn out to be consciously and
unconsciously occurring processes of passive touch, active touch, and manipulation.
During these, the activation of learned motor programs guided by somatosensory
transduction only gives crucial advantages for instrumental control of musical sound.

In Section 1.4, the introduction of computed sound is discussed, and how it led to a
wide variety of new and widely used types of sound-generating processes. Of these,
an overview is given, based on how instrumental control moved away from direct
manipulation of the wave table. Fundamental reasons for this historical development
are discussed, including Turing-completeness of the computed sound model, and the
development of cheaply mass-producible, powerful implementations of this model.

In Section 1.5, computed sound is regarded as an example of a larger historical
development: the computational liberation of instrumental control. Here, in contrast
with earlier technologies, Turing-complete automata combined with transducers
explicitly minimize constraints on implementable causal relationships between human
actions and changes in heard musical sound. This makes computational liberation
itself a fundamental goal when generally aiming to improve instrumental control of
musical sound. We will pursue this goal, based on a computed fingertip touch model.

This is made more precise in Section 1.6, resulting in a series of interrelated,
concrete goals for the body of this thesis. These are divided into obtaining new
transducer technology (Chapter 2); for new systems for computed fingertip touch
(Chapter 3); to then enable new forms of instrumental control (Chapter 4).
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1.1 Making music: Instrumental control of musical sound

This text ' will be concerned with the human activity of making music. We will aim to
approach this subject using clearly defined concepts based on empirically observable
physical processes. Our main subject will be instrumental control of musical sound,
which we define as the phenomenon where human actions result in sound which
induces musical experiences. This means regarding musical sound as sound which
induces musical experiences, and it may be appropriate to first further clarify this, by
briefly addressing three basic questions: What do we mean by sound; how does it lead
to musical experiences; and how can these be characterized? By sound, we mean the
propagation of pressure waves through some medium, usually the air, without this
necessarily being subject to detection by the human senses. Such sound explicitly
becomes heard sound if it leads to movement of the human eardrums, which is then
transformed into nerve impulses going into the brain. There, the auditory cortex area,
indicated in Figure 1.1, acts as a gateway for heard sound entering human
consciousness [Mathews 2001].

Figure 1.1 The auditory cortex of the human brain (location indicated). Activity in
many other regions of the brain is involved in musical experiences, but this area of the
left and right hemispheres acts as a gateway for heard sound entering consciousness
[Wolters and Groenewegen 2004]. (Image based on a diagram of the human skull and
brain by Patrick J. Lynch and C. Carl Jaffe, 2006.)

Musical experiences in the brain, and how heard sound leads to them, are the
subject of ongoing research. It has been made possible to detect the presence of various
types of musical activity in the brain by measurement. The perception of musical
aspects of heard sound, such as pitch, rhythm, timbre, and harmony, are established
subjects of neuroscientific and neuropsychological research. A popular introduction to
this, with many scientific references covering the subjects of musical activity in the

1 This chapter, while also introductory in nature, should be read affer the Introduction, which
explicitly motivates all of its parts. These parts here follow a very different progression,
however, intended to be more natural to the non-specialist reader.
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human brain as well as the evolutionary basis of music, is [Levitin 2006]. In general, it
can be said that musical experiences represent a complex and much-valued aspect of
human experience, omnipresent across cultures and over time.

Consideration of music as a phenomenon of the brain underscores that musical
experiences may also be induced by other types of brain activity than hearing, such as
memory recall, imaginative mental processes, dreams, and hallucinations. Activity in
other parts of the body may be involved as well, for example during body movement
such as dancing. We will assume situations where it is primarily the sound being heard
which induces musical experiences.

Where there is sound, there always is a sound-generating process. Human actions
can result in sound by making changes to this sound-generating process, whatever it
may be. Here, by human actions, we will mean observable bodily actions, as opposed
to purely mental acts such as thoughts. A basic example of how such actions may make
changes to a sound-generating process is shown in Figure 1.2, which depicts a single
person hand-clapping rhythmically.

Figure 1.2 Symbolic representation of a basic example of the instrumental control of
musical sound: a single person hand-clapping rhythmically. Four causally related
aspects are highlighted by the symbols in the figure. Clockwise, from the top right:
(1) The induced musical experience within the brain. (2) Heard sound, the pressure
waves in the air and surroundings that arve heard as they resonate with the human
eardrums. (3) The sound-generating process. In this case, the contacts made over time
between the surfaces of the hands. (4) Instrumental control of this process. Here, the
rhythmical clapping actions that extend from the brain to the limbs, performed with
feedback from the senses, such as touch, audition, and vision.
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The example of Figure 1.2 emphasizes that for making musical sound, musical
instruments external to the human body are not at all required. Other examples that
could have been used to make this point are whistling, and using the voice to sing. The
various body parts involved in such examples are sometimes also put under the term
“musical instrument”. And in recent classification systems for musical instruments,
sometimes those parts of the body engaged with external objects to make musical
sound were also considered elements in the overall “instrument” (see [Kvifte 2007]).
We will not do this, and reserve the term “musical instrument” exclusively for objects
external to the human body. This in order to support a clear distinction in regarding
musical instruments as external tools, on the one side, expanding the possibilities of
bodily actions, on the other side, for the control of musical sound. The influential
organologist Hornbostel defined “musical instrument” as everything with which sound
can be produced intentionally [Kvifte 2007]. In the introductory text of [Gillespie
2001], any device under the control of a human player that produces sound which
carries meaning is considered a “musical instrument”. Here, we would consider such
instruments musical only if the sound produced induces musical experiences.

We will regard instrumental control as the way in which observable bodily actions
make changes to a sound-generating process, via tools or purely via the use of parts of
the body. In this way, instrumental control of musical sound is related to a wide range
of other forms of tool use and bodily behavior that have evolved in humans and other
organisms. Figure 1.2 further illustrates how we understand the instrumental control of
musical sound to be composed of the causally related concepts of instrumental control,
sound-generating process, heard sound and induced musical experience.

This definition of instrumental control is wide-ranging also because it covers any
bodily action resulting in musical sound. For example, in the context of Western
classical music, this means everything from a composer acting to note down a musical
idea, to a musician playing a musical instrument, to an engineer operating sound
recording technology, to a consumer activating “play” on his or her listening device.
The sound-generating processes operated on by human actions can then be thought of
as long, branching chains which connect many interrelated people and instruments,
possibly stretching across an extended period of time. Indeed, by the time the musical
experience is induced, the composer may be long dead. Instrumental control in this
way not being tied to individual musical instruments is one important difference with a
concept such as “instrument control” as defined in [Kvifte 2007]. Charting the many
possible types of chains of instrumental control would reflect the many types of
cooperation on and co-authorship of musical works that may exist over time. Here,
however, we will typically consider much shorter timescales, as in the situation
illustrated by Figure 1.2. This means that instrumental control happens in real time,
simultaneously with the resulting heard sound.

In general, not all musical sound will be the result of instrumental control as we
have defined it. For example, a person might go outside, listen to naturally occurring
birdsong and as a result have musical experiences. Our definition involving human
actions making changes to a sound-generating process would be stretched too far, if it
were considered to also cover such a situation. Another important point is that
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imaginative mental processes, which of course also determine how musical sound is
made, may very well occur quite separately from any bodily actions making changes to
a sound-generating process.

Still, the concrete ways in which humans actually make musical sound are crucial in
determining what musical ideas can be made heard and how this happens. Instrumental
control can be a direct source for musical imagination, in the exploration of sonic
possibilities and resulting musical experiences that it allows. Musical experiences had
in the past, in general, will have been shaped in part by the specific types of musical
sound heard resulting from specific types of instrumental control. This too, more
indirectly, will influence imaginative mental processes, however detached they may
seem from observable bodily actions. For such reasons, the study and development of
instrumental control of musical sound is important to the boundaries and possibilities
of musical sound, and thereby musical experience, in general.

1.2 Use of the fingertips: The prevalence of unidirectional
fingertip movement orthogonal to a surface

1.2.1 Ancient origins A fundamental reason for the instrumental control of musical
sound to naturally move from the tool-like use of parts of the body to the use of all
kinds of external musical instruments, is to gain access to more types of sounds, and
thereby musical experiences. External instruments may become used e.g. via the
mouth, hands, and feet. The fingertips, due to this transition, may at once become
much more effective as means for instrumental control: In general, their use will bring
all the potential advantages for fine manipulation and control of tangible objects that
are inherent in being the anatomical endpoints of the hands and fingers. However,
where sound is made using only the body, these advantages may be overshadowed by
equally inherent limitations. For example, body-only percussion by snapping the
fingers may produce musical sound as clearly perceivable as when clapping the hands;
but for many other types of percussive movement, this will not be the case, simply
because of the smaller sizes and applied pressures involved when using the fingertips.
The use of appropriate external sounding objects, either found or made, can eliminate
this as a problem. Transitioning to these, the spatial and temporal precision in
manipulation that is associated with the fingertips can be put to use, with each finger
adding more possibilities for simultaneous change to the sound-generating process
being controlled.

A prime and ancient example of this is the flute, a musical instrument that can
typically be described as a pipe perforated with holes. The mouth is used to blow onto
one of the openings, creating a moving volume of air across it. The fingertips can then
be used to cover and uncover other holes, causing resonations within the air column
inside the instrument to occur at differing frequencies — which may then be heard as
musical sound. The flute is the oldest type of musical instrument to have been
recovered so far. At the time of writing, the most ancient undisputed finds have been of
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bird bone and mammoth ivory flutes, made at least 42 millennia ago [Higham et al.
2012] [Conard et al. 2009]. For a relatively recent example, see Figure 1.3.

Figure 1.3 Ancient bone flute with holes for the fingertips. A 20 centuries old
provincial Roman flute, made from a bird bone (15-30 CE, Rijksmuseum voor
Oudheden). The oldest flute that has been found dates further back to much earlier,
prehistoric times. Made at least 420 centuries ago, it is the oldest musical instrument
known to exist.

1.2.2 Historical times From later, historical times, more evidence is available of
other types of widely used musical instruments based on use of the fingertips. This
includes drums, another ancient category of instruments. In the top row of Figure 1.4,
the terracotta figure of a woman playing a frame drum, a type of hand-held drum, is
shown. With this instrument, the fingertips can be used to make various types of rapid
percussive movements, on the membrane of the drum, resulting in heard rhythmic
sound. In the same row of Figure 1.4, a 4.6 millennia old picture of a man playing a
lyre is shown. Here, the fingertips are used to pluck or strum separate strings, which
when moved produce sound at differing frequencies.

The middle row of Figure 1.4 gives a snapshot of stringed instruments more than
4000 years later, showing examples from the Western classical tradition that are still in
wide use today. Of these, the guitar, too, is an instrument where fingertips are used to
pluck and strum strings, possibly using a small tool called a plectrum. Here however,
the fingertips are also used to press against strings, in order to change their effective
length and thereby the produced sound frequencies. With the violin, the plucking and
strumming of one hand is largely replaced by bowing. The bow is moved across the
strings mainly due to hand and arm movement, but is still held between the fingertips.
Finally, in the keyboard instruments that have culminated via Bartolomeo Cristofori's
fortepiano hammer action [Harding 1933] in the modern piano, there no longer is
direct contact between fingers and strings. The fingertips are used to press down on a
row of keys, activating hammers that hit the strings producing the sound. The general
usefulness of keyboard control is illustrated by its presence in other widely used
instruments, such as the pipe organ (not shown). There, pressing keys controls whether
air moves through pipes, which then produce sound in a way similar to that of flutes.
Another similarity to flutes, regarding their fingertip operation, exists in other
instruments, including many types of wind instrument. In woodwind instruments such
as the clarinet, the oboe and Adolphe Sax's saxophone, pressing the fingertips is again
used to close holes, either directly or via some mechanism. In brass instruments such
as the trumpet, the horn and Wilhelm Wieprecht and father and son Moritz's tuba,
fingertip presses operate valves in order to change the vibrating air column.
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Figure 1.4 Fingertips on musical instruments. Top row, left: man playing a lyre, a
stringed instrument of ancient Ur (detail from a mosaic, 27"-26™ century BCE, British
Museum). Top row, middle: woman playing a Phoenician frame drum (detail of a
terracotta figure from Tharros, Sardinia, 7"-6" century BCE, British Museum). Top
row, right: woman holding a flute (detail from a group of musician statues, China, Sui
dynasty, 581-618, Museum Rietberg). Middle row, left: Mozart and his sister playing
an early piano (detail from a contemporary family portrait oil-painted by Della Croce,
1780-1781). Middle row, middle: Paganini playing a violin (detail from a portrait oil-
painted by Kersting, 1830-1831). Middle row, right: girl playing a baroque guitar
(detail from an oil painting by Vermeer, 1670-1672). Bottom row: photographs
showing fingertips on three musical instrument types from the late 20" century. From
left to right: fingertips on a vinyl record on a turntable; fingertips on a plastic rotary
knob; fingertip touching a pressure-sensitive rubber pad.

34



1.2.3 The 20™ century The instruments mentioned so far have all been acoustic,
meaning that their sound-generating processes are based on mechanical waves only.
During the 19" century and the two centuries before it, many discoveries and
inventions relating to electricity were made. During the 20™ century, this enabled the
introduction of many new instruments based on electromechanical and electronic
sound-generating processes. A widely popular example of this is the solid-body electric
guitar, in which the mechanical vibrations of strings are picked up by an electric coil
wound around a permanent magnet, generating an electric signal. This signal can then
control separate amplifier equipment, producing sound at louder levels than those of an
acoustic guitar, and thereby suitable for larger audiences. Also, the signal can be
electronically altered, resulting in sounds dramatically different from those produced
by acoustic guitars. Still, the ways in which the fingers are used to play the instrument
remain similar, with the fingertips of one hand pressing down on strings that are
plucked and strummed via the fingertips of the other hand.

In another type of electricity-based instrument, the analog synthesizer, heard sound
originates from a purely electronic process. Circuits connecting electronic oscillators
with many other types of components are used to generate signals that then control
sound-producing electromechanical devices. Circuit properties altering the resulting
musical sound can be made subject to manual control. Sometimes, this happens using
controller devices specifically designed for musical application, such as pitch-bend and
modulation wheels operated by the fingertips. However, there also has been a major
trend to adopt general-purpose, fingertip-operated input devices for the instrumental
control of musical sound. This includes switches that can be flipped, buttons that can
be pushed, linear sliders that can be moved, and rotary knobs or dials that can be
turned. (See the bottom row of Figure 1.4 for an example.) All of these devices can
also be found in the control panels of other types of electronic equipment. However, to
activate variably-pitched sounds, the favorite controller remained a specifically
musical, earlier device: the piano-type keyboard.

Another, again electromechanical instrument for producing musical sound is the
gramophone record player, or turntable. Here, a needle traces a spiralling groove on an
otherwise flat spinning disc, converting the mechanical vibrations due to small
variations along the groove to electric signals. After initial activation, playback
happens automatically, as this method of sound reproduction was not developed for
makers of, but for listeners to musical sound. Still, by the 1970s, people following the
example of DJ Kool Herc were manually changing turntable playback, so as to alter
and prolong fragments of rhythmic music being played to dancing crowds [Chang
2005]. This was done by electronically switching between the signals from two
separate turntables using an electronic mixer device, while manipulating the two
rotating records using the fingertips. This shows that it is appropriate to consider even
the very end stages, intended only for the final conversion of stored signal to heard
sound, as part of a chain of instrumental control of musical sound: As long as
manipulative interventions are possible, they may occur, extending the chain while
drastically altering, or even largely determining, the resulting musical sound. The
further development of turntablism brought widely used techniques that went beyond
recognizably reproducing and recombining stored fragments of sound. In scratching,
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for example, the fingertips are pressed on the record and then moved parallel to the
turntable surface using swift hand and finger movements. This drags the record groove
back and forth under the needle (see Figure 1.4, bottom row). This distinct type of
fingertip operation results in distinct types of musical sound, which may no longer be
recognizable as variations of the specific stored sound being used.

Around the same time, another new category of instruments was developed that was
also based on the playback of recorded sound fragments. In the digital sampler,
however, sound signals were now stored purely electronically. The control of their
timed playback often occurred via the same types of fingertip-operated devices already
seen in analog synthesizers. However, in drum sound samplers, such as the pioneering
and widely used instruments designed by Roger Linn [Rundgren 2011], specialized
pressure-sensitive pads were also included. The fingertips contact these pads as the
result of downward percussive hand and finger movements, not unlike those made onto
the membranes of acoustic drums. This triggers playback of the selected sound
fragment, often with its loudness dependent on the force of impact. Varying the contact
pressure after the initial impact may further modulate aspects of playback (see Figure
1.4, bottom row).

Of course, the appearance of the sampler was part of a much broader development
of electromechanical and electronic digital technologies during the second half of the
20™ century. As part of this, starting from the 1980s devices for personal computing
became widely used. Among their many, progressively developed uses were also the
creation, recording and processing of musical sound. This meant a further continuation
of the major trend to adopt general-purpose, fingertip-operated input devices for the
instrumental control of musical sound. Beginning with the desktop personal computer,
such devices included the computer keyboard and mouse.

Comparing the computer keyboard to the piano-type keyboard, there are similarities
as well as fundamental differences in manual operation. For their general layout, both
types use rows of keys arranged next to eachother in the same general direction in
which the fingers occur next to eachother on each hand. A basic use of the computer
keyboard is typing, the activation of graphical symbols serially combined into words
and sentences. On observation, such keyboard use will be characterized by strings of
separately occurring fingertip presses, as mostly, the activated graphical symbols are
not intended to be used simultaneously. Historically, such use has become supported by
layouts using multiple rows of keys covering a relatively compact area, much like the
melody-side keyboard of a chromatic button accordion. The basic application of the
piano-type keyboard, on the other hand, is the activation of pitched sounds. For this, it
has turned out that simultaneous activation is very much desired, e.g. to create musical
sound based on chords and simultaneous melodies. Where in typing words,
simultaneously occurring keypresses are the exception, here they became the norm.
Historically, this has become supported by a standard layout where the same number of
keys will be arranged across a much wider area, in one row of wider white keys which
are also deeper, so as to become interspersed by a second, raised row of black keys. For
a visual comparison of the keyboard layouts, see Figure 1.5.

36



LR \

2 ﬂ\ N
A > AL
\/.“

Figure 1.5 Comparing different keyboard layouts. From left to right, a computer
keyboard, a button accordion's melody-side keyboard, and a piano keyboard. The
green line added to each photograph indicates a distance of approximately 30 cm.

Within the context of these different layouts, the individual keys are manipulated by
the fingertips in press/release cycles. Initially, a fingertip may rest on the surface of a
particular key, or contact it while moving. Increasingly pressing down on a key's
surface will overcome its initial resistance, leading into a phase of downward travel.
Travel distance extends to a certain level, beyond which increasing upward
counterpressure effectively blocks further movement. Upward fingertip movement
back to the initial surface level can again free the finger from counterpressure, ending
the cycle so that it can be repeated again. A crucial difference within this cycle is that
with a computer key, after overcoming the initial counterpressure of the key's surface,
further subtleties in movement and applied pressure are not picked up or used for
control, something which does happen with piano-type keys.

Still, computer keys, too, were increasingly used in the instrumental control of
musical sound. This included typing the code for software producing musical sound, as
well as issuing commands to such software as it executed. As Graphical User
Interfaces (GUIs) became the dominant way to operate desktop personal computers,
issuing such commands was also done via a mouse. (With a GUI, a computer could
now dynamically draw images on an electronic screen, with one of these showing a
pointer. Using one hand, the mouse, usually placed next to the keyboard, could then be
moved across the underlying flat surface, with the computer changing the screen
position of the pointer image correspondingly, in two directions. Changes to the
information represented visually around the pointer could then be made, by pressing a
mouse button located under one of the fingertips of the hand moving the mouse.) When
compared to piano-type keys, mouse buttons share the similarities and difference
mentioned above for computer keys.

Parallel to the general development of the desktop personal computer, many
special-purpose add-on devices were developed for the manual control of software
producing musical sound. These would usually incorporate existing device types such
as piano-type keyboards, pitch wheels, and knobs and sliders, as these remained the
favored choices for real-time instrumental control of electronic sound-generating
processes.

37



1.2.4 The beginning of the 21* century Into the 21* century, these developments
continued, as the desktop computer was followed by smaller form factors for personal
computing. Fingertip operation of such devices was extended with the use of rigid, flat
surface areas registering the two-dimensional position of fingertip contact, during
continuous movement as well as for separate taps. In the laptop personal computer, this
took the form of a touch pad usually integrated next to the keyboard, in the same
housing. Now, fingertip movements could be used to move the GUI pointer. In
handheld personal computers that became widely used, such as smartphones and
tablets, such surfaces were made to become transparent, and to coincide with the visual
display screen. Electronic images could now be pointed at and changed directly at their
perceived location on the screen, dispensing with the need for a separate pointer image.
Moreover, multi-touch technology was introduced, simultaneously tracking the
positions of such actions for multiple fingertips.

In order to get an impression of the forms of fingertip use present in recent research
into new musical instruments, we will now refer to work reported at the annual
international conference on New Interfaces for Musical Expression (NIME). We will
do this for the five-year period from 2006 to 2010, and based on a number of trends
that can be identified.

A first trend can be defined as fingertip use based on the manipulation of existing
musical instruments. This happens in systems where an existing instrument is
augmented by additional technology which expands the possibilities of playing,
without fundamentally changing the existing manipulations involved. In some systems,
this is done by recording and analyzing sound signals coming from the existing
instrument in real time, and producing an automatically computed sonic response.
Examples of this expand on the saxophone [Hsu 2006], the frame drum [Aimi 2007],
and the electric guitar [Lahdeoja 2008]. In other systems, sensors are used to track the
movement of parts of the existing instrument during manipulation, so as to identify and
respond to various types of gestures. Examples for this expand on bowing the cello
[Young et al. 2006] and violin [Bevilacqua et al. 2006], and on moving the slide on a
trombone [Farwell 2006]. In another group of augmented instruments, new and
separate manipulations are added to the existing ones. For the fingertips, this often
means presses or percussive hits, applied to specific parts of the instrument where
detection occurs via added sensors and general-purpose input devices. Examples of this
expand on the electric guitar using acoustic sensing [Léhdeoja 2009] and buttons
[Bouillot et al. 2008]; on the cello [Freed et al. 2006] and guitar plectrum [Vanegas
2007] using pressure sensors; on the saxophone [Schiesser and Traube 2006], flute
[Palacio-Quintin 2008] and trumpet [Leeuw 2009] using buttons and pressure sensors;
on the piano using key displacement sensing [McPherson and Kim 2010]; and on the
turntable-with-mixer using a range of general-purpose input devices [Lippit 2006]. In
yet another group of systems, the operation via the fingertips can be characterized as
presenting a manipulative likeness of an existing instrument. Examples of this mimick
the violin [Poepel and Overholt 2006], [Carrillo and Bonada 2010]; the piano
[Takegawa et al. 2007, 2008]; the acoustic [Zoran and Maes 2008] and electric
[Maruyama et al. 2010] guitar; and the ocarina [Wang 2009] and turntable [Yerkes et
al. 2010].
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A second trend, continuing the existing major trend already seen above, can be
defined as fingertip use adopting general-purpose input devices for the instrumental
control of musical sound. In the context of the laptop personal computer, this
sometimes includes explicitly new uses for the fingertip operations on computer
keyboards and touch pads, as in [Fiebrink et al. 2007]; sometimes, these fingertip
operations are implicitly present, as in the screen-based instruments of [Magnusson
2006] and [Zadel and Scavone 2006]. Add-on input devices for personal computers,
too, are sometimes adopted, such as the pen-like stylus held between the fingertips in
[Zbyszyniski et al. 2007]. Where handheld personal computers are the starting point,
projects have implicitly incorporated the types of fingertip operation associated with
touch screens [Geiger 2006] and multi-touch screens [Bryan et al. 2010], [Oh et al.
2010], [Essl and Miiller 2010]. Other work explicitly focuses on the use of multi-touch
fingertip operations, considering larger display form factors [Davidson and Han 2006]
and new manipulations generalizable from the laptop touch pad [Schlei 2010].

A third trend, related to the second, can be defined as fingertip use implicitly
present in Tangible User Interfaces (TUIs) applied to the instrumental control of
musical sound. Here, the TUIs [Ishii and Ullmer 1997] usually are based on the
automated tracking of untethered objects placed manually on a flat tabletop surface.
Input results from the presence or absence of specific objects on the surface, from their
locations, their rotational angles in the surface plane, and from the choice of down-
facing side. The fingertips hold and release objects as they are picked up, laid down,
and moved across or turned around on the surface. Often, as in the influential reacTable
platform [Jorda et al. 2007], this is extended with the multi-touch detection of fingertip
presses made directly onto the surface, and also with back projection on the table
surface for dynamic visual display. Examples of projects of this type include [Jorda
and Alonso 2006], [Dimitrov et al. 2008], [Mann et al. 2009], [Hochenbaum et al.
2010], and [Heinz and O'Modhrain 2010]. Some projects also allow and sense
deformation of the objects being manipulated, including this possibility [Taylor and
Hook 2010] or exclusively focusing on it [Kiefer 2010]. Here, the fingertips are
pressing into the objects as they are manually deformed.

This overlaps with a fourth trend, which can be defined as fingertip use via new
input technologies developed specifically for the instrumental control of musical
sound. As in touch pads, the aim here often is to track the two-dimensional position on
a flat surface of contact made using the fingertips. In one example of this [Nishibori
and Iwai 2006], a low-cost LED-based sensing grid [Hudson 2004] is used to this end.
Usually, an additional aim is to also capture and use variations in the pressure applied
by the fingertips during contact. In [Wessel et al. 2007] this is done using touch pads
arranged in a grid; in [Crevoisier and Kellum 2008], using infrared reflective fingertip
position tracking with acoustic tap detection; in [Freed 2009] using resistive sensing
techniques; and in [Jones et al. 2009] using a low-cost capacitive sensing grid. As an
example of another type of input technology, in [Réisdnen 2008] each non-thumb
finger can operate a separate, custom rotary wooden knob.

1.2.5 Reflection: Unidirectional fingertip movement orthogonal to a surface In
Section 1.2, up to this point, we have mentioned many widely used musical
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instruments with which use of the fingertips is crucial. The examples have included
aerophones, where the sound-generating process is based primarily on mechanical
vibration in volumes of air, as in the flute, oboe, clarinet, ocarina, horn, pipe organ,
trumpet, tuba and saxophone. Examples have also included membranophones, where
sound generation is based primarily on the mechanical vibration of membranes, as in
the frame drum. Also included were chordophones, based on the mechanical vibration
of strings, such as the acoustic guitar, solid-body electric guitar, violin, cello, and
(forte)piano. Newer examples, of electronic instruments, included the analog
synthesizer and digital sampler, as well as personal computers in their various form
factors. Overall, the unomittable presence in a wide range of widely used musical
instruments shows that, from prehistory to the present, fingertip use is extremely
important to the instrumental control of musical sound.

Also, the fingertip use in all of the examples recapitulated in the previous
paragraph contains a common component. Whether the fingertip is used to open and
close holes and valves on aerophones; or to strike pads and membranes; or to tap and
press on sensor surfaces; or to press strings against instrument bodies; or to perform
press/release cycles on push-buttons, computer keys or the keys of piano-type
keyboards: there is unidirectional fingertip movement orthogonal to a surface.

The conditions of its presence will vary: with different instruments, fingertip
movement will result in different tangible responses. Also, other fingertip movement
may be occurring simultaneously, such as the sideways movement on pressed flute
holes and strings which is also used to change the sound produced. And of course, any
fingertip movement may occur as part of a wide range of dynamically changing hand,
arm and body postures. Still, in all of the above cases, the fingertip movement itself
can be characterized as approximating a single path of movement, at right angles with
a surface, extending across at most a few centimeters. This is illustrated in Figure 1.6.

Figure 1.6 Unidirectional fingertip movement orthogonal to a surface: To the lefi,
details from Figure 1.4 showing fingertip use on a flute, frame drum, guitar, and piano.
This as part of a wider range of musical instruments which share a common
component in their fingertip use: unidirectional fingertip movement orthogonal to a
surface. This is depicted to the right, using an intermediate hand posture, and with an
example surface, as wide as the fingers, seen from below.
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For the person performing it, this type of movement is associated with relatively
precise control costing relatively little effort. It can also be performed at relatively high
speeds, and by all fingers separately and simultaneously. This allows making more
changes to a sound-generating process over a given time period. All of these positive
properties for control may help explain why unidirectional fingertip movement
orthogonal to a surface has been widely used in the instrumental control of musical
sound, across many cultures, and for a long time, going back from the present at least
hundreds of centuries.

1.3 The anatomy, physiology and neural processes of
fingertip use

In the previous section, we have recalled many examples of fingertip use in the
instrumental control of musical sound. These examples served as evidence for the great
importance of fingertip use to the instrumental control of musical sound. How, in
general, across all of these cases, are the changes to sound-generating processes being
made via the fingertips? A first answer could be: by human actions attempting to move
or hold still the fingertip. Then, to more completely answer the question, it becomes
necessary to consider the implicit principles underlying this.

To do so, we will now provide an overview of some important, basic facts. These
will be, first, about the anatomy of those human body parts the combined motion of
which results in fingertip movement. Then, the physiology of fingertip movement and
touch will be discussed. Finally, this extends to the level of neural processes. Together,
these subject areas are of fundamental importance for the understanding of human
fingertip use in general. Explicitly considering them may clarify how existing forms of
fingertip use, and their advantages for instrumental control, are realized. Also, explicit
consideration will point to fundamental boundaries of what is possible, and relevant,
when fingertip instrumental control is to be improved or extended in any way.

1.3.1 The functional anatomy of fingertip movement 1.3.1.1 Scope  Where
anatomy studies the structural parts of the human body, functional anatomy studies
how these parts interact in dynamical processes. For the process of fingertip
movement, the relevant anatomy clearly also includes the larger body parts that
incorporate the fingertips. For example, even as a pianist gently presses a single key
only, the whole finger will move. More forceful downward pressing movements
producing louder sounds will involve displacement of the rest of the hand, as well as
the forearm. When a cellist adds vibrato to a tone, by moving a fingertip which is
already being pressed down on a sounding string, the required body movement may
include the upper arm, too [Fiste 2007]. These examples illustrate that, for the
functional anatomy of fingertip instrumental control, it will be relevant to discuss the
moving parts of the human body, starting from the fingertip, at least up to the shoulder.

Of course, other examples of instrumental control could be given to illustrate that
the human body beyond the shoulder also is quite relevant here. Strictly speaking, any
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fingertip movement relative to the surroundings will be the combined result of
movements of the entire body. It is not hard to imagine a concrete situation where,
using a sensor attached to the fingertip, its relative position within a large room is made
to directly control the generation of musical sound in some way. Then, movements of
the entire body may be made to clearly contribute to instrumental control via the
fingertip, from the smallest finger movements, to jumping up and down while running
around.

However, we may also consider more ordinary situations, where people fully
concentrate on the instrumental control of musical sound while using the fingertips
with traditional musical instruments. It seems fair to say that the focus of attention in
such situations probably is more on the more precise movements taking place from
shoulder to fingertip, than on those which contribute from the torso and the other
extremities. The latter movements may often be well described as enabling the other,
more precise movements, by providing stable placement of the body within the
surroundings, a suitably adapting dynamic body posture, and overall balance.
Therefore, below, we will focus on the functional anatomy of fingertip movement
relative to the tor