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ABSTRACT

This paper describes the adaptation of an existing model of hu-
man information processing for the categorization of digital musi-
cal instruments in terms of performance context and behavior. It
further presents a visualization intended to aid the analysis of ex-
isting DMIs and the design of new devices. Three new interfaces
constructed by the authors are examined within this framework to
illustrate its utility.

1. INTRODUCTION

When considering and categorizing devices that produce sound, it
is common to become entangled in the differentiation of instru-
ments, musical toys, and installations. Even within categories,
confusion arises: conceptual models of musical instruments vary
according to historical, cultural, and personal biases. New musical
devices have varying degrees of success in penetrating the concep-
tual boundary between instrument and non-instrument, and fre-
quently their path into the instrument domain is unexpected from
the perspective of design intentionality. The issue is further con-
fused by a layer of artistic interpretation, exploding the possible
definitions of “instrument" to virtually any conceivable artifact that
can involve sound (including the absence of sound). “Instrument"
can thus refer to a traditional acoustic device, a controller with
no specific mapping, a software program that maps control input
to musical output, or can be synonymous with a musical piece it-
self, in which the interface (including its physical component) is
integrated with musical sound output in the composer’s expres-
sive intent [1]. However, a systematic investigation of the design
space of a musical device (such as dimension space analysis [2])
promotes an understanding of musical devices that considers both
design goals and constraints arising from human capability and
environmental conditions.

For the purposes of this investigation, the definition of “mu-
sical instrument" will be restricted to refer to a sound-producing
device that can be controlled by a variety of physical gestures and
is reactive to user actions [3]. A digital musical instrument (DMI)
implies a musical instrument with a sound generator that is sepa-
rable (but not necessarily separate) from its control interface, and
with musical and control parameters related by a mapping strat-
egy [4]. While computers are an essential part of a system such as
this, the representation of the computer as a symbolic, metaphor-
ical machine generating function-relationships to which we inter-
face sensor and feedback systems does not adequately articulate
its role in problem-posing task domains such as music composi-
tion and performance.

It has been said that, with respect to computer music, the dif-
ferentiation between computer and musical instrument is a mis-
conception, and this is a problem that has its solution in interface
design [5]. Indeed, a computer may be used to contain structural
components of an instrument, or many instruments, whose limits
are only defined in terms of the computer’s ability to implement
known sound synthesis, signal processing, and interfacing meth-
ods. But if the “computer = instrument" paradigm is used, it is
likely to leave the impression that digital instruments are also gen-
eral purpose tools, and that the freedom to change mapping and
feedback parameters arbitrarily provides the player with a better
musical tool. Instead, the computer can be more aptly viewed as
a semiotic, connotative machine that hypothesizes design criteria
rather than exclusively representing a priori interaction metaphors
based on the cultural and personal experience of the user [6]. Un-
derstanding the computer in this way endows it a constitutive role
in performance behaviors that are not guided by explicit intention
and evaluation of feedback, and directs scrutiny toward a variety
other factors.

Fields of research that have been applied to instrument analy-
sis and development range from human-computer interaction [7],
theories of design [8], music cognition and perception [9], organol-
ogy [10], and artistic/musicological approaches [11], to name only
a few. We propose another possible approach, tying together ideas
from human-machine interaction and music performance practice
by emphasizing the context of a musical performance.

2. A HUMAN-MACHINE INTERACTION APPROACH

We have developed a paradigm of interaction and musical context
based on Jens Rasmussen’s model of human information process-
ing [12], previously used to aid DMI design in [13]. Rasmussen
examines the functions of “man-made systems" and human inter-
action in terms of the user’s perception and the reasons (rather than
causes) behind system design and human behavior. He describes
interaction behaviors as being skill-, rule-, or knowledge-based.
Rasmussen himself suggests that knowledge-based might be more
appropriately called model-based, and we believe this term more
clearly denotes this mode of behavior, particularly during perfor-
mance of music, as “musical knowledge" can have various con-
flicting definitions.

Briefly, skill-based behavior is defined as a real-time, continu-
ous response to a continuous signal, whereas rule-based behavior
consists of the selection and execution of stored procedures in re-
sponse to cues extracted from the system. Model-based behavior
refers to a level yet more abstract, in which performance is di-
rected towards a conceptual goal, and active reasoning must be
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Figure 1: A visualization of the framework.

used before an appropriate action (rule- or skill-based) is taken.
Each of these modes is linked to a category of human information
processing, distinguished by their human interpretation; that is to
say, during various modes of behavior, environmental conditions
are perceived as playing distinct roles, which can be categorized as
signals, signs, and symbols. Figure 1 demonstrates our adaptation
of Rasmussen’s framework, in which both performance behav-
iors and context are characterized as belonging to model/symbol,
rule/sign, or skill/signal domains.

2.1. Skill-, Rule-, and Model-based Musical Performance

Skill-based behavior is identified by [8] as the mode most descrip-
tive of musical interaction, in that it is typified by rapid, coordi-
nated movements in response to continuous signals. Rasmussen’s
own definition and usage is somewhat broader, noting that in many
situations a person depends on the experience of previous attempts
rather than real-time signal input, and that human behavior is very
seldom restricted to the skill-based category. Usually an activity
mixes rule- and skill-based behavior, and performance thus be-
comes a sequence of automated (skill-based) sensorimotor pat-
terns. Instruments that belong to this mode of interaction have
been compared more closely in several ways. The “entry-fee" of
the device [5], allowance of continuous excitation of sound after
an onset [9], and the number of musical parameters available for
expressive nuance [14] may all be considered.

It is important to note that comparing these qualities does not
determine the “expressivity" of an instrument. “Expressivity" is
commonly used to discuss the virtue of an interaction design in
absolute terms, yet expressive interfaces rely on the goals of the
user and the context of output perception to generate information.
Expression, a concept that is unquantifiable and dynamically sub-
jective, cannot be viewed as an aspectual property of an interac-
tion. Clarke, for example, is careful not to state that musical ex-
pressivity depends on the possession of a maximum or minimum
number of expressive parameters; instead, he states that the range
of choices available to a performer will affect performance prac-
tice [14]. A musician can perform expressively regardless of the
choices presented, but must transfer her expressive nuance into
different structural parameters and performance behavior modes.
This relates to the HCI principle that an interface is not improved
by simply adding more degrees of freedom (DOF); rather, at is-

sue is the tight matching of the device’s control structure with the
perceptual structure of the task [15].

During rule-based performance the musician’s attention is fo-
cused on controlling a process rather than a signal, responding to
extracted cues and internal or external instructions. Behaviors that
are considered to be quintessentially rule-based are typified by the
control of higher-level processes and by situations in which the
performer acts by selecting and ordering previously determined
procedures, such as live sequencing, or using “dipping" or “drag
and drop" metaphors [5]. Rasmussen describes rule-based behav-
ior as goal-oriented, but observes that the performer may not be
explicitly aware of the goal. Similar to the skill-based domain, in-
teractions and interfaces in the rule-based area can be further dis-
tinguished by the rate at which a performer can effect change and
by the number of task parameters available as control variables.

The model domain occupies the left side of the visualization,
where the amount of control available to the performer (and its
rate) is determined to be low. It differs from the rule-based domain
in its reliance on an internal representation of the task, thus making
it not only goal-oriented but goal-controlled. Rather than perform-
ing with selections among previously stored routines, a musician
exhibiting model-based behavior possesses only goals and a con-
ceptual model of how to proceed. He must rationally formulate
a useful plan to reach that goal, using active problem-solving to
determine an effectual course of action. This approach is thus of-
ten used in unfamiliar situations, when a repertoire of rule-based
responses does not already exist.

2.2. Signals, Signs and Symbols

By considering their relationship with the types of information de-
scribed by Rasmussen, performance context can also be distributed
among the interaction domains. The signal domain relates to most
traditional instrumental performance, whether improvised or pre-
composed, since its output is used at the signal-level for perfor-
mance feedback. The sign domain relates to sequenced music,
in which pre-recorded or pre-determined sections are selected and
ordered. Lastly, the symbol domain relates to conceptual music,
which is not characterized by its literal presentation but rather the
musical context in which it is experienced. In this case, problem-
solving and planning are required — such as the in the case of
conceptual scores, which may lack specific “micro-level" musical
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instructions but instead consist of a series of broader directives or
concepts that must be actively interpreted by the performer [16].

3. USING THE VISUALIZATION

Consider the drum machine, for instance the Roland TR-808. To
create a rhythm, the user selects a drum type using a knob, and
then places the drum in a 16-note sequence by pressing the cor-
responding button(s). When the “start" button is pressed, the se-
quence is played automatically at the selected tempo. Using the
diagram, this is clearly a rule-based way to perform a rhythm. A
skill-based example in a similar vein would be using a drum ma-
chine controlled by trigger pads that require the performer to strike
the pads in real-time. Of course, a drum kit would be another obvi-
ous skill-based example. Using the same musical idiom but on the
opposite end of the diagram we can consider using the live coding
tool Chuck [17] to create the same rhythm. Here the performer
would take a model-based approach: playing a beat would require
breaking the task into sub-tasks, namely creating a loop and decid-
ing on an appropriate rest interval based on the desired tempo.

4. APPLICATIONS AND IMPLICATIONS

4.1. The Rulers

The Rulers, an interface developed by one of the authors1, was
designed to evoke the gesture of plucking or striking a ruler (or
“tine") that is fixed at one end. Utilizing infrared reflect sensors,
the tines play one of seven percussive samples, slices extracted
from the Amen breakbeat [18]. Each sample consists of either
a single drum or cymbal, or a sequence of drums comprising a
short rhythm. Because the samples contain sub-rhythms, the in-
strument must be played in the context of a global tempo set in
the Max/MSP patch that remains fixed during the course of the
performance. When plucked, each tine oscillates for a different
amount of time; the sample it plays back has been assigned strate-
gically, so that the length of sound output and physical oscilla-
tion are correlated. This provides an element of visual and passive
haptic feedback to the player, as perceptual characteristics of the
sound are tightly coupled to the physical construction of the inter-
face. Output amplitude is determined by the amplitude of the tine’s
oscillation, leading to control over the amplitude of initial excita-
tion and damping — characteristics that classify it as an instrument
that outputs musical events with a non-excited middle [9].

Playing the Rulers is principally a skill-based behavior, requir-
ing constant performer input to sustain musical output. While it
does not allow for continuous excitation, it does allow continuous
modification after an onset, as the tines may be damped to affect
the decay rate of musical events. Yet because the musical output
contains fixed elements of rhythm over which the performer has
no real-time control, the interaction is also directing short-time
musical processes that do not originate from the player but are
hard-wired into the instrument/system; it therefore incorporates el-
ements of both the signal and sign domains.

4.2. The Celloboard

Another new interface, the Celloboard, was designed to tie sound
output with continuous energy input from the performer. Using

1Developed at the Center for Computer Research in Music and Acous-
tics 2004 Summer Workshop.

Figure 2: The Rulers, by David Birnbaum.

contact microphones and accelerometers to sense the amplitude,
direction and pressure of bowing gestures, this controller allows
the continuous excitation, as well as modification, of its sound.
Pitch and timbral sound elements, created using scanned synthesis
[19], are controlled by sensors on the controller’s neck, sensing
position and pressure of touch on two channels, and also strain of
the neck itself on one axis.

With its many continuously-controlled parameters and integral
mapping, the Celloboard controller easily fits into the skill/signal
domain. Any interruption in performance will immediately be au-
dible since sound output requires constant bowing of the inter-
face. It possesses a high “entry-fee" for both sound excitation and
modification, and does not easily allow high-level control of mu-
sical processes. Adaptations suggested by the framework might
be to map the physical controls to a synthesis technique even less
process-based than the present scanned synthesis implementation,
or to allow the selection of discrete pitches (effectively lowering
the modification entry-fee), in order to make the instrument more
quickly mastered if a larger user-base is desired.

Figure 3: The Celloboard, by Joseph Malloch.

4.3. The Gyrotyre

The Gyrotyre [20] is a handheld bicycle wheel-based controller
that uses a gyroscope sensor and a two-axis accelerometer to pro-
vide information about the rotation and orientation of the wheel.
It was designed as a controller around a small group of mappings
that would make use of the continuous motion data. We will look
at two Gyrotyre mappings in order to place them in the framework.

Figure 4: The Gyrotyre, by Elliot Sinyor [20].
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In the first mapping, the interface controls playback of a sound
file scrubbed backwards and forwards by spinning the wheel, evok-
ing a turntable interface. The wheel may be spun very fast and then
damped to achieve a descending glissando effect, or it may be kept
spinning at a constant speed. This DMI (i.e. this particular map-
ping of the Gyrotyre controller) fits in the skill-based domain of
the framework.

In an arpeggiator mapping, spinning the wheel while pressing
one of the keys on the handle repeatedly cycles through a three-
note arpeggio whose playback speed is directly correlated to the
speed of the wheel. The performer changes the root note and
the octave by tilting the Gyrotyre. In this case, performance be-
havior is predominantly rule-based. The musician reacts to signs,
such as the current root note and the speed of the playback. The
skill-based aspect of performance is the sustaining of a constant
speed of rotation while holding a steady root-note position. Os-
tensibly, a performer could practice to develop these skills, but
this would offer little advantage as the instrument outputs discrete,
predetermined pitches. Considering musical context could lead to
two changes: the mapping could be altered to reflect the required
skill in the musical output, and/or the root-note selection method
could be mapped to a gesture more appropriate for a rule-based
behavior.

5. CONCLUSIONS

Our framework is intended to clarify some of the issues surround-
ing music interface design in several ways. Firstly, it may be used
to analyze, compare, and contrast interfaces and instruments that
have already been built, in order to facilitate an understanding of
their relationships to each other. Additionally, the design of new
instruments can benefit from this description, whether the designer
intends to start with a particular interface concept or wishes to
work within a specific musical context. Finally, it may be use-
ful for adapting existing DMIs to different musics, or to increase
their potential for performance within a specific musical context.
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