19" INTERNATIONAL CONGRESS ON ACOUSTICS
MADRID, 2-7 SEPTEMBER 2007

Cymatic: a real-time tactile-controlled
physical modelling musical instrument

PACS: 43.75.-z

Howard, David M; Murphy, Damian T
Audio Lab, Intelligent Systems Research Group, Department of Electronics, University of York,
Heslington, York, YO10 5DD, United Kingdom; dh@ohm.york-ac.uk

ABSTRACT

A physical modelling music synthesis system known as ‘Cymatic’ is described that enables
‘virtual instruments’ to be controlled in real-time via a standard PC gaming force-feedback
joystick and a force-feedback mouse. These serve to provide the user with gestural controllers
whilst in addition giving tactile feedback to the user. Cymatic virtual instruments are set up via a
graphical user interface in a manner that is highly intuitive. Users design and play these virtual
instruments by interacting directly with their physical shape and structure in terms of the
physical properties of basic objects such as strings, membranes and solids which can be
interconnected to form complex structures. The virtual instrument can be excited at any point
mass by the following: bowing, plucking, striking, sine/square/sawtooth/random waveform, or an
external sound source. Virtual microphones can be placed at any point masses to deliver the
acoustic output. This paper describes the underlying structure and principles upon which
Cymatic is based, and illustrates its acoustic output in the context of music making.

INTRODUCTION

When musicians interact with acoustic instruments they are intimately coupled to their
instruments such that their smallest gestural movements have the potential to have an effect on
the sound being produced. Each time a note is played there will be subtle differences in the
gestures made when the player energises the instrument, for example by bowing, plucking,
striking or blowing. Observation of the output waveform and/or spectrum for the same note
played more than once on a given instrument reveals resulting subtle acoustic differences,
perhaps in one or more of the note’s onset, steady state or offset [1]. One of the key reasons for
this lies with the underlying models that relate to the various methods used for music synthesis,
such as additive, subtractive or frequency modulation (FM) [2]. Methods such as these make
use of control parameters that are non-intuitive for the performer. This is particularly true in the
case of FM synthesis, for which Hunt and Kirk [3] have made the following observation: “there is
no straightforward perceptual relationship between the modulation values and the timbre
produced, and hence it is difficult to use FM synthesis to create a specific sound that you might
require”. It can thus be very difficult for a given parameter change to predict how the output
sound will be perceived. Furthermore, the subtle variations between notes that would occur
when a performer plays an acoustic instrument would not be present.

Physical modeling synthesis offers the possibility of directly simulating the sound production
processes in an acoustic instrument with no underlying sound production model except the
physics of vibration. physical. Couple this with the provision of a user interface that enables
musicians to interact with the instrument in a manner that is intuitive and intimate tends to
counteract this difference, there is the potential for a new breed electronic musical instruments.
Traditional electronic musical instruments produce sounds that are often described as being, for
example, “dull” or “lifeless” which is clearly not the case with acoustic musical instruments,
where adjectives such as “intimate” or “organic” might be employed. There is also anecdotal
evidence from the world of pipeless electronic organs, potentially one of the easier acoustic
instrumental sounds to create electronically, that although the output sounds very convincing on



first hearing, it becomes increasingly less convincing and less interesting to the ear after weekly
listening over three to six months.

This paper describes Cymatic, a new electronic musical instrument that makes use of physical
modelling synthesis controlled by a tactile and gestural interface. Its physical modelling origins
derive from TAO [4] and it shares common approaches with other physical modeling sound
synthesis systems including Mosaic [5] and CORDIS-ANIMA [6]. Its tactile and gestural
interfaces are designed to enable it to be played In a manner that is both intuitive and intimate.
Cymatic is implemented under Windows and the player interacts with the underlying physical
modelling synthesis engine by means of a force feedback mouse and joystick. The force
feedback devices enable Cymatic to provide haptic feedback in addition to the acoustic output,
thereby providing users with a playing experience that is both immersive and tactile. Haptic
senses rather than the visual senses come second in providing the user with a means of
observing and interacting with a musical instrument [7]. Complex and realistic musical
expression only results when both tactile (vibrational and textural) and proprioceptive cues are
made available to the player in conjunction with aural feedback [8, 9]. Cymatic provides its
players with an tactile, immersive and organic musical experience that is much more typical of
that found with acoustic instruments compared with traditional electronic instruments.

BUILDING A CYMATIC INSTRUMENT

Cymatic is a real-time physical modelling sound synthesis system that is based on the
interconnection of virtual instruments that are designed by the user [10]. Cymatic makes use of
a mass-spring physical modelling paradigm with which its individual elements are constructed.
Standard force feedback PC gaming controllers are used to provide gestural control and tactile
feedback. Acoustic output is via ASIO audio drivers and a compatible soundcard. User
interaction with cymatic is a two-stage process of virtual instrument design and real-time sound
synthesis.

A graphical interface is used for virtual instrument design where individual vibrating elements
made up of strings, sheets and blocks can be interconnected. The ends of the strings and
edges of the sheets and blocks can be locked or left free, and any mass in the system can be
connected to any other mass. The mass and spring tension values of each element are user
defined in value, and these can either be left static or dynamically controlled using a gestural
controller during synthesis. Interconnection of individual elements enables complex virtual
instruments to be constructed. Individual masses can be deleted or locked in position, either as
a fixed feature or dynamically during synthesis, enabling these complex instruments to have
arbitrary shapes as desired. The resonant frequency of each basic element is a function of its
mass/spring structure, and this can be adjusted by altering the number of masses or the mass
and tension values, thereby allowing the instrument to be tuned and/or varied in timbre. Basic
physical principles apply in such a system such as an octave down change resulting from
doubling the length of a string.

In order to create a sound from a Cymatic virtual instrument, an input sound source and a
means of deriving an output sound from the system is required. An input excitation function can
be placed on any mass that is not fixed, and a choice is available from the following: pluck, bow,
random, sine wave, square wave, triangular wave, or live audio. Parameters relating to the
selected excitation, including excitation force, and its velocity and time of application where
appropriate can be specified by the user. Multiple excitations are possible since any non-fixed
mass can be excited in this way. A monophonic sound output is achieved by placing a virtual
microphone on any non-fixed mass within the virtual instrument. Multi-channel output can be
realised by placing multiple microphones within the system, each of which can have its output
panned between the left and right outputs of the soundcard. Cymatic supports whatever range
of sampling rates that is available on the soundcard. For example, when used with an Eridol
UA-5 USB audio interface, the following are available: 8kHz, 9.6kHz, 11.025kHz, 12kHz, 16kHz,
22.05kHz, 24kHz, 32kHz, 44.1kHz, 48kHz, 88.2kHz and 96kHz.
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Figure 1: Example Cymatic virtual instrument consisting of a string with 40 masses, a sheet of 6
by 7 masses and a block of 5 by 4 by 3 masses. The masses at the ends of the string
and the corners of the sheet and block are locked (shown in red). The block has had
some of its masses cut to illustrate how arbitrary shapes can be achieved.
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Figure 2: GammaTone human hearing modelling spectrograms of the impulse responses for the
three elements of the virtual Cymatic instrument shown in figure 1 obtained using the
pluck excitation function and virtual microphones set on each element as follows: string
- pluck at mass 10, microphone at mass 36; sheet — pluck at mass (3,3), microphone at
mass (4,3); block — pluck at mass (2,2,2), microphone at mass (3,3,2).

Figure 1 illustrates a three element Cymatic virtual instrument consisting of a string of 45
masses, a sheet of 7 by 9 masses, and a block of 4 by 4 by 3 masses. The block has had a
portion removed to indicate how arbitrary shapes can be produced, which is achieved simply by
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clicking on the individual masses to be cut away. The masses at the ends of the string and the
corners of the sheet and block are locked. Each element has a different tension value for its
springs and the masses in the block have double the value of those in the string and sheet.

The impulse response of each element is shown spectrographically in figure 2, and these were
obtained by placing a pluck excitation and a virtual microphone on each element as follows:
string - pluck at mass 10, microphone at mass 36; sheet — pluck at mass (3,3), microphone at
mass (4,3); block — pluck at mass (2,2,2), microphone at mass (3,3,2). GammaTone hearing
modelling spectrography [us] is employed since it provides a picture that is closer to that
presented to the brain by each ear. GammaTone spectrography [11-14] makes use of
knowledge of the peripheral human hearing system by taking into account the frequency
response of the outer and middle ears and the critical band mechanism [1] is used to set the
bandwidths of a bank of filters with a GammaTone impulse response which closely approximate
to human auditory filter responses [15]. It can be seen that the frequency components in the
impulse response of each of the three elements are different, but that in each case, the output
remains static, indicating that: (1) there are no dynamic changes being made, and (2) the
different shapes with their altered mass and tension values are having an effect.

AN EXAMPLE CYMATIC INSTRUMENT

In order to illustrate how Cymatic can be used in a non-real-time manner, the three element
Cymatic virtual instrument shown in figure 1 is used with more than one excitation. The
elements themselves are connected together (string to sheet to block) my linking the masses
that were used in the generation of the impulse responses shown in figure 2, hence mass 36 of
the string is linked to mass (3,3) of the sheet, and mass (4,3) of the sheet is linked to mass
(2,2,2) of the block. The virtual microphone is placed at mass (3,3,2) of the block.
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Figure 3: Output waveform (upper) and a GammaTone hearing modelling spectrogram (lower)
for the example Cymatic virtual instrument shown in figure 1, which has been internally
connected and excited (see text) with excitation functions indicated (1-4) as follows: (1)
random input at mass (3,1,1) of the block from the start and ending at 5 seconds; (2)
pluck at mass 10 of the string at 1 second; (3) random input at mass (4,1) of the sheet
starting at 1 second and ending at 3 seconds; and (4) sawtooth input at mass (15) of
the string starting at 4 seconds and ending at 6 seconds.

4
19" INTERNATIONAL CONGRESS ON ACOUSTICS - ICA2007MADRID



The excitation functions available (see above) can be adjusted in terms of their start and end
times and strength. Any excitation can be applied to any non-locked mass in the instrument. For
this particular example, four excitation functions are used as follows.

1. random input at mass (3,1,1) of the block from the start and ending at 5 seconds

2. pluck at mass 10 of the string at 1 second

3. random input at mass (4,1) of the sheet starting at 1 second and ending at 3 seconds

4. sawtooth input at mass (15) of the string starting at 4 seconds and ending at 6 seconds.

The output waveform is saved to file. Figure 3 shows the time waveform and a GammaTone
hearing modelling spectrogram for this example instrument. The onsets of the excitations can
be seen in the spectrogram as can the continuity of the random and sawtooth excitations, and
the decay associated with the impulse response of each element (see figure 2) can be observed
after the final excitation function has ceased (at 6 seconds). The onset of the pluck is
particularly clear.

REAL-TIME OPERATION

Cymatic can be played in real-time allowing a player to interact with a number of its parameters
by means of gaming interfaces. Force feedback controllers can be employed which enable the
provision of tactile feedback with a high degree of customizability. To date, Cymatic has been
used with the Microsoft Sidewinder Force Feedback Pro Joystick and the Logitech iFeel mouse
[20]. The force instructions are communicated via MIDI to control the force feedback devices.
The amount of force feedback is controlled by the acoustic amplitude of the signal from a user-
specified virtual microphone, which need not necessarily be a main audio output signal.
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Figure 4: Example dialog box for mapping force feedback mouse movements to Cymatic
physical modelling synthesis parameters associated with the “Random1” excitation to
the sheet.

When the users moves the device, various gestures are captured which can be mapped to any
of the parameters that are associated with the physical modelling process on an element-by-
element basis. The joystick offers four degrees of freedom (x, y, z-twist movement and a rotary
“throttle” controller) and eight buttons. The mouse has two degrees of freedom (X, Y) and three
buttons. Cymatic parameters that can be controlled include: the mass or tension of any of the
basic elements that make up the instrument and the parameters associated with the chosen
excitation such as bowing pressure, excitation force, or excitation velocity. The buttons can be
configured to suppress the effect of any of the gestural movements to enable the user to move
to a new position while making no change, and then the change can be made instantaneously
by releasing the button. In this way, step variations can be accommodated. This is illustrated in
figure 4 which shows an example dialog box from Cymatic for mapping force feedback mouse
movements to synthesis parameters associated with the “Random 1” excitation to the sheet.
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CONCLUSIONS

A real-time Windows-based physical modelling electronic musical instrument, known as
Cymatic, has been described in terms of the underlying physical principles upon which it is
based, the available excitation models, and the graphical user interface implemented for setting
up complex multi-dimensional virtual instruments. Cymatic can be played in real-time using
force feedback gestural controllers whose control changes can be arbitrarily mapped to
underlying physical modelling parameters, or off-line. Acoustic output is gained from virtual
microphones that can be associated with any individual masses within the instrument. Tactile
feedback is obtained from virtual microphones associated with any cells of the instrument which
are set to control the force feedback applied to the gestural controller.

Cymatic was implemented as a result of a desire to interact with original and inspiring new
instruments, which in themselves may not be physically practical or possible in the real world
(such as dimensionality greater than three, dynamically changing physic properties such as
mass or tension, and dynamic removal of parts of the instrument with ‘virtual scissors’). Physical
modelling provides users with an intuitive and easy to understand and use system, with the
potential for high degree of playing virtuosity. Haptic feedback reinforces aural and visual
feedback cues thereby reinforcing the user’s internal models of how the instrument reacts to
gesture.
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