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ABSTRACT

The Chimaera is a touch-less, expressive, polyphonic and
electronic music controller based on magnetic field sensing.
An array of linear hall-effect sensors and their vicinity make
up a continuous 2D interaction space. The sensors are ex-
cited with Neodymium magnets worn on fingers. The device
continuously tracks position and vicinity of multiple present
magnets along the sensor array to produce event signals ac-
cordingly. Apart from the two positional signals, an event
also carries the magnetic field polarization, a unique identi-
fier and group association. We like to think of it as a mixed
analog/digital offspring of theremin and trautonium. These
general-purpose event signals are transmitted and eventu-
ally translated to musical events according to custom map-
pings on a host system.

With its touch-less control (no friction), high update rates
(2-4kHz), its quasi-continuous spatial resolution and its low-
latency (<1 ms), the Chimaera can react to most subtle
motions instantaneously and allows for a highly dynamic
and expressive play. Its open source design additionally
gives the user all possibilities to further tune hardware and
firmware to his or her needs. The Chimaera is network-
oriented and configured with and communicated by Open
Sound Control, which makes it straight-forward to integrate
into any setup.
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1. INTRODUCTION

The main design goals of the Chimaera were to have a versa-
tile, easy tunable and modifiable electronic music controller
that would give the player optimal control on musical ex-
pression. As a prerequisite for an expressive play there is
the need to have low-latency access to highly resolved mod-
ulation of pitch and timbre of generated sounds and their
temporal progression. Pitch and timbre thus would be con-
trollable over continuous ranges with high temporal resolu-
tion. Pitch needing a finer control would require a higher
resolution and entail a linear controller design.

In its design phase, we required the music controller to be
fully hackable, designed for DIY production, entirely based
on and released as open source hardware. Setup and com-
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munication would be driver-less and based on present net-
working infrastructure. A combination of distance-sensing
(theremin-like [10]) and position-sensing (trautonium-like
[8] and ribbon-like |6]) mechanisms served as archetypes for
a new digital offspring.

For its musicality, it would be highly sensitive and respon-
sive, accomplished with fast responding sensors running at
high update rates (2-4kHz) and low latency (<1ms). We re-
quired it to be as expressive as the violin, the theremin and
the trautonium while seamlessly being integrable into to-
days schemes of digital audio synthesis. It would be playable
with fingers, as those are among the body parts that we have
a very fine grained control on and it would be touch-less and
thus circumvent complicating hardware manufacturing.

The design we have come up with that fulfilled all our
prerequisites is the Chimaera - the poly-magneto-phonic
theremin - an expressive touch-less hall-effect sensor array.
It is as sensor array that is excitable by an arbitrary num-
ber of manually actuated magnetic fields. Depending on
where the magnetic fields are located along the array and
how near they are to the latter, the device outputs continu-
ous positional event signals which can flexibly be mapped to
expressive musical events on a host to drive sound synthesis.

2. DESIGN CONSIDERATIONS
2.1 Interaction

Up to 160 linear hall-effect sensors aligned on a straight
line form the sensory part of the device. Each sensor senses
its surrounding magnetic field and outputs a linearly cor-
responding analog signal |7]. Manually actuated perma-
nent magnets (Neodymium) act as constant mobile mag-
netic field sources. In our design, each hall-effect sensor
thus acts as a miniature theremin and is used for distance-
sensing (Fig. . Alternative multi sensor theremin-like
instruments have previously been built, e.g. with infrared
sensors |2]. However, magnetic field sensing has advantages
over light and capacitive sensing as it is less susceptible to
the surrounding electromagnetic spectrum due to the short-
ranged action radius and relative strength of permanent
magnets. Linear hall-effect sensors have previously been
shown to be practical in building music controllers [3]. Con-
trasting to other touch-less motion-sensing controllers [11]
which are based on moving sensors in a stationary medium
(e.g. gravity), the Chimaera uses stationary sensors with
mobile actuators. As the sensors are narrowly spaced apart,
a single magnetic field source is sensed by several adjacent
sensors. With continuous tracking and inter-sensor inter-
polation, vicinity of the magnet to sensors and its exact
location along the array can be estimated to a high accu-
racy (<ﬁ of inter-sensor distance). The device thus out-
puts two positional signals for each magnetic field source:
position z and vicinity y. As sensors are sampled individ-
ually, multiple magnets can be tracked concurrently. With
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magnets worn on fingers (magnetic plectrum) as sources of
magnetic fields and varied in their position along and vicin-
ity to the sensor array, the player has touch-less control
over a continuous 2D space eventually mapped to a musical
expression scheme.

Figure 1: Raw hall-effect sensor dump: Response of two
differently polarized Neodymium magnets (144 sensors).

2.2 Hardware

The hardware of the Chimaera consists of two types of
printed circuit boards and an enclosure. Multiple sensor
units are daisy-chained to form the sensor array and con-
nected to a single digital signal processing (DSP) unit.

2.2.1 Sensor unit

A single sensor unit consists of 16 linear hall-effect sensors
spaced bmm apart and routed to a single output through a
16:1 multiplexer which is switched by the DSP unit. Down-
stream the multiplexer, the analog signal runs through an
amplification circuitry (Fig. [2). To create an equally re-
sponding continuous sensor array, all units need equal tun-
ing at their trim potentiometers RV;-RV3.

Figure 2: Sensor unit amplification circuitry.

RV3 is a voltage divider to set reference voltage V,.y from
Vee to Vee. Sensors respond to both north and south polar-
ized magnetic fields and output ~ % of their input voltage
(quiescent output) in a zero magnetic field. In a south po-
larized magnetic field, voltage linearly approaches V.. and
Vee in a north polarized one. Reference voltage Vs is set
to the mean quiescent voltage of all 16 sensors.

RV; is a varistor and sets the amplification factor in con-
junction with resistor R;. The changeable amplification fac-
tor A=1+ RR—‘? accommodates usage of different magnetic
field strengths.

RV5 attenuates the signal before handing it over to the
DSP unit, a necessity to talk to circuitry running at lower
voltages than the sensor unit.

2.2.2 Digital signal processing (DSP) unit

The DSP unit is a mixed-signal board and handles sensor
read out, event detection and host communication. It is
based on an ARM Cortex M4 microcontroller in combina-
tion with a hardwired 100Mbit IPv4/PHY chip taking care
of all low-level networking protocols via UDP/TCP.

The boards analog part features 10 analog inputs pro-
viding connection points for the sensor units, leading to
a maximally possible array of 160 sensors. Those analog
inputs connect directly to three in parallel running 12bit
analog-to-digital converters.
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2.2.3 Enclosure

The enclosure (Fig. was designed with different playing
styles in mind: it can be put flat on a table like a keyboard,
strapped around like a guitar or used standing upright like
a cello. For its fingered playing style we chose wood for
an agreeable touch. The circuitry is embedded in a base
rib construction wrapped with a kerf-bent plywood sheet
giving a robust, ultra-light construction with rounded edges.
The underlying sensors are marked with engravings to ease
visual orientation.

Figure 3: Beech enclosure with guitar strap (128 sensors).

2.3 Firmware
2.3.1 Distance - magnetic field relationship

The strength of magnetic field B of a permanent magnet
along its magnetization axis decreases with increasing dis-
tance d and follows an inverse-cube relationship based on
an ideal dipole [7]. The decrease is non-linear dependent on
material and physical form.

As we are interested in how near the magnet is to a sensor,
we prefer the concept of vicinity (y. = 1 — d). Eqn.
adds room for deviations from an ideal dipole and defines
normalized vicinity y, based on normalized magnetic field
B,,. Vicinity is mapped continuously from [0 — 1]. y = 0
corresponds to threshold magnetic field Bin, y = 1 in turn
to the maximal to expect magnetic field Bpaz. Bp is the
measured absolute magnetic field B normalized in respect
to the two extremes (Eqn. [2)).

The parameters of the relationship can vary considerably
for different types of permanent magnets. The Chimaera
therefore needs a first calibration step done with a five point
least squares fit (Fig. with points (0, 0), (b1,y1), (b2, y2),
(bs,ys) and (1,1) leading to an analytical solution for the
three function parameters co, c1,c2 (Eqn. [3l4). The fitted
distance-function then is applied to the sampled magnetic
field strength to estimate the corresponding distance in real-
time.

Yn = Co‘\B/Bn+C1'VBn+C2‘Bn (1)
B — Bmzn
L A ?
0 0 0 0
Yoy Vb1 by Y1
B, = Y bo \/g b2 aYn = 1Y2 (3)
Vbs bz b3 Ys
1 1 1 1
Co
C = a | = (BE . Bn)*l ,BE Y, (4)
C2

2.3.2  Sensor comparability

An ideal linear hall-effect sensor outputs a voltage Vs lin-
early dependent on its sensitivity S and magnetic field B
offset by quiescent voltage output V; (Eqn. [5). However,
both V; and S can vary considerably between sensors due to
manufacturing processes . For a successful position and
distance interpolation along the sensor array, sensor val-
ues must be comparable. We thus need another calibration
across sensors to be applied in a normalization step after
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Figure 4: (a) Example distance magnetic field relationship
(points) and its least-squares fit (line). (b) Cubic interpo-
lation of position z, and vicinity y, over four normalized
adjacent sensor values with Catmull-Rom splines [1].

sensor read out - a very important concept of Chimaera in-
ner workings. Amplification of the voltage signal also needs
consideration as it varies across individual sensor units.

Amplified voltage output V,, depends on raw sensor volt-
age Vs, reference voltage V;. and amplification factor A (Eqn.
@, Fig. . V, and magnet vicinity are the only variables we
can measure directly, all others have to be deduced in the
sensor comparability calibration routine. In the case of no
magnetic field (B = 0), we can measure amplified quiescent
voltage Voq (Eqn. [7) of each sensor from which we can solve
for V; and rewrite V, (Eqn. [8).

V. = V,+5 B (5)
Vo = Vi4(Vi=Vp)-A (6)
Voq = ‘/T+(Vq_‘/r)'A (7)
Vo = Voq+A-S-B (8)

We define a new single parameter AS = A - S which we
calculate over both field polarizations for a higher robust-
ness. Output voltages Vo1, Voo (Eqns. are measured
for an arbitrary absolute magnetic field strength (|B| =
|B1| = |B2|), once south polarized and once north polar-
ized (B2 = —B1). With measured V4 at B = 0 and Vo1, Voo
at the arbitrary |B|, we can estimate AS for each individual

sensor (Eqn. [T1)).

Vo1 ng + AS - B (9)
V02 Voq + AS . BQ (10)
as = Yoo (Vo= Ver) (11)

|B‘ . (Vol + V02)

| B| cannot be measured directly, instead we approximate
it numerically with the inverse of the previously calibrated
distance - magnetic field relationship (Eqn. |1} Fig. [4a)). | B|
ultimately depends on three constants V,q, U (Eqn. [12)) and
W (Eqn. . Voq and U are specific to each sensor, W is
constant for the whole sensor array. Thus we directly get
from raw sensor voltage output V, over normalized magnetic
field strength B, (Eqn. to normalized vicinity y, (Eqn.
. With vicinities being comparable over the whole sensor
array, only now we are able to interpolate position x, of the
magnets along the array.
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U (AS - (Bmaz — Bmin)) ™" (12)
W = Bumin (Bmaz — Bmin) " (13)
By = (Vo—Vig) U-W (14)

2.3.3 Blob event handling

A blob represents a recognized magnetic permanent mag-
net that is to be tracked over space and time. Blob event
handling is divided into the following stages:

Magnetic flux polarity Firstly, we discriminate be-
tween the polarities of the potentially present magnetic field
sources. For each raw sensor read out V, we subtract its
previously calibrated quiescent value V,4. The sign of the
difference corresponds to the polarity, the absolute value
|Vo — Vog| in turn to the strength of the magnetic field.

Area of interest After each scan of the whole sensor
array, areas of interest are marked on the array where sensor
values exceed their threshold B,.in. The rest of the sensor
values are not of interest for further steps.

Blob detection A peak in the sensor read out marks
an individual magnetic field source and is located around a
sensor with an absolute value greater than the values of a
given number of adjacent sensors in the same area of interest
(Fig. [4b).

Blob interpolation As always more than one sensor is
excited by an individual magnetic field source, its real po-
sition can be deciphered by interpolation around the peak
sensor. We fit linear, quadratic, cubic or spline curves (Eqn.
Fig. through adjacent sensor values and find the cur-
rent position X,, along the sensor array and vicinity Y, by
finding the cross point of the curve’s derivative (Eqn. .
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yn(zn) = D @h-my (15)
j=0
_ OYn(Xn)
O (16)

Group association Each blob additionally gets affili-
ated to a group defined by a range [Zmin — Tmaaz] On the
sensor array and magnetic field polarity south, north or
both. Only blobs with a position in the range of - and a
polarity corresponding to - a given group will be associated
with the latter. Groups may overlap but a given blob can
only be part of one group at a time.

Blob tracking To track blobs over time, we need to as-
sociate identified blobs in the current iteration step to blobs
found in previous iteration steps to decipher whether blobs
have newly appeared, need updating or have disappeared.
To link current blobs to previous blobs they are matched
by position on the sensor array across iteration steps. Each
new blob gets a unique ID, which persists over time as long
as the blobs position and field polarity can be linked to itself
in a previous iteration step.

Out of the blob tracking we get a stream of event signals:
When a new blob has appeared, an ON event is triggered.
When a blob was present in a previous iteration step, a SET
event is triggered to update the blobs position and vicinity.
When a blob has disappeared, an OF F event is triggered.
All event signals will be triggered with a complete set of
current blob parameters including polarity (south or north)
and group association.

2.4 Communication

Networking technology in a zero configuration setup [9] has
advantages in respect to long-distance transmission, oper-
ating system independence and inherent ability for network
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performances. We thus use the Open Sound Control (OSC)
specification [12| via UDP/TCP as low-level communica-
tion layer. UDP is preferable in simple setups due to its
better real-time performance, whereas we prefer TCP in
more complex and/or lossy (e.g. wireless) setups.

Depending on the robustness of the network connection
we provide different higher-level protocols built on top of
OSC. Those are implemented as output engines of the blob-
tracking procedure. An arbitrary amount of engines can be
active concurrently as they are aggregated into one single
timestamped OSC bundle after each iteration step. Time
synchronization to the host is based on the precision time
protocol [4]. The user can implement custom protocols if
the existing ones should not fit his or her needs. As main
protocol for lossy connections, we use the TUIO specifica-
tion [5] because it is widely used and insusceptible to lost
network packets. Apart from a direct serialization of the
event stream and standard MIDI via OSC on lossless com-
munication channels, the device also supports a raw sensor
dump for further manual processing.

2.5 Musicality

The receiving host can reconstruct which blobs have ap-
peared, disappeared or need updating. These polyphonic
event signals can be combined in any way possible, it is up
to the host to map them to musical events.

A trivial mapping approach e.g. is to steer one sound
unit per blob and initiate it at an ON event, update its
properties at each SET event and stop the unit at an OF F
event. Position having a higher resolution than vicinity is
predestined to map to pitch. The event stream thus can
directly be translated to MIDI using position mapped to
note and pitch bend and vicinity mapped to MIDI controller
events (volume, modulation, polyphonic after touch, ...).

The two continuous signals need not be mapped directly
to a control parameter though, we can additionally derive
velocity and acceleration signals to derive augmented map-
pings or feed gestural responders. By aggregating multiple
blobs into compounds, a single sound unit can be controlled
with multiple degrees of freedom, giving the player an even
more fine grained control on musical expression.

The high spatial and temporal resolution make it pos-
sible to play a subtle vibrato and tremolo and intermix a
percussive play with continuous (pitch) slides.

2.6 Ergonomy

For an expressive and melodic play, we prefer to play touch-
less by hovering along and perpendicular to the sensor array
similar to the theremin play, just with an additional dimen-
sion and polyphony. When playing percussive, it helps to
have a haptic feedback. To better coordinate rhythmic play,
we thus tap on the surface and adjust magnet vicinity by
finger curvature. While tapping, due to the touch-less de-
sign, events and thus sound synthesis are triggered before
reaching the surface, but we did not find this to be distract-
ing and barely noticeable as the effect is eventually offset
by network and audio delays.

The device needs some practice to master. The continu-
ous scale demands a constant feedback between hearing and
positional micro adjustments. Muscle memory needs to be
trained like with fretless string instruments and coordina-
tion of multiple magnets even more so.

We consider two plectra as the maximum for one hand
and best to be worn on fingers not adjacent to each other
as magnets tend to stick together. Although both magnets
have two degrees of freedom, the second one will be reduced
in its freedom to move along the sensor array as fingers
can only be stretched apart for a fixed distance and the
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muscles involved usually are not well trained. The absolute
positional signal of the second magnet thus is of minor use,
it makes more sense to use its position relative to the first
magnet instead. Two magnets on one hand can also be
combined to form a unit to decipher position, vicinity and
angle of the whole hand. Four concurrent plectra for a single
player with eight degrees of freedom are thus feasible with
the current design.

3. CONCLUSIONS

The Chimaera is an open, expressive, electronic music con-
troller combining both distance-sensing (theremin-like) and
touch-less position-sensing (trautonium-like) with a fully
digitized, portable, network-ready event output stream suit-
able for a dynamic and expressive play. By freely combin-
ing the polyphonic event signals, the player can create aug-
mented, multi dimensional musical mappings.

Our design could be extended to a third dimension by
interpolating across at least three parallel sensor arrays to
gain an additional degree of freedom per plectrum.
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APPENDIX

The Chimaera is open source hardware released under CERN
OHL v.1.2. http://open-music-kontrollers.ch/chimaera/
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