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Abstract

Since gestures are a natural form of human communication, gesture recognition is
a widely used method of user input in the field of human-computer interaction.
While smartphones are operated almost exclusively by gestures, this is not the case
for other devices in daily use such as computers or televisions. However, previous
approaches to gesture recognition are too inconvenient to replace devices such as
keyboards or remote controls. Therefore, we propose a magnetic field sensor grid
that is suitable for 2D mid-air gesture recognition and a convenient embedding into
people’s homes. Based on four AMR sensors, a ∅8mmx2mm disk magnet, and a
linear weighting algorithm, our system allows for a reliable user input height of
15-20cm, an adjustable sensor spacing, and an expandable sensing area.

In this thesis, we set concrete requirements for our system and pick an AMR sen-
sor that is able to fulfill them. We construct a modular sensor adapter PCB and
implement the control and calibration of the sensor with an Arduino. We exam-
ine the sensor and the magnetic field progression of several magnets to find one
that is suitable for mid-air interaction. After choosing the magnet, we evaluate the
suitability of our setup for 2D mid-air gesture recognition by applying two posi-
tion estimation approaches that are based on linear weighting. Thereby, the first
approach directly applies linear weighting, while the second approach linearizes
the magnetic field measurements beforehand. The results show that the second
approach performs best around 10cm sensor spacing.



xx Abstract



xxi

Überblick

Da Gesten eine natürliche Form der menschlichen Kommunikation sind, ist
Gestenerkennung eine weit verbreitete Methode der Benutzereingabe im Bere-
ich der Mensch-Computer-Interaktion. Während Smartphones fast ausschließlich
durch Gesten bedient werden, ist dies bei anderen Geräten des täglichen Gebrauchs
wie Computern oder Fernsehern nicht der Fall. Bisherige Ansätze zur Gesten-
erkennung sind jedoch zu umständlich, um Geräte wie Tastaturen oder Fernbe-
dienungen zu ersetzen. Daher schlagen wir ein Magnetfeldsensornetz vor, das
für die 2D Gestenerkennung in der Luft geeignet ist und sich in Wohnungen ein-
bauen lässt ohne die Bewohner zu stören. Basierend auf vier AMR-Sensoren,
einem ∅8mmx2mm Scheibenmagneten und einem linearen Gewichtungsalgorith-
mus ermöglicht unser System eine zuverlässige Benutzereingabehöhe von 15-
20cm, einen einstellbaren Sensorabstand und einen erweiterbaren Erfassungsbere-
ich.

In dieser Arbeit stellen wir konkrete Anforderungen an unser System und wählen
einen AMR-Sensor aus, der diese erfüllen kann. Wir konstruieren eine modu-
lare Sensoradapterplatine und implementieren die Steuerung und Kalibrierung
des Sensors mit einem Arduino. Wir untersuchen den Sensor und den Magnet-
feldverlauf mehrerer Magnete, um einen zu finden, der für die Interaktion in der
Luft geeignet ist. Nach der Auswahl des Magneten evaluieren wir die Eignung
unseres Aufbaus für die 2D Gestenerkennung in der Luft, indem wir zwei Posi-
tionsschätzungsansätze anwenden, die auf linearer Gewichtung beruhen. Dabei
wendet der erste Ansatz direkt eine lineare Gewichtung an, während der zweite
Ansatz die Magnetfeldmessungen vorher linearisiert. Die Ergebnisse zeigen, dass
der zweite Ansatz bei einem Sensorabstand um die 10cm am besten abschneidet.
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EXCURSUS:
Excursus are detailed discussions of a particular point in
a book, usually in an appendix, or digressions in a writ-
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Definition:
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Chapter 1

Introduction

Gestures are a natural form of human communication. Gesture recognition
could be used as a

user input method for
devices like

computers and
televisions.

Therefore, the use of gestures has been extended to human-
computer interaction for commonly used devices like
smartphones and tablets. Gestures are widely accepted as
user input method for smartphones, which suggests the ex-
pansion to further devices like computers and televisions.
There are various approaches to gesture recognition, in-
cluding approaches based on mechanomyograms sensors
[Yamakawa and Nojima, 2012], Electrical Impedance To-
mography [Zhang et al., 2016], infrared signals [Gong et al.,
2017], [Ogata et al., 2012], cameras [Chan et al., 2015] and
magnetic field sensors [Chan et al., 2013], [Chen et al., 2013],
[Chen et al., 2016].

While these are promising approaches, they are either in- Previous gesture
recognition

approaches are too
inconvenient for
integration into

people’s homes.

convenient to wear, limited in their gesture spectrum, re-
strain the user from pursuing everyday activities due to
their construction or not socially acceptable in respect to
their appearance. Furthermore, all these approaches are
hand-held and meant for mobile applications, so when us-
ing one to operate the television, it would occupy space in
its vicinity during the time the television is not used, which
could be inconvenient to the user.

Instead, an embedded approach for gesture recognition A magnetic field
sensor grid could be

used as a convenient
user input device.

might be more favorable that uses unused spaces, like the
bottom of a tabletop. Such an approach can always stay
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connected to the device and is always ready to use. Since
the approach is embedded, it is invisible to the user and
is therefore no inconvenience in terms of its appearance or
spatial requirements. In turn, it needs to be able to recog-
nize gestures through surfaces of varying materials. The
pioneering approach GaussSense Liang et al. [2012] embed-
ded a magnetic field sensor grid into the back of a device in
order to extend the device’s functionality by using a stylus.
Similarly, we can embed such a sensor grid under a table-
top while interacting with the sensor grid from above the
table via a magnet.

However, while there are many approaches that use mag-Previous
approaches, that are

based on magnetic
field sensor grids, do

not support a large
enough input

distance for gestural
input.

netic field sensor grids Liang et al. [2015], Chan et al. [2013],
Gu et al. [2019], Liang et al. [2013], Chen et al. [2013], they
are too large to be embedded into an object or their sensing
distance is restricted to under 5cm, which is likely not large
enough for a user to perform a gesture without issues. By
extending the sensing distance to mid-air, gestural input is
possible. In addition, a clean sensing area on the table is
not necessary, which enhances user comfort.

With this reasoning, we construct a sensor grid that is suit-
able for 2D mid-air gesture recognition in this thesis.

1.1 Outline

Chapter 2 covers the background needed to understand
some aspects of this thesis. In Chapter 3, we discuss recent
work in the fields of magnetic tracking and gesture recog-
nition.

We describe the requirements for our system in Chapter 4.
Based on that, we choose a suitable magnetic field sensor
and construct a modular sensor adapter PCB in Chapter 5.
In Chapter 6, we conduct experiments with various mag-
nets to find a magnet that meets the requirements.

In order to evaluate the suitability of the sensor-magnet
combination for 2D mid-air gesture recognition, we ap-
ply two 2D position estimation approaches in Chapter 7 at
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varying sensor spacings and magnet heights. In Chapter 8,
we discuss the evaluation results, check the requirements
and compare our setup to other approaches.

Lastly, we summarize the contents of this thesis and give
an outline for future work in Chapter 9.
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Chapter 2

Background

In this chapter, we discuss basic concepts and laws
concerning magnetic fields. Further, we introduce the
magnetic field space by Chen et al. [2013].

2.1 The Magnetic Field, The B-field and
Units

A permanent magnet is surrounded by a magnetic field, A magnetic field is a
vector field and is

measured in tesla or
gauss.

where the directed magnetic field lines run from the north
pole to the south pole. The magnetic field can be de-
scribed by the magnetic flux density, which is often called
B-field. The B-field is a vector field that assigns a vector
B to each point p in space, where B describes the direction
and strength of the magnetic field at p (See Figure 2.1)). The
SI unit of B is tesla (T) and the Gaussian unit is gauss (G),
where gauss and tesla are proportional with 1T =̂ 10000G.
Both units are commonly used.
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Figure 2.1: A visualization of a magnetic field, induced by a mag-
net, with the magnetic field lines running from the north pole to
the south pole. The B-field assigns a vector B to each point p in
space in order to describe the direction and the strength of the
magnetic field at p.

2.2 Laws concerning Magnetic Fields

2.2.1 Inverse Cube Law

The inverse cube law states that the magnetic field of a
dipole magnet decreases with the inverse cube of the dis-
tanc (Michaud [2013], Liang et al. [2012], Chan et al. [2013]).

2.2.2 Ampère’s circuital law

According to Ampère’s (circuital) law, when current runsCurrent produces a
magnetic field. through a conductor, it produces circular magnetic field

around the conductor, that is directly proportional to the
current (Matsushita [2014], Weik [2000]). Thereby, the cur-
rent’s flow direction predetermines the direction of the
magnetic field lines, as shown in Figure 2.2. The stronger
the current is, the denser the magnetic field lines and the
stronger the magnetic field.



2.3 Magnetic Field Space 7

Figure 2.2: A visualization of Ampère’s circuital law, where cur-
rent and its direction is marked in red, while the induced mag-
netic field is indicated by cylindrical black lines.

Figure 2.3: When two applied magnetic field vectors B1 and B2

at a point p superimpose, the resulting magnetic field at p is Bres

= B1 + B2, according to the superposition principle.

2.2.3 Superposition Principle

Magnetic fields underlie the superposition principle (Gan
[2022]), which according to Campos et al. [2021]) states that
”the net response of a number of stimuli is the same as the
sum of all individual responses” (p. 63). For an example in
the context of magnet fields, see Figure 2.3.

2.3 Magnetic Field Space

Chen et al. [2013] defined a magnetic field space to describe We describe the 3D
magnet location by
the sensor-magnet

distance and the
magnet angle.

the magnetic field that is applied to a magnetic field sensor,
the sensor being at the origin. The magnetic field strength
at a location in space is determined by (r, θ), where r is the
distance between the magnet and the sensor, and θ is the
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Figure 2.4: Chen et al. [2016] specified the 3D location of a mag-
net in space by the distance between the sensor and the magnet
r and the angle between the sensor and the north pole θ. Figure
by Chen et al. [2016].

angle between the magnet’s north pole and the sensor (See
Figure 2.4). According to the authors, a third dimension
is not needed, because the magnetic field of the magnet is
symmetric around the north pole. In this thesis, we will use
(r, θ) to describe the magnet’s position in space instead of
the magnetic field strength.
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Chapter 3

Related Work

Our approach lies in the intersection of different research
domains, including magnetic tracking and gesture recog-
nition. In the following, we briefly summarize previous
research in each of these areas in order to give a proper
overview.

3.1 Approaches Based on Magnetic Track-
ing

The idea of magnetic field detection has been used in the
field of human-computer interaction before.

Liang et al. [2015] introduced GaussStarter, a modular Hall GaussStarter
features a modular

Hall Sensor grid that
allows for prototyping

and an adjustable
sensing area.

sensor grid (Figure 3.1a) that is easily expandable using
breadboards (Figure 3.1b). Each hardware module is 2cm
x 2cm x 1cm in size and embeds sixteen Hall sensors. The
thickness of the module can be brought down to 2mm. By
tiling the sensor grid units on a breadboard, they made the
sensing area easily adjustable for further approaches like
Liang et al. [2012] and Liang et al. [2013]. Their provided
software covers firmware that requests sensor data of each
module and 2D position estimation using bi-cubic interpo-
lation. While the idea of a sensor grid is fairly straightfor-
ward, the modular approach laid a good foundation for fu-
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(a) A figure by Liang et al. [2015]
showing their analog Hall sensor
grid module that is connectable
with a breadboard.

(b) Tiling the sensor grid modules
on a bread board extends the sens-
ing area (Figure by Liang et al.
[2015]).

Figure 3.1: Figures showing GaussStarter by Liang et al. [2015].

ture approaches. However, we are constantly surroundedGaussStarter does
not involve sensor

calibration.
by an ambient magnetic field that biases the sensors, which
makes sensor calibration necessary. However, GaussStarter
does not include sensor calibration.

Building up on that, Liang et al. [2012] introducedGaussSense enables
digital drawing by

combining
GaussStarter with a

magnetic pen. It
involves sensor

calibration via offset
subtraction.

GaussSense, a back-of-device sensing interaction tech-
nique for enabling input on arbitrary surfaces by using a
magnetic stylus; to improve digital sketching experiences.
Figure 3.2a illustrates a typical setup of GaussSense. In this
work, Liang et al. [2012] used GaussStarter and combined
it with a stylus that has a magnet embedded into it. In
contrast to GaussStarter, they calibrated the sensors before
operation. Their calibration is made up of precomputing
an offset for each sensor by averaging a hundred magnetic
field measurements. When a magnet hovers over the sen-
sor grid in operation, they interpolate the measurements
to reconstruct the shape of the magnetic field. Based on
its estimated shape and the sensor measurements, their
approach is able to track the 2D position of the stylus
among other things like tilt, hover and pressure sensing.
Figure 3.2b shows the way sensor activation areas vary
depending on the tilt, hover and pressure of the stylus. For
2D position estimation, they used the bi-cubic interpolation
algorithm provided by GaussStarter. Lastly, they applied
this setup to the back of a screen, so that the stylus can be
slid smoothly across it.
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(a) This figure by Liang et al. [2012] shows an application
of GaussSense. The Hall sensor grid can be attached to
the back of a device, so that the magnetic stylus can be di-
rectly used on the screen of the device, extending its func-
tionality.

(b) The magnetic field intensity perceived by the sensors
is illustrated by a red color. GaussSense is able to differen-
tiate between a variety of events, including stylus events
(b), touch events (c), a different stylus (d), various pres-
sures (e), different tilt angles (f), and hover (g). Note that
the shape of the magnetic field and its intensity differs
with the hover, tilt and pressure of the stylus (Figure by
Liang et al. [2012])
.

Figure 3.2: Figures by Liang et al. [2012].

Chan et al. [2013] introduced FingerPad, a nail-mounted FingerPad uses a
Hall sensor grid for
gesture recognition

in mobile
applications.

device that turns the tip of the index finger into a touchpad;
allowing private and subtle gestural interaction in mobile
applications. They placed a sensor grid on the index fin-
ger nail, while a magnet is located on the thumbnail (See
Figure 3.3). Their approach recognizes gestures typical for
smartphone user interfaces. It supports gesturing numbers
as well. The sensor grid is 12mm x 12mm in size, where the
sensors are separated by 2mm. They used a 3mm-diameter
x 8mm-height cylindrical neodymium magnet that allows
effective sensing in the range of 2.1cm from the sensor
plate. Unlike GaussSense, FingerPad cannot perform cal-
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Figure 3.3: An application of FingerPad, where the magnet is
located on the thumb nail while the Hall sensor grid attached to
the index finger nail (c). This setup gestural input like numbers
(b) that can only be seen by the user when wearing smart glasses
(a). Figure by Chan et al. [2013].

ibration by subtracting an offset. This is because the pre-Sensor calibration
does not make sense

for mobile
applications.

computed offset is specific to the position and orientation
of each sensor, which both change all the time when people
are moving their hands. Instead, Chan et al. [2013] matched
finger pad coordinates to sensor grid coordinates. They cal-
ibrate their setup by taking nine measurement points on the
finger pad. Based on this data, they extract a homographic
transformation that maps finger pad coordinates to sensor-
grid coordinates. A bi-linear position estimation algorithm
is then applied in the sensor-grid coordinate space.

Figure 3.4: Different GaussBits with corresponding distances in
which the hovering position and respectively the tilt and roll di-
rection can be resolved. Figure by Liang et al. [2013].

Liang et al. [2013] achieved the largest input distance with
44mm in their papers about GaussBits, which is based on
GaussStarter (Liang et al. [2015]). A GaussBit is an object



3.1 Approaches Based on Magnetic Tracking 13

that embeds a magnet. They compared the reliable input
distances of each GaussBit in respect to the maximal sens-
ing distance when hovering, tilting and rolling it over the
Hall sensor grid. (See Figure 3.4).

Meier et al. [2019] proposed the concept of a magnetic field Meier et al. proposed
using a Hall sensor

array for smart home
applications.

sensor array as a universal smart home device; distinguish-
ing different gestures and aiming to increase its acceptance
by elderly people. They embedded a 5mm x 5mm x 5mm
magnet into a 3D printed ring and trained a neural network
to distinguish the angular position of the magnet around
the sensor. Their classification results are shown in Figure
3.6.

Figure 3.5: A Figure taken from Meier et al. [2019], showing their
experimental prototype that embeds a single 3D Hall sensor.

Figure 3.6: The classification results of the neural network
trained by Meier et al. [2019].

Among other applications, they aimed to make dimming
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light sources and adjusting the room temperature possible.
They did not name the sensing range of their approach, but
since Meier et al. [2019] used Hall sensors and Liang et al.
[2013] reported a maximum sensing distance of 44mm with
larger magnets, one can assume that it lies under 4cm in the
prototype stage.

Across all papers using Hall sensors, we found the largestThe maximal
reported user input
distance using Hall

sensor grids is
currently 14cm.

input distance in an article by Schlageter et al. [2001] with
a distance of 14cm. The authors maximized the signal-to-
noise ratio by minimizing the component-induced noise on
their PCB and by amplifying the signals of the Hall sensors.
They used a cylindric magnet with a diameter of 6mm and
a height of 7mm. This magnet is larger than the magnets
used by the previously mentioned approaches, so a higher
sensing range is to be expected.

Figure 3.7: (a) A schematic illustration of the cubic magnetic sen-
sor array. (b) shows the real sensor array. Figure by Hu et al.
[2010].

A paper using a different type of magnetic field sensorHu et al. use AMR
sensors which yield a

by far larger user
input distance than

Hall sensors.

was published by Hu et al. [2010]. They use Anisotropic
magnetoresistance effect (AMR) sensors, which are more
sensitive to magnetic fields than Hall sensors. Hu et al.
[2010] introduced a cubic 3-axis magnetic sensor array;
allowing real-time tracking of magnet position and orien-
tation. They constructed a cube with sixteen AMR sensors
on each side with a total size of 0.5m x 0.5m x 0.5m (See
Figure 3.7). Their goal was to track objects inside the
human body. Hence, their sensing range needed to be
much larger compared to the previous approaches and lies
between 5cm and 45cm for magnets as small as ∅4mm x
5mm. This distance is suitable for mid-air interaction and
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(a) (b)

Figure 3.8: (a) uTrack utilizes a magnet on the thumb in com-
bination with a sensor grid containg two Hall sensors, enabling
real-time 3D input. (b) The sensor grid containing two sensors
with a fixed sensor distance, which is necessary to resolve ambi-
guity in their 3D position estimation algorithm. Figures by Chen
et al. [2013].

therefore we chose to use AMR sensors as well.

However, while some approaches conduct 2D position uTrack uses only two
sensors for accurate

3D position
estimation, that is

based on
background

knowledge about
magnetic fields.

estimation by using plenty of sensors in combination with
a simple position estimation algorithm, other approaches
use only a fistful of sensors combined with a more complex
algorithm. An approach that carried this to the extreme is
uTrack by Chen et al. [2013]. uTrack is a 3D single-point
tracking system; allowing subtle interaction in virtual
environments and with computers. Similar to FingerPad,
they position the magnet on the thumbnail, while the
sensors are attached to the ring finger (See Figure 3.8a).
They used only two sensors (See Figure 3.8b) to estimate
the 3D position of the magnet in real-time with an average
accuracy of 4.84mm. Also, they are able to track the tilt
angle of the magnet in x, y and z direction. Their position
estimation algorithm makes use of background knowledge
about magnetic fields. Chen et al. reported the limits of
their system as± 80mm around the x-axis,± 60mm around
the y-axis and 0-80mm regarding the z-axis.

While Chen et al. [2013] propose a promising approach, In contrast to Hall
sensors, AMR

sensors yield a
sufficient user input
distance for mid-air

interaction.

their sensing distance is far too small for mid-air inter-
action. The same holds for the approaches GaussStarter
by Liang et al. [2015], GaussSense by Liang et al. [2012]
and FingerPad by Chan et al. [2013] and the smart home
control device by Meier et al. [2019]. While the setup by
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Schlageter et al. [2001] could be barely used for mid-air
interaction itself, the magnet is too big to be embedded
into a ring. In contrast, our approach yields a user input
distance of 15-20cm with a ∅8mm x 2mm disk magnet.
While Hu et al. [2010] support a larger sensing range
between 5cm and 45cm, their approach is not designed for
gesture recognition and is too large to be embedded into
the environment.

3.2 Gesture Recognition Approaches

Of course, there are gesture recognition approaches that do
not involve magnets or magnetic field sensors.

Figure 3.9: This figure by Yamakawa and Nojima [2012] illus-
trates their setup.

Yamakawa and Nojima [2012] proposed a novel hand-The wrist band by
Yamakawa et al.

perceives muscle
acoustics in order to
recognize gestures.

gesture recognition method based on mechanomyograms
(MMG) using piezoelectric-based sensing; improving
robustness from human motion and noise. As shown in
Figure 3.9, they constructed a wrist band that embeds
MMG sensors, which are able to perceive muscle vibration
and muscle acoustics. Yamakawa and Nojima [2012]
compared the performance of k-nearest neighbors, support
vector machine, linear discriminant analysis and deep
neural network algorithm on the task of gesture recogni-
tion. Among these, k-nearest neighbors yielded the highest
gesture recognition accuracy. Their study was focused on
eight different hand gestures designed for gaming pur-
poses. They concluded that k-nearest neighbors yielded
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Figure 3.10: The electrode armband and the Electrical Impen-
dance Tomography sensing board constructed by Zhang et al.
[2016].

the highest accuracy with 94.56%.

Zhang et al. [2016] introduced a system that uses Electri- The electrode wrist
band by Zhang et al.
recognizes pinching

gestures by
analyzing the interior

wrist structure.

cal Impedance Tomography offering non-invasive, high
accuracy gesture recognition. Similar to Yamakawa and
Nojima [2012], they constructed a wrist band embedding
up to 32 electrodes (See Figure 3.10). Using Electrical
Impedance Tomography, they are able to estimate the
interior structure of an object, which is a wrist in their case.
Based on machine learning and samples, their approach
recognizes gestures from the embedded electrodes with
94.3% accuracy.

Figure 3.11: An example setup of Pyro. Using an passive in-
frared sensor (PIR), Pyro is able to conduct micro thumb-tip ges-
ture recognition. Figure by Gong et al. [2017].
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Gong et al. [2017] presented Pyro, a micro thumb-tip ges-Pyro recognizes
micro thumb-tip

gestures with an
infrared sensor.

ture recognition technique based on thermal infrared sig-
nals radiating from the fingers; making it suitable for wear-
able and mobile applications. An example setup is shown
in Figure 3.11. It is made out of an infrared sensor, a cam-
era, hardware and software for gesture recognition. Like
the previous approaches, they used machine learning for
gesture classification of fine thumb-tip gestures. Gong et
al. conducted studies to prove its robustness to ambient
lighting changes and background hand movements. How-
ever, changing hand temperature significantly affected the
gesture recognition accuracy. In a study, their approach
recognized six gestures with a cross-validation accuracy of
93.9%. The optimal sensing distance of their system lies be-
tween 0.5cm and 30cm away from the infrared sensor.

In contrast to our approach, these approaches cannot beIn contrast to our
approach, the

discussed
approaches are too

restricted in the
recognizable

gestures and lack
comfort of use.

seamlessly integrated into the environment. All of the men-
tioned approaches require a power source (e.g., a battery),
which leads to an increased weight of the device and addi-
tionally leads to heat generation. Pyro by Gong et al. [2017]
has a sensing range that is suitable for mid-air interaction,
but their recognizable gestures are limited to micro thump-
tip gestures. A drawback of the MMG-based wrist band by
Yamakawa and Nojima [2012] is that the sensors need to
be positioned at a specific position on the forearm, where it
needs to be fixed tightly, so that the sensors do not move.
This could be uncomfortable for users. The wrist band by
Zhang et al. [2016] does not need to be positioned as accu-
rately, but their identifiable gestures are limited to pinching
gestures of each finger.

Our setup, on the other hand, is able to support 2D gesturesThe $1 recognizer
could be used for 2D

gesture recognition
on our setup.

of all kinds, for example by applying the $1 gesture recog-
nizer by Wobbrock et al. [2007]. This algorithm is simple,
fast, and short with about 100 lines of code; enabling novice
programmers to incorporate gestures into their prototypes.
Figure 3.12 shows a subset of gestures that the $1 recognizer
is able to distinguish. Our approach is designed around this
algorithm, but it has not yet been applied in this work.
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Figure 3.12: A subset of gestures recognizable by the $1 algo-
rithm. Figure by Wobbrock et al. [2007].

3.3 Ring Interaction Insights

Everyday objects like rings, necklaces, or bracelets are com- We propose a ring to
be used as an input

device for our
approach in the

future.

monly used in HCI research. This is not only because these
objects bring comfortable usability, but also because people
are familiar with those kinds of objects, which makes wear-
ing such devices socially acceptable. Since people are able
to perform precise gestures with their hands, we propose
that a ring as an input method would suit our setup the
best. Other benefits are that one’s hand can still be normally
used when wearing a ring and it’s easy to put on or off. We
will not tackle the construction of a magnet-embedded ring
in this thesis, but since we plan to do so in the future, we
will briefly look into user preferences.

Gu et al. [2019] tested different ring wearing positions and Users prefer to wear
a ring at the base of
the index or middle

finger.

tapping postures with a ring using an Inertial Measurement
Unit (IMU) sensor; improving the accuracy of contact sens-
ing. Figure 3.13 shows the tested ring wearing positions
and results. Gu et al. [2019] found that users preferred
wearing the ring on the proximal phalanx of the index or
middle finger. These results indicate that, in the future, the
magnet-embedded ring of our setup should be worn at one
of these positions as well.

For further information on ring-based gesture input, we re-
fer to the systematic literature review by Vatavu and Bilius
[2021].
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Figure 3.13: (a) illustrates different ring wearing positions on the
index finger, middle finger and ring finger with a denotation for
each position. (b) shows the user preference of each ring position
(0 = worst, 7 = best). Figures by Gu et al. [2019].
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Chapter 4

Setup Requirements

Before designing the magnetic field sensor grid, we need to
specify the requirements of our system.

As stated previously, our setup should be suitable for ges- The setup needs to
support sufficiently

accurate 2D position
estimation.

ture recognition by using the $1 recognizer by Wobbrock
et al. [2007] or a similar approach. Since this algorithm is
able to recognize 2D gestures based on a sequence of 2D
positions, it is sufficient when our system can provide such
a sequence.

The setup should support mid-air interaction and a height Mid-air interaction
must be possible and

the sensing area
should be adjustable.

range, in which the user can perform gestures easily, in con-
junction with a suitable sensing area. Since the optimal area
depends on the applications, it should be expandable.

In the following, we are going to specify the requirements
in more detail.

4.1 Sensing Range

A sensor cannot perceive a magnet at an arbitrary distance:
When it is moved too close to the sensor, the sensor over-
drives and when the magnet is too far away, the applied
magnetic field at the sensor is too weak to be distinguish-



22 4 Setup Requirements

able from noise. Therefore, the operation range of the sen-
sor is restricted by the overdrive distance dmin and the max-
imal sensing distance dmax.

SENSING RANGE:
The range [dmin, dmax], where dmin corresponds to the
overdrive distance and dmax corresponds to the maximal
sensing distance (See Figure 4.1).

Definition:
Sensing Range

4.1.1 Overdrive Distance dmin

We say that a sensor overdrives when the sign of at leastOverdriving the
sensor can

permanently damage
it.

one axis measurement changes rapidly, when spikes occur
regularly or when the reported magnetic field clips at a spe-
cific value. Depending on the sensor, overdriving it can per-
manently damage it or alter its functionality.

OVERDRIVE DISTANCE dmin:
The distance between the sensor and the magnet below
which the sensor overdrives.

Definition:
Overdrive distance

dmin

Hence, a given magnet can not be moved arbitrarily close
to the sensor. Stronger magnets yield a larger overdrive
distance than weaker magnets.

4.1.2 Maximal Sensing Distance dmax

As explained in Section 2.3, the applied magnetic field at a
sensor S is dependent on the magnet orientation θ and the
distance d between the magnet and the sensor.

MAXIMAL SENSING DISTANCE dmax:
The maximal distance under which the magnet can be
perceived for all magnet orientations θ. For d > dmax,
the applied magnetic field at S that is not distinguishable
from noise.

Definition:
Maximal Sensing

Distance dmax
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4.2 Height range

The sensing range does not correspond to the height range,
in which the position of the magnet can be reliably esti-
mated.

HEIGHT RANGE:
The range [hmin, hmax], in which the 2D magnet position
can be estimated reliably, independent of d and θ (See
Figure 4.1).

Definition:
Height range

MINIMAL HEIGHT hmin:
The minimal height hmin corresponds to the minimal
sensing range dmin (See Figure 4.1).

Definition:
Minimal height hmin

Figure 4.1: A comparison of the sensing range [dmin, dmax] and
the height range [hmin, hmax], where the sensing range (pink
area) is defined in respect to the sensor and the height range is
defined in respect to the sensor grid. The maximal height hmax is
dependent on dmax and the sensor spacing dS .

4.2.1 Maximal Height hmax

The maximal height hmax differs significantly from dmax Reasoning for the
definition of hmax.for most sensor spacings. As demonstrated by Chan et al.

[2013], the position of a magnet M can only be estimated
at a point p, where at least two sensors perceive M . When
only one sensor perceives M , the position of M is ambigu-
ous. Thus, we define hmax as the maximal height over a
sensor, under which the 2D position of the magnet can be
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estimated (See Figure 4.1). Note that this definition yields
an air cuboid, in which 2D position estimation is definitely
possible. hmax is determined by:

MAXIMAL HEIGHT hmax:

hmax =
√
d2max − d2S (4.1)

where dS is the sensor spacing.

Definition:
Maximal height hmax

With a small sensor spacing, hmax is close to dmax, buthmax can differ
significantly from

dmax.
when the sensor spacing becomes large, they deviate sig-
nificantly. See Figure 4.1 for a comparison of the sensing
range and the height range.

4.2.2 Desired Height Range

Desired Minimal Height hmin

As mentioned previously, hmin is equal to the overdriveOverdrive must not
occur in applications,

so the overdrive
distance may be
maximally 2cm.

distance dmin. An example application, in which the sen-
sors might be overdriven, is the application of the sensor
grid on the underside of the tabletop. If the overdrive
distance dmin is larger than the thickness of the tabletop,
the sensors might be overdriven when the magnet-wearing
hand is put on the desk close to a sensor. Desks are typi-
cally around 2cm thick, so the overdrive dmin needs to be
equal or less than 2cm. When it is a bit greater than that, a
spacer could be used to increase the distance between the
sensors and the underside of the table.

Desired Maximal Height hmax

To choose a magnet that yields an appropriate maximal
height hmax, we need to consider user behavior in the con-
text of possible sensor grid applications.

For example, when sitting at a desk, the user’s hand willOptimally, hmax is
equal to or larger

than 30cm.
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be located higher when propping their elbow. The aver-
age underarm length of men in Germany is around 30cm
Rickert [2010]. Since men typically have larger bodies than
women, we chose hmax ≥ 30cm. However, since people
typically hold their propped underarm at an angle and not
vertically, a lower hmax might be sufficient.

We will keep hmax ≥ 30cm in mind when choosing a mag-
net for experiments. If an application demands a lower
hmax, for example in order to disregard unintended inputs, When choosing a

magnet, we pay
more attention to

hmin than to hmax.

this can be configured by software. For a larger hmax, a
stronger magnet, a more sensitive sensor, a lower sampling
rate for longer sampling intervals or a larger amount of sen-
sors for oversampling need to be chosen. Since overdriving
the sensors might damage them, we will pay more atten-
tion to the overdrive distance hmin than to hmax when se-
lecting a magnet.

4.3 List of Requirements

We summarized the system requirements in the following
list:

(1) Expandable sensing area

(2) Overdrive distance (hmin) ≤ 2cm

(3) Feasible 2D position estimation of the magnet up to
hmax ≥ 30cm
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Chapter 5

Sensor Choice, Adapter
PCB Design and
Position Estimation

Now that we have defined the system requirements, we
can pick out a magnetic field sensor that allows for mid-
air interaction in the desired height range. To achieve that,
we discuss sensor types and sensor characteristics, choose
a sensor according to the these and talk about important
properties of the chosen sensor.

We construct a modular sensor adapter PCB to allow for an
adjustable sensing area and simple wiring, alignment and
mounting. Then, we implement sensor communication and
sensor calibration with an Arduino. Lastly, we examine the
anisotropy of the sensor.

5.1 Choosing An Appropriate Sensor

There are a variety of ways to detect a magnetic field. One Hall sensors and
AMR sensors are

magnetic field
sensors.

way is to use sensors based on magnetoresistance, which is
the property of a material to change its electrical resistance
when a magnetic field is applied Pippard [1989]. Exam-
ples of magneto-resistive sensors include Hall sensors and
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anisotropic magnetoresistance (AMR) sensors.

AMR sensors are more sensitive to magnetic fields thanAMR sensors are
more sensitive than

Hall sensors.
Hall sensors Tumanski [2013], Popovic et al. [2002], Ripka
and Janosek [2010]. This means that AMR sensors are able
to detect magnets from larger distances than Hall sensors.
On the other hand, when given a magnet, this means that
the overdrive distance of AMR sensors is larger than the
one of Hall sensors due to improved signal-to-noise ratios.

The largest sensing distance using Hall sensors that priorWe use AMR
sensors, because
they yield a larger
sensing distance.

research achieved with a lot of effort was 14cm[Schlageter
et al., 2001]. In contrast, AMR sensors were used in prior
research to track magnetic material from distances as large
as 50cm [Hu et al., 2010]. Since with determined the desired
maximal height as hmax ≥ 30cm, we chose to use AMR sen-
sors for our setup.

We are going to discuss varying properties of AMR sensors
and point out which characteristics are favorable for our
setup. After that, we will give an overview about the AMR
sensor of our choice.

5.1.1 Sensor Characteristics

1D Sensors vs. 3D Sensors

In this section, background knowledge from Section 2.1We use 3D sensors,
because they yield

more information
than 1D sensors.

about the B-field is required. When a magnetic field vector
B = (Bx,By,Bz)

T is applied to a sensor, then 1D (or single-
axis) sensors can only sense the vector component Bz while
3D (or 3-axis) sensors are able to measure all B components
independently from each other.

Apart from their cost and power consumption, there is no
disadvantage of 3D sensors compared to 1D sensors. Thus,
we chose to use 3D sensors for our setup to have as much
information about B as possible.
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Analog vs. Digital

In regards of the transmission type, some sensors output Sensors with digital
transmission type are
more suitable for our

setup.

the magnetic field as an analog signal, while others trans-
mit it digitally. Although the efficiency of an analog signal
is higher, it is also more prone to errors due to noise. Be-
cause the magnetic field decreases inverse-cubically with
the distance (See Section 2.2.1), we are mostly working with
measurements close to zero. At the same time, the sensor
is surrounded by ambient noise and when mounting it on
a PCB, every component on the signal path adds noise to
the signal. When using analog sensors, this would worsen
the signal-to-noise ratio. This problem is less prominent for
digital sensors, which keep the analog components in the
sensor to a minimum. Thus, we will be using a sensor with
digital transmission type.

Other Considerations

Since we are working with measurements close to zero (See
Section 2.2.1), we searched for sensors with a high reso-
lution and with low self-induced noise. Also, we consid-
ered the sensor’s linearity in the selection process, since
distorted magnetic field values could affect the 2D position
estimation performance. Furthermore, thermal influences
can alter the sensor’s reproduction of the magnetic field, so
we focused on sensors with a built-in thermal induced off-
set correction.

5.1.2 The Chosen AMR Sensor

The 3-axis AMR sensor MMC5603NJ by Memsic meets the
aforementioned criteria. It is 0.8mm × 0.8mm × 0.4mm in
size, fairly cheap and supports 16bit, 18bit and 20bit op-
eration modes with a resolution of 0.0625mG (10nT) per
least significant bit. At 20bit operation mode, the sensor
has a full scale range of ± 30G (3mT) (See Section 2.1 for
the units).
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The root mean square (RMS) noise of the sensor is 2mGThe sensor is fairly
linear, has low

self-induced noise
and eliminates the

induced thermal
variation offset.

(0.2µT) and spans the four least significant bits completely.
Memsic reports a typical linearity error of 0.5% with a max-
imum of 0.75%. In addition, the sensor has a built-in and
automatic SET/RESET function that eliminates the induced
thermal variation offset and clears residual magnetization
caused by strong external magnetic fields. The sensor may
not be exposed to external magnetic fields stronger than
10.000G (1T) for a longer period of time, because doing so
may permanently damage the sensor or may affect the sen-
sor’s reliability.

Further, the sensor supports I2C and I3C communication.The sensor supports
I2C and I3C.

Implementing I3C
would be more

beneficial.

It has four pins, including one for supply voltage (VCC),
one for ground (VSA), one for the serial clock line (SCL)
and one for the serial data line (SDA). While I2C is cur-
rently more prevalent than I3C, I3C could facilitate coding
and wiring on prototypes and on PCBs involving the sen-
sors. This is because the sensor comes with a predefined
static address which is the same for all sensors. When using
I2C, the sensor can only be addressed by its static address,
making a multiplexer indispensable for both SDA and SCL.
This leads to more cost and a higher effort for wiring and
coding. On the other hand, I3C allows dynamic address
assignment, which means that we can assign an individual
address to each sensor. By that, multiplexers become su-
perfluous, such that 128 sensors can be directly connected
to a single controller and interconnecting the sensors is pos-
sible, which enhances the modularity of the sensor. It facil-
itates coding as well, since multiplexers do not need to be
operated anymore.

See Appendix C for more information on the sensor.

5.2 The Sensor Adapter PCB

Since the chosen AMR sensor is only 0.8mm × 0.8mm ×A modular sensor
adapter PCB allows

for an adjustable
sensor spacing and

sensing area.

0.4mm in size, we needed to construct a PCB in order to
conduct experiments with it. We could have constructed
one PCB that embeds the whole sensor grid, but then we
would have needed to predefine a certain sensor spacing.
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Since we did not know if there was an optimal sensor dis-
tance or if the sensor distance influences the 2D magnet
tracking results significantly, we chose to construct a mod-
ular sensor adapter PCB instead, which embeds one sensor
each. This way, the sensor distance can be changed freely
and similar to Liang et al. [2015] an adjustable sensing area
is possible.

Figure 5.1: The schematic of the modular sensor adapter PCB for
the 3-axis AMR sensor MMC5603NJ by Memsic, including the
sensor itself, its periphery and connectors.

Figure 5.1 shows the schematic of the sensor adapter PCB. We chose the
resistor values of the
periphery in respect
to our experimental

setups.

It includes the AMR sensor, connectors and the sensor’s pe-
riphery, which consists of a capacitor and two resistors. The
capacitor secures a stable supply voltage, while the resis-
tors protect the sensor from current surges. Since the data
sheet recommended 2.7kOhm resistors for an I2C bus with
an length of less than 10cm and our experiments require
wiring longer than 10cm, we chose 1kOhm resistors.

Figure 5.2 and Figure 5.3 show the assembled and unassem- The PCB includes
several features for

prototyping and
experiments.

bled sensor adapter PCB. To facilitate experimental setups,
we made sure to include mounting possibilities like two
screw holes and four holes on the PCB edges for pin strips.
By that, the PCB can be physically mounted on wooden
boards or a breadboard. We chose angled connectors with
reverse polarity protection, in order to decrease the risk of
damage or malfunction, to avoid obscuring the area over
the PCB and to facilitate mounting procedures with the sen-
sor pointing upwards. Note that the holes currently used
by connectors can also be used for pin headers with 2.54mm
spacing, making breadboard mounting possible. Similar
to Liang et al. [2015], this lays the groundwork for an ad-
justable sensing area.
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Figure 5.2: The unassembled sensor adapter PCB (left: top, right:
bottom).

Figure 5.3: The assembled sensor adapter PCB (left: top, right:
bottom). Note that the AMR sensor is located in the center of the
top-side and the periphery is located on the bottom-side.

We designed the silkscreen to indicate the resistor and ca-The silkscreen
conveys useful

information.
pacitor values, pin A1 of the sensor, the x-axis and y-axis
as stated in the sensor data sheet, the location of the sensor
on the bottom side of the PCB and the nets (VDD, GND,
SCL, SDA). While the ground pin was declared as VSA in
the data sheet, we decided to call it GND on the PCB, since
this abbreviation is more commonly used for ground and is
more intuitive as well.

Ferromagnetic metals influence magnetic field lines (Mat-We dealt with
induced magnetic
fields close to the

sensor.

sushita [2014], Hook et al. [2009], Liang et al. [2012]).
Because capacitors and resistors contain ferromagnetic
materials, we placed the sensor and the other components
on opposite sides.
According to Ampère’s circuital law, when current runs
through a trace, a magnet field is induced (See Section
2.2.2). Because of the high sensitivity of the sensor, we took
care to optimize the traces in order to keep the inductive
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interference as low as possible. The highest current runs
through the nets VDD and GND for the current supply
of the sensor. Because these traces connect directly to
the sensor, we routed the supplying traces as close to
each other as possible (See Figure 5.2). Since their current
flow direction is opposed and the superposition principle
holds for magnetic fields (See Section 2.2.3), the respective
magnetic field of the traces cancel each other out to some
degree in the region of the sensor (See Figure 5.4).

Figure 5.4: The induced magnetic fields of the wires supplying
the sensor (left with inner circle = incoming current, right with
cross = outgoing current). Note that, the magnetic fields start
cancelling each other out to some degree in the region of the sen-
sor, which results in a weakened magnetic field.

Moreover, we created a ground plane and a voltage sup- The influence of
noise and further

magnetic fields on
the sensor is kept

minimal.

ply plane for various reasons. Firstly, the two planes form
a giant capacitor, which lowers the influence of (external)
noise on the circuit (Wang et al. [2006], Meng and Saleh
[2009]). Secondly, each PCB trace has a resistance, which is
related to the amount of thermal noise that the resistor cre-
ates when current passes through it Teel [2005]. A smaller
resistance yields less thermal noise, so a copper plane is fa-
vorable in that aspect.
Note that both copper planes have a circle punched out
with the sensor as the center of the circle. This serves two
purposes: For one it is as a further protection from PCB in-
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duced magnetic fields and secondly, it makes sure that as
least noise as possible is transferred from the copper planes
to the sensor by cross-talk.

5.3 Controlling the Sensor

We used an Arduino Uno as a controller. It is capable of I2CWe used an Arduino
to operate the

sensor, but it is not
directly connectable

to the sensor.

communication, but does not support I3C. It operates the
sensor through its pins SCL and SDA. However, directly
connecting the Arduino and the sensor is not possible, be-
cause of incompatible operation voltages. The upper limit
of the sensor operation voltage is 3.6V, which is also the up-
per limit for the I/O pins of the sensor. On the other hand,
the I/O pins of the Arduino are set to a voltage of 5V when
sending a digital 1. If the Arduino is directly connected to
the sensor, the sensor will be damaged and no longer oper-
able.

For this reason, the signals between the sensor need toWe use level shifters
to connect the

Arduino with the
sensor.

be translated from 5V to 3.3V and vice versa. The cir-
cuit that fulfills this task is called level shifter. While a bi-
directional level shifter is needed for SDA, a uni-directional
level shifter is sufficient for SCL. With this setup, the Ar-
duino operates the sensor and instructs it to take a mag-
netic field measurement. The corresponding Arduino code
can be found in Appendix C.

5.4 Sensor Calibration

We are constantly surrounded by an ambient magnet fieldWe need to calibrate
the sensors, because

of the ambient
magnetic field.

induced by the earth (Haverinen and Kemppainen [2009]),
which is strong enough for the sensor to pick up on. Since
we only want to measure the magnetic field of the magnet,
we need to subtract the ambient magnetic field in order to
center the measurements of the sensor around zero:

Bcalibrated = Bmeasured − Bambient (5.1)
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However, we do not know the ambient magnetic field, so Noise hinders us to
determine the

ambient magnetic
field appropriately by

taking one
measurement or

averaging a hundred.

we need to derive it from magnetic field measurements of
the sensor. A straightforward method to determine Bambient

is to take one magnetic field measurement Bmeasured and
assign Bambient = Bmeasured. We tested this method in prac-
tice, but every measurement has a noise component, so
Bcalibrated was not zero. A second approach is to determine
Bambient by averaging a hundred measurements, similar to
Liang et al. [2012]. When testing this approach, the devi-
ation from zero was not as large as the one from the first
approach, but it was still noticeable.

As a third approach, we determine Bambient over time, We determine the
ambient magnetic
field by a machine
learning approach.

based on a learning rate τ ∈ (0, 1) and a threshold
Bthreshold ∈ N. We define Bmeasured,t as the sensor mea-
surement of S at time t. Then, we determine Bambient by:

Bambient,t+1 = τ · Bambient,t + (1− τ) · Bmeasured,t (5.2)

Note that both the previous value of Bambient and the
new measurement are used to compute the new value of
Bambient. Equation 5.2 is repeatedly evaluated until every
component of Bcalibrated is smaller than Bthreshold held for a
hundred time steps. After calibration, Bcalibrated is centered
around zero (See Figure 5.5). During experimenting, we
found that the noise at each component was in the bounds
of± 8[mG]. Therefore, we chose Bthreshold = 10 and further
τ = 0.9, because it seemed to yield satisfactory results.

5.5 Examining the Sensor’s Anisotropy

The anisotropy of the sensor could impair the performance
of applied 2D position estimation algorithms. For that rea-
son, we examined it with the setup shown in Figure 5.6.

We took two semicircle measurements around the sensor:
One that is aligned to the x-z plane and one that is aligned
to the y-z plane (See Figure 5.6a).
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Figure 5.5: An example calibration of the 3-axis AMR sensor
MMC5603NJ by Memsic.

For the following notation on r and θ, see Section 2.3. The We examined the
anisotropy of the

sensor by examining
sensor

measurements along
two perpendicular

semicircles.

sensor PCB is attached perpendicular to the edge of a plank
(See Figure 5.6b). We declare the angle between the plank’s
edge and the magnet as α and take magnetic field measure-
ments from α = 0° to α = 180° with a 10° step size between
measurements, r = 5cm and θ = 0° for each measuring oper-
ation. To emphasize differences and reduce the influence of
noise, we used a fairly strong magnet with a size of 5mm ×
5mm × 5mm with an overdrive distance smaller than 5cm
(See Table 6.1). For measuring the semicircle aligned to the
y-z plane, we turned the sensor 90 degrees around the z-
axis and repeated the procedure.

Figure 5.6c shows the results of the semicircle measure-
ments. For both axis, the sensor features a local sensitivity
peak at 90 degrees and grows more sensitive when moved
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to the extremes of α = 0° and α = 180°. However, when There is a
non-linearity

between the applied
magnetic field and

the sensor
measurements.

the experiment is repeated with a weaker applied magnetic
field, the results are more balanced. This indicates non-
linearity between the applied B-field and the sensor mea-
surements.



38 5 Sensor Choice, Adapter PCB Design and Position Estimation

(a) The semicircles that are respectively aligned to the x-z plane and y-
z plane. Measurements are taken along each semicircle to examine the
anisotropy of the sensor.

(b) The setup for the x-z plane aligned semicircle measurement. The
semicircle has a radius of r = 5cm and a measurement is made every 10
degrees with θ = 90°. The y-z plane aligned semicircle measurement is
similarly done by turning the sensor 90 degrees along the z-axis.
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(c) The measurements along the semicircles that are aligned to the x-z
plane and y-z plane. Each semicircle is measured two times: Once, such
that the magnetic field of the magnet at the sensor is maximized (θ = 90°)
and once, such that it is minimized (θ = 0°).

Figure 5.6: The setup and the results of the semicircle measure-
ments.
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Chapter 6

Magnet Selection

In the last chapter, we chose a sensor and made magnetic
field measurements possible. Furthermore, in Chapter 4,
we determined the desired height range as [hmin ≤ 2cm,
hmax ≥ 30cm], where the overdrive distance hmin needs to
be payed more attention than the maximal height hmax.

In order to find a magnet that results in the desired height
range, we need to examine multiple magnets. In this chap-
ter, we select magnets with a range of maximal sensing dis-
tances dmax, we examine their overdrive distance and their
magnetic field progression up to 30cm from the sensor, we
discuss the results and based on these, we choose a magnet
for our setup. Additionally, we determine hmax for the cho-
sen magnet and draw consequences for the maximal sensor
spacing.

6.1 Magnet Selection Considerations

We only consider permanent magnets, which stay magne- To find a suitable
magnet, we examine

magnets with a range
of maximal sensing

distances dmax.

tized and have a persistent magnetic field. The strength
of a magnet is influenced by its material, its volume and
its remanence, where remanence is the residual magneti-
zation of the material after the application of a magnetic
field (Lovatt and Watterson [1999], Jackson [1991], Coey
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[2002]). Currently, neodymium magnets are widely used
because they are the strongest magnets that can be bought
on the market (as stated by Rivadulla et al. [2014]). This
means that when selecting a neodymium magnet and an-
other magnet type of the same strength, the neodymium
magnet will have a smaller volume. Since a smaller size is
favorable for embedding the magnet into an everyday ob-
ject like a ring, we exclusively examined neodymium mag-
nets.

To cover magnets with different sensing distances, we keptThe magnetic field of
all magnets is

symmetric along the
z-axis.

the variance of the remanence as low as possible and only
varied the volume. Furthermore, to ensure that the sen-
sor spacing can be the same in the x and y direction, it is
necessary that the shape of the magnetic field is symmet-
ric around the z-axis. Therefore, we chose magnets with
a quadratic or circular base and exclude rectangular bases
(See Table 6.1).

6.2 Magnetic Field Progression Measure-
ments

We determined the overdrive distance for each magnetThe overdrive
distance was

determined for each
magnet.

with a sensor (See Table 6.1 for the results). After this, the
functionality of the sensor might be impaired, so we use a
different sensor for the magnetic field examination.

To avoid overdriving the second sensor, we start at theFor each magnet, we
examine the

magnetic field
strength progression.

next distance increment that is bigger or equal to the over-
drive distance. From there, we move the magnet centime-
ter by centimeter up to 30cm from the sensor. At each dis-
tance, we average a hundred magnetic field measurements
Bj ∈ R3, j ∈ {0, .., 99} to B̄ ∈ R3 in order to minimize
the influence of noise. Then, we map B̄ to its length ∥B̄∥,
which corresponds to the magnetic field strength at the sen-
sor. The setup is shown in Figure 6.1.

For the following notation on r and θ, see Section 2.3.
We chose the orientation θ for each magnet during the
measurements, such that the magnetic field is symmetric
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L(mm) x W(mm) x H(mm) Volume(mm3) Remanence(T) Overdrive Distance(cm)
2 x 2 x 2 8 1.44 - 1.47 0.5
4 x 4 x 4 64 1.44 - 1.47 1.3
5 x 5 x 5 125 1.44 - 1.47 1.7
6 x 6 x 6 216 1.41 - 1.43 2.0
7 x 7 x 7 343 1.41 - 1.43 2.2
3 x 3 x 1 9 1.44 - 1.47 1.0
4 x 4 x 1 16 1.44 - 1.47 1.5
4 x 4 x 2 32 1.44 - 1.47 2.0
5 x 5 x 1 25 1.44 - 1.47 1.5
5 x 5 x 2 50 1.41 - 1.43 2.3
5 x 5 x 3 75 1.33 - 1.36 2.5
8 x 8 x 2 128 1.44 - 1.47 3.2

Diameter(mm) x Height(mm) Volume(mm3) Remanence(T) Overdrive Distance(cm)
∅1.5 x 1 1.77 1.44 - 1.47 0.8
∅1 x 2 1.57 1.44 - 1.47 0.7
∅2 x 2 6.28 1.44 - 1.47 1.1
∅3 x 2 14.14 1.44 - 1.47 1.5
∅6 x 2 56.55 1.41 - 1.43 1.5
∅7 x 2 76.97 1.33 - 1.36 1.7
∅8 x 2 100.53 1.17 - 1.20 2.0
∅9 x 2 127.23 1.33 - 1.36 2.3
∅10 x 2 157.08 1.29 - 1.31 2.6

Table 6.1: The dimensions, volume, remanence and overdrive
distance of all examined neodymium magnets. The upper part
of the table summarizes the data for cuboid magnets, and the
lower part for disk magnets.

around the z-axis. Therefore, the orientation was always θ
= 90° for all magnets, with the circular or quadratic magnet
base facing the sensor.

For a better overview of the results, Figure A.2 shows the
magnetic field progression for disk magnets and respec-
tively, Figure A.1 shows it for cuboid magnets. The results
of all magnets are summarized in Figure 5.6c.
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Figure 6.1: The setup for measuring the magnetic field of each
sensor centimeter by centimeter up to 30cm from the sensor. The
green points indicate measurement locations.

6.3 Discussion of Results

For most magnets, the measurement curve features a localSometimes, the
sensor does not

reproduce the
magnetic field
appropriately.

low point close to the sensor. We have not found a defini-
tive explanation for this, but we suspect that it could result
from an overflow in the sensor register that contains the
magnetic field measurement. This may lead to problems in
2D position estimation.

As a result, we chose the ∅8mm x 2mm disk magnet withWe picked the ∅8mm
x 2mm disk magnet. an overdrive distance hmin = 2cm (See Table 6.1), and a

sensing distance d ≥ 30cm for θ = 90 (See Fig. A.2). Re-
member that hmax can be significantly smaller than dmax.
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Figure 6.2: The magnetic field measurements of the ∅8mm x
2mm disk magnet taken centimeter by centimeter starting from
its overdrive distance up to 30cm from the sensor with an angle
of θ = 0°. The figure has a logarithmic y-axis, such that values
close to zero can be differentiated. For more information on the
magnet, see Table 6.1.
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6.4 Determining dmax and hmax for the
Chosen Magnet

Prior research (Chen et al. [2013]) indicates that the weak- We determine dmin

for the chosen
magnet.

est magnetic field is applied to a sensor at θ = 0. To deter-
mine dmax, we examine the magnetic field progression of
the chosen disk magnet at θ = 0, with the same procedure
as in Section 6.2. The result is shown in Figure 6.2.

The result confirms that, the magnetic field is weaker for Noise significantly
influences the
magnetic field

measurements at
d ≥ 25cm.

θ = 0° than θ = 90° for all corresponding measurement
locations. The results suggest that the magnetic field of
the turned magnet is significantly influenced by noise at
around 25cm from the sensor. Thus, the signal-to-noise ra-
tio is already too small at 25cm for sufficient performance
of an applied 2D position estimation algorithm. Therefore,
we assume dmax ≈ 25cm. For varying sensor spacings, we
determined hmax by Equation 4.1 as illustrated in Figure
6.3.

Figure 6.3: The maximal height hmax determined by Equation 4.1
with dmax = 25cm and sensor spacings dS ∈ {5, 10, 15, 20}.

6.4.1 Implications for the Maximal Sensor Spacing

In the use case of applying the sensor grid on the underside The maximal sensor
spacing corresponds

to hmax.
of a tabletop while the magnet-wearing hand rests on its
topside, the angle θ approaches 0°. When the sensor spac-
ing is bigger than hmax and the magnet hovers over one
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sensor, other sensors might not be able to perceive the mag-
net anymore. This might impair the results of applied 2D
position estimation algorithms. Hence, the maximal sensor
spacing dS should be ≤ hmax.

We tested several sensor spacings in Figure 6.3 and deter-hmax lies between
15cm and 25cm for
dS ∈ {5, 10, 15, 20}
and we suggest a

maximal sensor
spacing of 20cm.

mined hmax = 15cm for dS = 20cm. Since this is suitable
for mid-air interaction and hmax decreases significantly for
20cm < dS ≤ 25cm, we suggest 20cm as the maximal sen-
sor spacing for the ∅8mm x 2mm disk magnet.
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Chapter 7

Evaluation

In this chapter, we examine if a sensor grid made out of We evaluate the
system by 2D

position estimation
instead of 2D gesture

recognition.

the MMC5603NJ AMR sensor combined with the ∅8x2 disk
magnet are suitable for applying gesture recognition algo-
rithms like the $1 recognizer by Wobbrock et al. [2007]. Be-
cause such algorithms work with a sequence of estimated
positions, we can examine the performance of an applied
2D position estimation algorithm, instead of examining the
gesture recognition performance on our system. It is irrel-
evant whether the estimated positions are close to the real
magnet positions, as long as the estimated positions appro-
priately reflect the input gesture.

7.1 Measurement Procedure

The accuracy of the estimated positions might be depen- The position
estimation algorithms

are applied at 25
positions that cover a

2x2 sensor grid for
varying sensor

spacings and
heights.

dent on the sensor spacing and magnet height over the
sensor grid. In the last chapter, we determined a maximal
sensor spacing of 20cm, based on the ∅8x2 disk magnet.
Hence, we evaluate applied 2D position estimation algo-
rithms with sensor spacings dS of 5cm, 10cm, 15cm and
20cm. For dS ≤ 20cm, we determined hmax to be between
15cm and 25cm, so we evaluate heights of 5cm, 10cm, 15cm
and 20cm for each sensor spacing. Further, we use a 2x2
sensor grid for our measurements, since results on a min-
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imal sensor grid should be generalizable to larger sensor
grids. For each sensor spacing and for each height, we esti-
mate 25 magnet positions on a 5x5 grid that fully covers the
2x2 sensor grid (See Figure 7.2). The 5x5 grid is well suited,
because it is the minimum size that contains all types of
challenging positions: Corners, edges, the midpoint, posi-
tions with an equal distance to sensors on the x-axis, but
not on the y-axis and vice versa.

For different sensor spacings, the measurement positionsThe algorithms are
applied on relative

sensor and
measurement

positions.

and the estimated positions are the same relative to the sen-
sors, but the absolute positions are not (See Figure 7.1). In
order to make the estimated positions for different sensor
spacings comparable, we apply the position estimation al-
gorithms to the relative positions:

SENSOR POSITIONS (RELATIVE):
The position estimation algorithms are applied under
the assumption of the sensor positions S ∈ ({0, 1} ×
{0, 1})2×2 with si,j = (j, i) (See Figure 7.2).

Definition:
Sensor Positions

(Relative)

MEASUREMENT POSITIONS (RELATIVE):
For equidistant measurement positions and for full cov-
erage of the sensor grid, we define P ∈ ([0, 1]× [0, 1])5×5

with pi,j = (xi,j , yi,j) =
1
4 · (j, i) (See Figure 7.2).

Definition:
Measurement

Positions (Relative)

ESTIMATED POSITIONS (RELATIVE):
To relate an estimated position to the corresponding mea-
surement position, we denote the estimated positions as
P̃dS ,h ∈ (Q × Q)5x5 with p̃dS ,h,i,j = (x̃dS ,h,i,j , ỹdS ,h,i,j) for
sensor spacing dS and height h.

Definition:
Estimated Positions

(Relative)

To counteract noise for every sensor during position esti-The algorithms
receive inputs with

attenuated noise
component.

mation, we calculate the arithmetic mean B̄i,j based on a
hundred magnetic field measurements, yielding four aver-
age magnetic field strengths mi,j = ∥B̄i,j∥2. The position es-
timation algorithms receive the sensor positions S = (si,j)
and the averaged values mi,j as input.
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Figure 7.1: The measurement positions for sensor spacing dS =
5cm (black points, gray sensors) and for dS = 20cm (pink points,
light pink sensors).

Figure 7.2: The relative sensor and the measurement positions.

7.2 Position Estimation Algorithms

Moving forward, we introduce two 2D position estimation
approaches.

The first approach is based on a linear weighting algorithm The first 2D position
estimation approach

is based on linear
weighting.

(See Algorithm 1). However, as explained in Section 2.1,
the magnetic field decreases with the inverse cube of the
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distance. Since we apply a linear weighting algorithm to
non-linear values, the estimated points will likely be dis-
torted.

Therefore, as a second approach, we linearize the valuesThe second
approach linearizes
the measurements

before applying
linear weighting.

beforehand by v′i = 3

√
1
vi

(See Algorithm 2). This inverse
operation reverses the order of magnitude, resulting in a
mirrored estimated position p̃ = (x̃, ỹ) along the center of
the measurement positions. We mirror p̃ again by p̃ = (1−
x̃, 1− ỹ).

As the first approach is based on raw values, we refer to
it as ”Raw-Alg”. Respectively, we refer to the second ap-
proach, that is based on linearized values, as ”Lin-Alg”.

Algorithm 1: Raw-Alg: 2D Position Estimation by Lin-
ear Weighting of Raw Values

input: Sensor positions S = (si,j) and the values vi,j for

each sensor

output: estimated point p̃

p̃←
∑3

i=0 si,j · vi,j∑3
i=0 vi,j

;

return p̃;

7.3 Comparing the Shape of the Estimated
Positions to the Measurement Posi-
tions

As mentioned previously, it is irrelevant whether the esti-
mated positions are close to the real magnet positions, as
long as the estimated positions P̃ appropriately reflect the
input gesture. That should be the case, when the shape of
P is preserved in P̃ . Before we can compare their shapes,
we need to introduce a metric to compare P̃ with P :
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Algorithm 2: Lin-Alg: 2D Position Estimation by Linear
Weighting of Linearized Values

input: Sensor positions S = (si,j) and values vi,j for

each sensor

output: estimated point p̃

vi,j ← 3
√
( 1
vi,j

);

p̃← Raw-Alg(S, (vi,j))

return p̃ = (1− x̃, 1− ỹ);

TOTAL ESTIMATION ERROR (TEE):

Etotal(P̃ ) =
4∑

i=0

4∑
j=0

∥pi,j − p̃i,j∥2 (7.1)

where P̃ ∈ (Q×Q)5x5 is a matrix of estimated positions.

Definition:
Total estimation error

(TEE)

The TEE is not invariant of shape-preserving operations The TEE alone is not
enough to compare

the shapes of P̃ and
P .

like translation and scaling. In order to compare the shape
of P and P̃ , we use the TEE to introduce a translation and
scaling invariant metric, which transforms P̃ in order to
minimize Etotal. To do that, we introduce translation and
scaling operations of P̃ .

translate(P̃ , t) = P̃ + (t · J) (7.2)

where P̃ ∈ (Q×Q)5x5 is a matrix of estimated positions,
J ∈ (Q×Q)5x5 is a matrix full of ones,
t ∈ (Q×Q) translates each element of P̃ .

scale(P̃ , γ) = (P̃ − Pcenter) · γ + Pcenter (7.3)

where P̃ ∈ (Q×Q)5x5 is a matrix of estimated positions,
γ ∈ Q scales the estimated positions,
Pcenter = (0.5, 0.5) · J ∈ (Q×Q)5x5 contains the center of P
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in each entry.

Based on these operations, we can introduce a metric that
compares the shape of P and P̃ by correcting the differ-
ences between P and P̃ in regards of translation and scal-
ing:

SHAPE DEVIATION ERROR (SDE):

Eshape(P̃ ) = min
t∈(Q×Q)

γ∈Q

Etotal(scale(translate(P̃ , t), γ))

(7.4)
where P̃ ∈ (Q×Q)5x5 is a matrix of estimated positions.

Definition:
Shape deviation

error (SDE)
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Chapter 8

Discussion

Moving forward, we discuss the evaluation results in re-
gard to the estimated positions, the scaled estimated posi-
tions, the scalings and the performance of the position esti-
mation algorithms. Then, we review the requirements that
we set for our system in Chapter 4 and compare our ap-
proach to related work.

8.1 Discussion of Evaluation Results

8.1.1 Estimated Positions

In the following we focus on the estimated positions, that
emerged from the application of Raw-Alg (See Algorithm
1) and Lin-Alg (See Algorithm 2). The estimated positions
are illustrated in the Figures B.1, B.2, B.3 and B.4.

When comparing the estimated positions for a fixed sen- The estimated
positions increasingly

centralize with the
measurement height

and increasingly
spread with the
sensor spacing.

sor spacing, it is salient that the estimated positions in-
creasingly centralize with the measurement height. This is
probably due to the fact that the respective magnet-sensor
distances differ the most when the magnet is close to the
sensor positions, resulting in larger differences in magnetic
field measurements. Since the applied algorithms are based
on linear weighting, more similar sensor measurements
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lead to more central estimated positions. Another observa-
tion is that the estimated positions spread with increasing
sensor spacing, which can be explained in the same man-
ner.

8.1.2 Scaled Estimated Positions

The scaled estimated positions are illustrated in the Figures
B.5, B.6, B.7 and B.8. All of them seem to be symmetric, so
we can assume that the sensor measurements do not differ
greatly.

Observations for Raw-Alg

For the scaled estimated positions of Raw-Alg, we observeRaw-Alg yields
distorted estimated

positions at larger
sensor spacings and

at smaller heights.

that the edges are often curved inwards. We suspect that
the curvature is due to the cubically decreasing magnetic
field (See Section 2.1). It is prominent that the curvature
increases with the sensor spacing, but decreases with the
height over the sensor grid. We suspect that it is the most
prevalent at a small height, because there, the gradient of
the magnetic field is the steepest, so its non-linear progres-
sion is picked up by the sensors and affects the results of a
linear-weighting algorithm the most. Since the gradient of
the magnetic field becomes more shallow with the distance
(See Figure A.3), it can be more accurately approximated
by a linear function with increasing distance. Thus, esti-
mated positions can reproduce the shape of the measure-
ment positions better and the curvature decreases. Another
observation is that the curvature increases with the sensor
spacing, which can be explained similarly.

Observations for Lin-Alg

For the scaled estimated positions based on Lin-Alg, we
observe that the edges tend to be curved outwards, with
the curvature decreasing with increasing sensor spacing.
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This can be seen most easily by comparing the scaled es-
timated positions for the height h = 5cm of the different Lin-Alg yields

inversely distorted
estimated positions

in comparison to
Raw-Alg. Similarly,

the distortion
increases with larger
sensor spacings and

at smaller heights.

sensor spacings (excluding 15cm sensor spacing). Similar
to the scaled estimated positions of Raw-Alg, the curva-
ture decreases with increasing height. We suspect that the
outwards curvature comes from a rounding of the corner
positions. This rounding probably emerges from the fact
that, when the magnet hovers over one corner at a specific
sensor, the other sensors still sense the magnet to a signif-
icant extend. This results in their measured magnetic field
being far from zero, dragging the estimated position more
towards the center.

This explanation fits the observation that the corner round-
ing decreases with increasing sensor spacing and height,
since a larger magnet-sensor distance leads to a weaker ap-
plied magnetic field at the other sensors.

8.1.3 Comparison of Scalings

As can be observed in Figure B.9, it seems that the opti- The scalings for the
estimated positions

of Raw-Alg and
Lin-Alg only differ by

a factor.

mal scaling γ for the scaled estimated positions of Raw-Alg
and Lin-Alg can be described by a monotonically increas-
ing function for each sensor spacing dS ∈ {5, 10, 15, 20}. For
each applied algorithm respectively, the scaling at a fixed
height decreases with increasing sensor spacing. When
comparing the scaling progression of the algorithms for the
same sensor spacing dS , the similarity is very apparent and
the corresponding scalings only seems to differ by a con-
stant (See Figure B.9 bottom).

8.1.4 Algorithms

In the following, we use the shape deviation error Eshape

as a performance indicator, since a smaller value should
correspond to a more accurately reproduced shape of the
measurement grid and a larger value indicates a higher de-
viation from it.
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Sensor Spacing
Height 5cm 10cm 15cm 20cm Sum

5cm 1.775 2.015 3.464 2.727 9.981
10cm 0.457 1.032 1.686 2.093 5.268
15cm 0.879 0.868 1.084 1.416 4.247
20cm 3.069 1.530 1.923 1.966 8.488
Sum 6.180 5.445 8.157 8.202 27.984

Table 8.1: Based on Raw-Alg (Algorithm1), this table
summarizes the shape deviation error Eshape(P̃dS ,h) of
the estimated positions P̃dS ,h, dS , h ∈ {5, 10, 15, 20}.
For each sensor spacing, we marked the smallest error
and biggest error across all heights.

Sensor Spacing
Height 5cm 10cm 15cm 20cm Sum

5cm 1.259 1.039 4.373 1.160 7.831
10cm 0.500 0.809 1.409 1.391 4.109
15cm 0.939 0.910 1.188 1.399 4.436
20cm 2.986 1.611 2.012 2.906 9.605
Sum 5.683 4.369 8.983 6.856 25.981

Table 8.2: Based on Lin-Alg (Algorithm2), this table
summarizes the shape deviation error Eshape(P̃dS ,h) of
the estimated positions P̃dS ,h, dS , h ∈ {5, 10, 15, 20}.
For each sensor spacing, we marked the smallest error
and biggest error across all heights.

Sensor Spacing
Height 5cm 10cm 15cm 20cm Sum

5cm 0.516 0.976 -0.909 1.567 2.150
10cm -0.043 0.223 0.277 0.702 1.159
15cm -0.060 -0.042 -0.104 0.017 -0.189
20cm 0.083 -0.081 -0.089 -0.940 -1.117
Sum 0.497 1.076 -0.826 1.346 2.003

Table 8.3: Based on Table 8.1 and Table 8.2, this table
subtracts the SDE of Lin-Alg from the SDE of Raw-Alg
for the corresponding entries. Hence, the entry is posi-
tive if Raw-Alg yielded a larger SDE and vice versa.
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Performance of Raw-Alg

The following observations, see Table 8.1. Taking all sen- Raw-Alg overall
performs best at

10cm sensor spacing
and worst at 20cm

sensor spacing.

sor spacings into account, Raw-Alg overall performed the
worst close to the sensor grid at h = 5 and the best at
h = 15. An exception to this pattern are the scaled es-
timated positions with 5cm sensor spacing, where the al-
gorithm yields the best SDE at h = 10 and the largest at
h = 20. When comparing the performance of Raw-Alg for
each sensor spacing, Raw-Alg predominantly performed
the best at dS = 10 and worst at dS = 20. However, the data
sets P̃15,5, P̃20,10 and P̃20,20 suffered from severe outliers, so
a larger SDE is to be expected. Nonetheless, when consider-
ing the visualizations, Raw-Alg indeed seems to reproduce
the shape of the measurement positions most accurately at
10cm sensor spacing (See Figure B.6).

Performance of Lin-Alg

The following observations are based on the data in Table Lin-Alg overall
performs best at

10cm sensor spacing
and worst at 15cm

sensor spacing.

8.2. Unlike Raw-Alg, Lin-Alg primarily shows the smallest
SDE at h = 20 across all sensor spacings. However, as men-
tioned earlier, the estimated positions P̃15,5 suffered from
a severe outlier, so under optimal conditions, Eshape(P̃15,5)
might be smaller than Eshape(P̃15,20). Like Raw-Alg, Lin-
Alg overall yielded the smallest SDE at 10cm sensor spac-
ing.

Comparing the Performance of Raw-Alg and Lin-Alg

Table 8.3 shows that Lin-Alg yields performed better for Lin-Alg overall yields
a better performance

than Raw-Alg.
sensor spacings of 5cm, 10cm and 20cm compared to Raw-
Alg, while Raw-Alg performed better at 15cm sensor spac-
ing. Moreover, while Lin-Alg predominantly yielded a
smaller sum SDEs in 5cm and 10cm height over all sensor
spacings, Raw-Alg did so in 20cm height. Their overall per-
formance is similar at 15cm sensor spacing. It is prominent
that their largest difference in performance is in 5cm height.
The difference sinks up to around 15cm height and grows
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again up to 20cm height. There does not seem to be a pat-
tern in regard to the sensor spacings.

All in all, the results show that, out of the sensor spacings
and algorithms tested, our setup works most accurately
at 10cm sensor spacing using algorithm Lin-Alg. How-
ever, note that this statement only holds when using the
∅8mmx2mm disk magnet. When using another magnet, a
different sensor spacing might be more favorable.

Algorithm Limitations

As mentioned earlier, the area on which the estimatedMagnet movements
may be detected that

do not occur in
reality.

positions are reproduced increasingly centralizes with the
height. This might impair gesture recognition using Lin-
Alg, because people alter the height of their hands while
performing gestures. For example, when starting a gesture
at h = 10 and lowering the hand to h = 5, the estimated
positions would indicate a hand movement to the edges of
the positions, even though the 2D position of the hand has
not changed in reality. Therefore, using another position
estimation algorithm could be more favorable.

8.2 Checking the Established Require-
ments

In Chapter 4, we specified the requirements for our system:

(1) Expandable sensing area

(2) Overdrive distance hmin ≤ 2cm

(3) Feasible 2D position estimation of the magnet up to
hmax ≥ 30cm

(1) We made the sensing area of our setup expandable by
designing a modular sensor adapter PCB in Chapter 5.2.
However, adaptations in hardware and software still need
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to be made in order to support a seamlessly extendable
sensing area.

(2) In Chapter 6, we chose the ∅8mmx2mm disk magnet
with an overdrive distance of 2cm.

(3) According to the evaluation results, 2D position estima-
tion of the magnet is feasible up to 15-20cm, using Lin-Alg
and 10cm sensor spacing.

All in all, we met most of the established requirements.
Still, some work needs to be done in order to fulfill them
completely.

8.3 Comparison to Other Approaches

Our system supports a larger reliable input distance than In contrast to other
approaches, our

approach allows for
gestural input in

mid-air.

other magnet-based approaches designed for gestural in-
put. FingerPad (Chan et al. [2013]) only supports an effect
sensing range of 2.1cm from the sensor plate. Liang et al.
[2013] reported a maximal input distance of 44mm across
all their papers. uTrack by Chen et al. [2013] supports a
volume of 19.2cm3 (± 80mm around the x-axis, ± 60mm
around the y-axis and 0-80mm at the z-axis). On the other
hand, the approach of Hu et al. [2010] works at a larger
distance from the sensors compared to our approach: They
support distances of 5cm-45cm with magnets as small as
∅4mmx5mm. However, their system is not designed for
gesture recognition. Lastly, the infrared-based approach
by Gong et al. [2017] supports sensing distances between
0.5cm and 30cm, but their gestures are limited to micro
thump-tip gestures.

Furthermore, while our approach is limited to 2D gesture Other approaches
allow for 3D position

estimation.
recognition, Chen et al. [2013] supports 3D gesture recog-
nition using only two 3-axis Hall sensors. Similarly, Hu
et al. [2010] is able to accurately estimate the 3D position
of a magnet.

Other gesture recognition approaches like Fingerpad (Chan
et al. [2013]), uTrack (Chen et al. [2013]), Cyclops (Chan
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et al. [2015]), LightRing (Kienzle and Hinckley [2014]), theOur approach is
more convenient to
be used on a daily

basis.

electrode armband by Zhang et al. [2016], the MMG based
armband by Yamakawa and Nojima [2012] and Pyro (Gong
et al. [2017]), proposed a powered hand-held device. In
contrast, only our sensor grid needs to be powered and a
hand-held input device for our system only needs to em-
bed a magnet, meaning that it can be smaller and lighter
with no heat generation. In our case, the input magnet can
just be embedded into a daily object like a ring or a bracelet,
which are both socially acceptable in terms of appearance
and do not obstruct daily routines. Such an object can be
easily put on and off, while other magnet-based gesture
recognition approaches like Chan et al. [2013] and Chen
et al. [2013] require a more careful installation on finger
nails. The placement on the finger nail(s) also restricts the
user from carrying out daily routines when wearing these
devices. All in all, these reasons make our setup more com-
fortable to users compared to the other approaches.

In return, these self-powered devices are suitable for mobileOther gesture
recognition

approaches support
mobile applications,
while ours does not.

applications and some even for environmental interaction
(Chan et al. [2015]), while our setup can only be used lo-
cally. This also means that several sensor grids are needed
for different applications. On the other hand, the locality
makes tailored applications possible, e.g. for specific rooms
or objects. An example would be a desk, where the sensor
grid can be embedded on the tabletop’s bottom and by that,
extend a computer’s functionality or replace other devices
like a computer mouse. Another example is a couch in the
living room, into which the sensor grid can be embedded
in order to replace the TV remote, control the room lighting
or adjust the TV’s volume.

Similar to GaussSense (Liang et al. [2012]), a current dis-The sensor
calibration of our

system is frail and
needs to be

automated in the
future.

advantage of our system is the frail calibration. When the
sensors are moved in space, the surrounding magnetic field
changes and the calibration is invalid. This may signifi-
cantly impair the performance of an applied position esti-
mation algorithm. Our current calibration also restricts our
setup from being embedded into frequently moved objects
like doors, but this could be solved by automatically cali-
brating the sensor grid from time to time. In contrast, Fin-
gerPad (Chan et al. [2013]) and uTrack (Chen et al. [2013])
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on the other hand do not calibrate the sensors, since the
device-wearing hand is moved all the time. Because their
reliable input range is significantly smaller than ours, their
devices might still work without calibration, because the
magnet is significantly closer to the sensors and therefore
the signal-to-noise ratio might be significantly higher.

Similar to Liang et al. [2015], our approach is constructed in
a way that allows for an extendable sensing area. A direct
comparison of our system to other approaches in terms of
performance is not possible, since the gesture recognition
rate of our system has not been examined yet.
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Chapter 9

Summary and Future
Work

9.1 Summary and Contributions

In this thesis, we constructed a modular AMR sensor grid Our system consists
of a sensor grid out

of four AMR sensors
that is suitable for 2D

mid-air gesture
recognition in

combination with a
∅8mmx2mm disk

magnet.

that is suitable for 2D mid-air gesture recognition. In order
to achieve this, we firstly considered AMR sensor charac-
teristics and chose a sensor that can reliably detect weak
magnetic fields. Then, we constructed a modular sensor
adapter PCB that allows for an extendable sensing area in
the future, where we took care to keep the PCB-induced
magnetic field as low as possible. Moreover, we imple-
mented sensor communication and sensor calibration with
an Arduino. Furthermore, we investigated the anisotropy
of the sensor in case that it affects position estimation re-
sults significantly. After that, we conducted experiments
with various magnets to find one that is suitable for mid-
air interaction without overdriving the sensors in potential
applications. Based on the results, we chose a ∅8mmx2mm
disk magnet and determined the maximal sensor spacing
for this magnet to be around 20cm.

Lastly, we examined the suitability of our system for 2D
gesture recognition. For that, we constructed a 2x2 sen-
sor grid and took measurements on an aligned 5x5 mea-
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surement grid for different sensor spacings and heights.The position
estimation algorithm

that linearizes the
measurements

beforehand and then
applies linear

weighting performed
the best at 10cm
sensor spacing.

Then, we applied two algorithms on the same data, where
both algorithms are based on linear weighting. Thereby,
the first algorithm gets the raw values as input and the
second algorithm linearizes the raw values before apply-
ing linear weighting. We evaluated the resulting estimated
grids based on the quality of the reproduced measurement
grid shape. We compared the results of both algorithms
and came to the conclusion that the shape of the measure-
ment grid was the best reproduced by the algorithm based
on the linearized values at a sensor spacing of 10cm.

9.2 Future Work

In the future, the performance of a 2D gesture recognizer2D gesture
recognition

algorithms and user
satisfaction should

be evaluated on our
system.

(e.g. the $1 recognizer) should could be evaluated on our
system in combination with the ∅8mmx2mm disk magnet,
10cm sensor spacing and Algorithm 2. Moreover, it should
be investigated if users are satisfied with the user input
height of 15-20cm that the ∅8mmx2mm disk magnet yields.

However, as we mentioned earlier, problems may arise inApplying other
position estimation

algorithms could be
beneficial.

practice when using Algorithm 2, since it reports different
2D positions when the magnet height is changed. In that
case, other position estimation algorithms should be eval-
uated on our hardware. A promising position estimation
algorithm was provided by uTrack (Chen et al. [2013]). It
could be applied to our system and could either enhance
the functionality of the system to 3D gesture recognition
or the estimated 3D position could be projected onto 2D
space. Other approaches based on machine-learning tackle
problems of all kinds, so it could be used on our system for
position estimation or for the gesture recognition itself.

In addition, the sensing area of our approach should be
made easily expandable, similar to Liang et al. [2015]. To
achieve that and to facilitate hardware construction, I3C
communication with the sensor could be implemented.

The evaluation results feature some outliers in regards of
estimated positions. Thus, future work should find a solu-
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tion to prevent or deal with outliers.

Lastly, the functionality of our approach could be extended,
such that it is usable as a smart home control device, as
proposed by Meier et al. [2019].
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Appendix A

Magnet Experiment
Results

Figures A.1, A.2 and A.3 show the results of the magnet
experiments that we described in Chapter 6.
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Figure A.1: The magnetic field measurements of the cuboid mag-
nets taken centimeter by centimeter starting from the individual
magnet’s overdrive distance up to 30cm from the sensor. The up-
per figure has a linear y-axis, giving away the overall shape of the
measurement curves. The lower figure has a logarithmic y-axis,
such that values close to zero can be differentiated better. The
legend gives the type and dimension of each magnet. For more
information on the magnets, see Table 6.1.
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Figure A.2: The magnetic field measurements of the disk mag-
nets taken centimeter by centimeter starting from the individual
magnet’s overdrive distance up to 30cm from the sensor. The up-
per figure has a linear y-axis, giving away the overall shape of the
measurement curves. The lower figure has a logarithmic y-axis,
such that values close to zero can be differentiated better. The
legend gives the type and dimension of each magnet. For more
information on the magnets, see Table 6.1.
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Figure A.3: The magnetic field measurements of all magnets
taken centimeter by centimeter starting from the individual mag-
net’s overdrive distance up to 30cm from the sensor. The upper
figure has a linear y-axis, giving away the overall shape of the
measurement curves. The lower figure has a logarithmic y-axis,
such that values close to zero can be differentiated better. The
legend gives the type and dimension of each magnet. For more
information on the magnets, see Table 6.1.
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Appendix B

Evaluation Results

The estimated positions of both algorithms are shown in
Figure B.1 for sensor spacing dS = 5cm, Figure B.2 for dS
= 10cm, Figure B.3 for dS = 15cm and Figure B.4 for dS =
20cm.

The scaled estimated positions are shown in Figure B.5 for
dS = 5cm, Figure B.6 for dS = 10cm, Figure B.7 for dS = 15cm
and Figure B.8 for dS = 20cm.

Figure B.9 shows a comparison of the scalings.
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Figure B.1: The estimated positions (orange points) of Raw-Alg and Lin-Alg for sensor spacing
dS = 5cm and height h ∈ {5, 10, 15, 20}. The measurement positions are shown in black points.
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Figure B.2: The estimated positions (orange points) of Raw-Alg and Lin-Alg for sensor spacing
dS = 10cm and height h ∈ {5, 10, 15, 20}. The measurement positions are shown in black points.
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Figure B.3: The estimated positions (orange points) of Raw-Alg and Lin-Alg for sensor spacing
dS = 15cm and height h ∈ {5, 10, 15, 20}. The measurement positions are shown in black points.
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Figure B.4: The estimated positions (orange points) of Raw-Alg and Lin-Alg for sensor spacing
dS = 20cm and height h ∈ {5, 10, 15, 20}. The measurement positions are shown in black points.
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Figure B.5: The scaled estimated positions (blue points) for sensor spacing
dS = 5cm, height h ∈ {5, 10, 15, 20}, both for Raw-Alg and Lin-Alg. The mea-
surement positions are shown in black points, where a 2D vector shows the
error between a measurement point and an estimated point. The heat map
visualizes the shape deviation error. See Section 7.3 for an explanation of the
variables.
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Figure B.6: The scaled estimated positions (blue points) for sensor spacing
dS = 10cm, height h ∈ {5, 10, 15, 20}, both for Raw-Alg and Lin-Alg. The
measurement positions are shown in black points, where a 2D vector shows
the error between a measurement point and an estimated point. The heat map
visualizes the shape deviation error. See Section 7.3 for an explanation of the
variables.
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Figure B.7: The scaled estimated positions (blue points) for sensor spacing
dS = 15cm, height h ∈ {5, 10, 15, 20}, both for Raw-Alg and Lin-Alg. The
measurement positions are shown in black points, where a 2D vector shows
the error between a measurement point and an estimated point. The heat map
visualizes the shape deviation error. See Section 7.3 for an explanation of the
variables.
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Figure B.8: The scaled estimated positions (blue points) for sensor spacing
dS = 20cm, height h ∈ {5, 10, 15, 20}, both for Raw-Alg and Lin-Alg. The
measurement positions are shown in black points, where a 2D vector shows
the error between a measurement point and an estimated point. The heat map
visualizes the shape deviation error. See Section 7.3 for an explanation of the
variables.
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Figure B.9: The development of the optimal scaling γ per sensor
spacing for Raw-Alg (See Algorithm 1) and Lin-Alg (See Algo-
rithm 2). The Figure at the bottom shows the ratio between the
corresponding scalings. See Section 7.3 for an explanation on γ.
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Appendix C

Adapter PCB File,
Software Files and
Experiment Data

The following repository contains the MMC5603NJ sensor
data sheet by Memsic, the adapter PCB file made in De-
signSpark, all Arduino and Python files implemented for
the experiments and all CSV files containing the experi-
ment results.

https://git.rwth-aachen.de/i10/thesis-laura-drescher-manaa-amr-sensor-
grid.git

https://git.rwth-aachen.de/i10/thesis-laura-drescher-manaa-amr-sensor-grid.git
https://git.rwth-aachen.de/i10/thesis-laura-drescher-manaa-amr-sensor-grid.git
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Index

Eshape, see shape deviation error
Etotal, see total estimation error
dS , see sensor spacing
dmax, see maximal sensing distance
dmin, see overdrive distance
hmax, see maximal height
hmin, see minimal height
$1 recognizer, 18

Ampère’s circuital law, 6
anisotropy, 35

B-field, 5

calibration, 34
cubic magnetic sensor array, 14

discussion, 51–59

estimated positions, 70–73
evaluation, 45–50
evaluation results, 69–78

FingerPad, 11
future work, 62–63

G, see gauss
gauss, 5
GaussBits, 12
GaussSense, 10
GaussStarter, 9

height range, 23

inverse cube law, 6

Lin-Alg, 49

magnet experiment results, 65–68
magnet experiments, 40
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magnetic field space, 7
magnetic tracking, 9
maximal sensing distance, 22
maximal sensor spacing, 44

overdrive distance, 22

position estimation algorithms, 47
Pyro, 18

Raw-Alg, 48
relative estimated positions, 46
relative measurement positions, 46
relative sensor positions, 46
requirements, 25
ring positions, 19

scaled estimated positions, 74–78
SDE, see shape deviation error
sensing range, 22
sensor, 29
sensor adapter PCB, 30
sensor spacing, 23
shape deviation error, 50
smart home control device, 13
superposition principle, 7

T, see tesla
TEE, see total estimation error
tesla, 5
total estimation error, 49

uTrack, 15

wrist band based on electrodes, 17
wrist band based on mechanomyograms, 16
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