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Figure 1: Tracking two magnets individually using a common smartphone on straight lines.

ABSTRACT

This paper presents a method to track two magnets using one mag-
netometer on a smart device (e.g., smartphone), which detects the
locations of the magnets around the device. A magnetometer mea-
sures the overlapping data signals generated by the two magnets.
Thus, a data-separation technique is required to separately track the
continuous and simultaneous signals generated by the two magnets.
In this study, we develop a separation algorithm based on nonnega-
tive matrix factorization to continuously and simultaneously track
two magnets, and then conduct an experiment to validate our con-
cept. We then compare our method in both simulated and actual
environments. In the actual environment, we observe real data sig-
nals arising from the two magnets on a magnetometer. Finally, we
present example applications to demonstrate the use cases of our
model in human-computer interaction systems.

CCS CONCEPTS
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face design; Human computer interaction (HCI).
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1 INTRODUCTION

Magnets are important materials used in human-computer interac-
tion (HCI) research; they are small and cheap, but powerful enough
to demonstrate various user interactions. Researchers have used
this material to track finger movements around a smartphone and
smartwatch [10, 15], tangible and physical interactions [24, 27], and
midair interaction [22]. In addition to interaction variations, there
are various configurations of magnets and magnetometers, such
as interaction with magnetometer arrays [25], multiple tangible
objects with magnets [13], and spinning magnets [3]. In this paper,
we focus on the configuration of one magnetometer and two mag-
nets, and propose a method to continuously and simultaneously
track the magnets’ positions along straight lines around a common
smart device (Fig. 1).

Continuous and simultaneous two-magnet tracking will greatly
enhance physical interactions on smart devices. The input range
of the touchscreen used as an input interface for smart devices
depends on its size. The larger the screen, the larger the input
range; however, this reduces the device’s portability. In contrast,
the smaller the screen, the better the portability; however, this
makes touch interactions difficult. Therefore, an auxiliary input
widget, independent of the screen size, can be added to a smart
device to make it more user friendly. In particular, continuous in-
put widgets, such as sliders and levers, are highly compatible with
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a conventional swiping operation (e.g., screen scrolling); conse-
quently, they are easier to use than discrete input components,
such as buttons. Furthermore, continuous input devices are well
suited to tangible user interfaces and game controllers, and can
thus enhance the functionality of smart devices. One advantage of
using magnets with smart devices is that many such devices have
built-in magnetometers; therefore, our concept of continuous and
simultaneous two-magnet tracking does not require any hardware
modi cation.

To develop a continuous and simultaneous two-magnet tracking
method, we employ a magnetic eld-separation approach. Some
machine-learning algorithms widely used in HCI, such as random
forest and support vector regression, are suitable candidates for
magnet-tracking problems. However, these algorithms are used
with either discontinuous positional relations or single continuous
magnet tracking. For magnetic eld separation, we use a super-
vised learning method based on nonnegative matrix factorization
(NMF). NMF is often used for tasks involving both image and audio
signal processingZ1, 31], and it is also e ective for magnetic eld
separation, which has similar properties.

We formulate a method to separate the overlapping magnetic
elds from one magnetometer to track two magnets on straight
lines. Our model tracks magnets on one-dimensional (1D) straight
lines on two sides of the magnetometer. Although this method is
only 1D, itis the rst approach proposed to separate overlapping
magnetic elds using NMF. We develop an algorithm to realize mag-
netic eld separation and develop a prototype system to establish
our concept.

The contributions of our work are summarized as follows:

(1) We develop an algorithm to realize continuous and simulta-
neous two-magnet tracking by separating the overlapping
magnetic elds. For this purpose, only a three-point calibra-
tion process is necessary; our method does not require much
data for learning.

(2) We validate our method by comparing the results in both
simulated and actual environments. In the actual environ-
ment, we observe the data obtained from a magnetometer
in response to the two magnets.

(3) We demonstrate example applications to illustrate the use
case of our technique.

2 RELATED WORK: MAGNETIC USER
INTERFACE

Various magnetic user interfaces have been proposed to date for
both input to output. For output interfaces, due to the attraction and
repulsion properties of magnetic materials, some researchers have
explored the application of magnets to haptic feedbasky7, 30 36

38 47. In contrast, we focus on the application of magnets as input
interfaces that operate by continuously and simultaneously tracking
two magnets placed around a smart device.

2.1 Single-Magnet Tracking

Most modern smart devices are equipped with a magnetometer;
thus, many input interfaces using the magnetometer have been
proposed. Harrison and Hudson proposed an approach to start
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software apps by detecting the di erence in the magnetic eld gen-
erated by a magnet attached to the user's ngdr(. Ketabdaret

al. also proposed a gesture input system for smart devices using
a magnet, which was shown to be applicable to various software
apps [L7, 1§. Kadomura and Siio proposed user interaction via
a magnet attached to a ngernail, which was intended to allow
users to operate smart devices naturallyq. Zalmaiet al.proposed

a gesture-recognition method by tting the trajectory model, as-
suming straight movement gestured]]. Yoonet al.demonstrated

an interesting approach that combined a magnet with an inertial
measurement unit (IMU) for three-dimensional (3D) pen- and nger-
based interactions39 40. Mcintoshet al.used a magnet not only
for gesture input, but also for haptic feedback by placing a coll
on a smart deviceg§. They also utilized IMU to apply geomag-
netism cancellation to improve the tracking accuracy. By using
a magnetic ring, Parlet al.identi ed which nger was used on
the touchscreen29. They achieved high accuracy by applying
geomagnetism cancellation and further used the touched position
as a feature of machine learning.

2.2 Multimagnet Identi cation

Hwang and Bianchi proposed the use of tangible magnets to in-
teract with smart devices3, 13, and Hwanget al.demonstrated

a tangible interaction system with multiple tangible objects us-
ing multiple magnets 13. However, their six-page paper did not
present the system implementation adequately; hence, we were
unable to reconstruct it. Moreover, they neither conducted an exper-
iment to demonstrate the system's accuracy nor provided adequate
metrics to understand the system's operation. Hwaegal.also
tried to detect the movement of a pair of magnets by using a deci-
sion tree [L2. However, this approach could only handle the static
positional relation of magnets, and not continuous position track-
ing. To resolve this issue, Bianchi and Oakley proposed a model to
recognize multiple tangibles that spin a magnet based on the fre-
quency component of the magnetic eld4]. Although recognition
based on the frequency component can work robustly, even when
the number of tangibles increases, it requires special devices to spin
the magnet. Chan and Gollakota proposed an interaction method
using magnetic patterns generated from a conductive thre@ld [
As the interference of each magnetic pattern is trivial, the problem
of overlapping magnetic elds can be avoided.

2.3 Advanced Magnet Tracking Using Multiple
Magnetometers

Some researchers have increased the number of magnetometers in
order to detect the exact movement of a magnet. Cleéal.achieved

3D point tracking of a ngertip using two magnetometers, which
cannot be achieved using a single magnetomefr Moreover,
Chenet al.tracked ve ngers independently by increasing the
number of magnetometers from two to four and using AC-driven
electromagnets operating at unique frequenci8p Bimilarly, Parizi
etal.embedded three magnetometers on a smartwatch and precisely
tracked an index nger wearing an electromagnet as a rirzf].
Liang et al.and Kuoet al.recognized both the precise location
and type of magnet tangibles in a smart device in which a Hall
e ect sensor grid was embedde@@ 23 25. Even though a simple
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algorithm can estimate the exact position of a magnet by increasing
the number of sensors, this approach requires a special device, such
as a magnetometer grid.

2.4 Continuous and Simultaneous Two-Magnet
Tracking: Our Contribution

Various studies were conducted on the use of magnets for user
interfaces in the eld of HCI. These studies demonstrated various
applications using single , double , or multiple magnet tracking
and/or identi cation techniques. Among these, we focus on contin-
uously and simultaneously tracking two magnets with one degree
of freedom. Similarly, MagGet4 [, demonstrated some example
applications of continuous and simultaneous magnet tracking using
a similar method to ours. Our method shows advantages over theirs
in terms of ease of calibration, ease of geomagnetic cancellation,
and stability with respect to the relative position change of the
sensor and magnet. To achieve facile calibration, we develop an
algorithm to separate the overlapping magnetic elds and track two
magnets using only three-point calibration. Similarly, we imple-
mented geomagnetic cancellation so that the smart device can be
used with two magnets while being able to rotate. This mechanism
contributes to the stable detection of both magnets.

3 MAGNETIC FIELD-SEPARATION METHOD

Owing to the additive property of magnetic elds, overlapped mag-
netic elds from multiple magnets can be separated using a linear
model. This property is also applicable to complex spectra, and thus

the methods used in sound source separation can be applied to mag-

netic eld separation by extending the two-dimensional spectrum
components (i.e., real and imaginary parts) to a 3D magnetic eld.
The complex NMF proposed by Kameokg][ et al, which can

express a complex spectrum by using a compact base model, is a

suitable candidate for magnetic eld separation. Another candidate
is that proposed by Ahujat al, in which a complex spectrum is
divided into positive and negative components by NMH.[Our
method is based on both of these methods.

We developed a method to track the positions of two magnets
on straight lines using one magnetometer. The key concept for
continuous and simultaneous two-magnet tracking is magnetic
eld separation. As shown in Fig. 2, in magnetic eld separation,
the input has nine values measured from IMU (i.e., accelerometer,
gyroscope and magnetometer). Each of those three sensors outputs
three real numbers ofx;y and 2. The output value is the intensity
ratio of each magnetic eld di erenceH;. i is the index of the
magnets. We use two magnets in this work, sshould be 0 and 1.
As a result, we get the two output values with our method. Prior to
the separation process, we registered the magnetic eld obtained

when all magnets are located at the reference positdﬁ%D and

when each magnet is located at the boundary positiuqll‘?D for
calibration. By interpolating both positions as corner points,

1e0.
d-;

di =11 Hiod” +H (1)

we estimated the position of each magrat
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Figure 2: Overview of magnetic eld separation. (a) Our sep-
aration system is calibrated with two magnetic eld di er-
ences between a magnetic eld observed when both magnets
are located at a reference position (i.e., case A) and those ob-
served when each magnet is located at a boundary position
(i.e., case B and case C). (b) Our geomagnetism cancellation
system is calibrated with the observed IMU data while the
smart device with magnets is swung from side to side, simi-
lar to drawing a gure 8. (c) The output is an intensity ratio
that expresses where each magnet is located between the ref-
erence and the boundary position.

3.1 Magnetic Field Di erence Model

If the 3-axis indices of the magnetic eld are de ned as2 fx;y; zg,
then the di erence model of the magnetic eld generated from
each magnet can be expressed by the product of the preregistered
magnetic eld di erenceX;. (basis vector) and the intensity ratio

of each current magnetic eldH;, as follows:

M;, =HiX; @
whereH; satis es the condition0 H;. Using the magnetic eld
di erence modelM,. and the magnetic eld observed when all

magnets are located at the reference positien the magnetic eld
measured from a magnetometBr is established as follows:
(0]

B = M. +E +

is the error due to the model error and noise.

(3)
where

3.2 Geomagnetism Cancellation
E comprises the geomagnetic eld and magnetic eld generated

when both magnets are located at the reference positilétﬁ). When

the orientation of the smart device is tilted, the positional rela-
tion between the two magnets and the magnetometer is constant,
whereas the geomagnetic eld component rotates depending on
device orientation. Therefore, we apply a simple approach of ge-
omagnetism cancellation, which is quite similar to that proposed
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by [26].E is expressed as
O
R oElG° + ElHo;
02fx;y;zg
using the rotation matrix of the device orientatioR o, which
can be obtained from its accelerometer and its gyroscope, the ge-
omagnetic eld observed when the smart device is not tilted (i.e.,

absolute orientation}ElGo, and the magnetic eld generated from

E (4)

the two magnets and an environmei@ ' . The variableE ™ is

well known as the hard iron e ect in the task of geomagnetism
cancellation L9 33, which indicates an observed geomagnetic eld
distortion produced by a paramagnetic material, such as a perma-
nent magnet. As shown in Eq. (4, is distribyted on the surface

of a sphere with centeE " and radiuse'®” (= £6% .57+ £26%).
Therefore, we sampled the magnetic eld at various orientations
of the smart device with two magnets for calibration, and then
tted the sphere to the sampled dat,. . Next, we applied a least-
squares method where the following was used as a cost function to
obtainE "’ andE”;

O

(0]
1
k
We obtained the magnetic eld di erence generated from the
two magnetsY by applying geomagnetism calibration with the
observation data:

1G0

EH%2 60 2.

'By; ®)

Y =B E: (6)

3.3 Separation Process

Based on NMF, we separated the magnetic eld di erence of two
magnetsY into those of each magne¥l,. . Fora real given mag-

netic eld di erence, we separated the observation data and the
basis vector into positive and negative components applied to NMF.

\a (7)
Xil.+° = maxQ; X;. © Xil_o = min’G; X;. ° (8)

Each component is assigned to the following NMF update formulas:

o 10 .
=maxk0yY % Y =miniQY°

140 Hi X|1,+ 10 Hi Xil;

Tt e i T )

o Ho X o Hn X,

?il.” = HiXil,Jro + i1.+°1Y1+0 H;i Xi1_+°°;
1‘0 1‘0 1‘0 10 1,0 (10)

Y. =HIX. o+ Y Hi X, ©

i 1?1+0X.1+0' -1+o + \?10 X.lo . .10 o

I I I; I I I,
Hio= e 11
e e e D

i; i;

Eq. (9) derives the component ratio of the magnetic eld generated
from each magnet,. , Eq. (10) distributes the di erence between
the observation data and the magnetic eld di erence model to
the magnetic eld model with the component ratio, and Eq. (11)
calculates the intensity ratiéd; from the values obtained in Eq. (9)
and Eq. (10). By iteratively updating Eq. (9), (10), and (11), the
solution converges to a stationary point. Finally, the intensity ratio
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of each magnetic eldH; obtained through this iteration and the
position of each magned; were derived from Eq. (1).

4 EXPERIMENT

We conducted an experiment to validate our method by comparing
the results obtained in simulated and real environments. In the real
environment, we obtained data from a magnetometer in response
to two magnets.

4.1 Condition

We compared two conditions in this experiment: the simulated and
actual environments.

4.1.1 Simulated Ideal Environment (Simulatidre.tested our
method in a simulated magnetic eld that represented an ideal
environment without any noise. All parameters in this scenario
were fabricated by a Java program, and all trials were performed in
the simulated environment.

4.1.2 Actual Environment (Actuat).this environment, we tested
our method in a real magnetic eld, which was monitored using a
magnetometer, which varied in response to the movements of two
magnets. All trials were performed with a magnetometer installed
on a smartphone and two magnets. We collected data using various
combinations of parameters in an actual environment, and then
supplied the collected data to be analyzed by our method.

The following sections mainly describe the experimental setup
and parameters in the actual environment. The simulated environ-
ment was created to mimic the actual environment.

4.2 Setup and Apparatus

This experiment employed two magnets, each of which comprised
four small magnets{3mm in diameter and2:5 mm thick with a

ux density of 180 mT by Seria Co., Ltd.). All four magnets were
stacked to form a single cylindrical magnet. We used a Nexus 5X
smartphone with an installed magnetometer as a data-recording
device. The exact position of the magnetometer on board was not
o cially available, so we exploratively searched for its position. The
yellow circle on the smartphone in Fig. 3 indicates the estimated
position of the sensor. The error margin was approximately mm.

Fig. 3 shows the experimental data-collection setup, where the
Nexus 5X is located in the center as the data-recording device. We
adjusted its position to align the magnetometer with the center of
the experimental setup. The two magnets were designed to move
along straight lines on the left and right sides of the recording device.
The experimental parameters are discussed in the next subsection.

4.3 Parameters

4.3.1 Direction of the Magnetic Fiekdmagnet creates a direc-
tional magnetic eld around itself comprising three spatial dimen-
sions (i.e.x; y and 2 (Fig. 4). In this experiment, we used three
variations of the parameters to determine the direction of the mag-
netic eld. There are two lines on the plane in the experimental
setup, on the left and right sides of the device. The same direction
is used for the two magnets; thus, there are nine variations of the
parameterstx rx (left-x and right-x),Ix ry,Ix rz,ly rx,
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Figure 3: Environmental data collection

(SensorMIDDLE

setup for

ly ly,ly rz/lz rx,lz ryandlz rz.We maintained this pair
of straight lines as the two magnets moved along them.

We synthesized the magnetic eld created by the two magnets
and analyzed it using a magnetometer by employing the Biot Savart
law.
3tm;rir

krk5

m

B -
kr k3

(12)

Y
4

Figure 4: Direction of magnet.

4.3.2 Position of the Magnels.this experiment, two magnets
moved along straight lines. A 100-mm line was divided into 10
intervals to create 11 data points. All intervals were 10 mm wide
and equally spaced (Fig. 3). We collected all combinations of left
and right data points on two lines and arrived 4l 11= 121data
points for each pair of magnet directions.

4.3.3 Position of the Magnetometdat only the direction of each
magnet, but also the reference and the boundary positions deter-
mine the basis vector. As shown in Fig. 5, we conducted this ex-
periment for the two positional conditions of the magnetometer
described below.
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(1) Sensor MIDDLEA magnetometer is located at the middle of
the magnets' movement rang8ensorMIDDLIES a condi-
tion in which the distance between the magnet and magne-
tometer is equal when the magnet is placed at the reference
or boundary position.

(2) SensorT OGFA magnetometer is located at the top of the mag-
nets' movement rangeSensorTOR a condition in which
the distance between the magnet and magnetometer simply
decreases as the magnet moves from the reference position
to the boundary position.

We selected those two conditions to investigate how the line and
magnetometer positions a ect the tracking results. TBensorMIDDLE
condition is a balanced case where the distances between the sen-
sor and both the boundary and reference positions are equal, and
SensorT OPondition is an unbalanced case. These conditions are
considered because the distances between the magnets and the
sensor are important factors in this experiment. Our hypothesis is
that the unbalanced case will more robustly track magnets than
the balanced case because the position is not uniquely determined
when the distance is symmetrical. Note that we only select one
condition for the unbalanced case, and omit the corresponden-
sorBOTTOMase because tigensorT OBnd SensorBOT TOlte
symmetric in terms of the distance between the magnets and sensor.
Thus, their results should be the same.

SensorMIDDLE SensorTOP

Figure 5: Positional conditions of magnetometer.

4.4 Procedure
The experimental procedure is as follows:

(1) The magnetometer location was selected based on the posi-
tional conditionsSensorMIDDLENdSensorT OP

(2) A pair of directions was selected for the two magnets.

(3) The device was calibrated by rst placing the two magnets
on the reference positions, and then recording the positions
on the device. Second, the left magnet was moved to the
boundary position on the left line and the two magnet posi-
tions were recorded. Third, the left magnet was returned to
the reference position on the left line, the right magnet was
moved to the boundary position on the right line, and the
two magnet positions were recorded.

(4) Data collection commenced from the reference positions. We
collectedll 11= 121data points by xing the directions
of the magnets while moving them along the straight lines.
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