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Abstract: In recent years, the importance of location information has increased due to the popularization of terminals
such as smartphones. Our purpose is to estimate the 3D position of smartphones within several centimeters. This
location information can reveal a person’s behavior patterns and subject of interest. A method based on dynamic mag-
netism can estimate the 3D position of a terminal within several centimeters, and it is robust against the environment.
However, since the performance of the smartphone’s magnetic sensor is limited, this method cannot be used in smart-
phones. In this research, we propose a smartphone 3D positioning method using a Spinning Magnet Marker (SMM)
that spins a powerful neodymium magnet with a motor. Magnetoquasistatic field generated by an SMM is detected by
a magnetic sensor mounted on a smartphone, and the 3D position of a smartphone based on the SMM is estimated from
the magnetism. We developed an SMM with a stepper motor to improve estimation accuracy. In addition, we studied
the magnetism generated by an SMM and derive equations to estimate the 3D position of a smartphone. Furthermore,
we improved the estimation accuracy and expanded coverage by introducing a noise reduction method. We evaluate
the estimation accuracy of the proposed method. When the azimuth angle is 0°, the elevation angle is 0°, and the
distance is 3 m, the azimuth angle is estimated with a mean error of 1°, the elevation angle is estimated with a mean
error of 4°, and the distance is estimated with a mean error of 9 cm.

Keywords: indoor positioning, smartphone, magnetism, three-dimension, magnetoquasistatic field

1. Introduction

In recent years, with the spread of terminals such as smart-
phones, various location-based services have increased. GPS
(Global Positioning System) is often used to obtain location in-
formation outdoors. However, it is difficult to use GPS indoors
where radio waves are difficult to reach. When the 3D position
of a smartphone can be estimated within several centimeters, it
is expected that it is possible to estimate the behavior patterns of
people and the target of interest. For example, when you know
the angle from which you are watching the exhibition at an event
venue, you can recognize what are targets of visitor’s interest.
In addition, when it is possible to estimate the route of a vis-
itor within an accuracy of several centimeters, it is possible to
estimate the behavior pattern of visitors in detail. Various in-
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door positioning methods have been studied to date. For exam-
ple, there are methods based on radio waves such as Wi-Fi access
points [1], [2], [3], [4], BLE (Bluetooth Low Energy) [5], [6], [7],
and UWB (Ultra Wide Band) technology [8]. However, in these
methods, it is difficult to estimate the position of a terminal within
several centimeters. In addition, estimation accuracy decreases
when there is an obstacle between the transmitter and terminal.
Other methods based on ultrasound [9], [10], [11], and VLP (Vi-
sual Light Positioning) [12], [13] can estimate a position within
several centimeters. However, estimation accuracy decreases
when an obstacle exists that is similar to the positioning method
based on radio waves. Since smartphones are often carried in
clothes and bags, these methods are not suitable for our purpose.

A positioning method based on dynamic magnetism [16], [17],
[18], [19] has higher robustness than methods based on radio
waves; magnetism has stronger permeability than radio waves.
Actually, there are commercial products based on dynamic mag-
netism that track movement or positioning indoor locations.
However, methods based on dynamic magnetism are subject to
difficulties with smartphones. For example, these methods use
dynamic magnetism at a frequency of several kilohertz. Since
the sampling frequency of smartphone magnetic sensors is a few
dozen hertz, it cannot detect magnetism that is several kilohertz.

The preliminary version of this paper was published at The Tenth Inter-
national Conference on Mobile Computing and Ubiquitous Networking,
Oct. 2017. The paper was recommended to be submitted to Journal of
Information Processing (JIP) by the chief examiner of SIGMBL.
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Fig. 1 Concept of 3D positioning using an SMM.

In addition, because a current of several amperes is required to
generate magnetism that can be detected by a smartphone’s mag-
netic sensor from several meters away, methods based on coils
with an electric current are not suitable.

In order to use the method based on the dynamic magnetism for
smartphones, we developed a Spinning Magnet Marker (SMM).
An SMM generates a magnetoquasistatic field by spinning a mag-
net and most smartphones include a magnetic sensor which can
detect this magnetism. When an SMM is set at a specific position,
the position of a smartphone with respect to the SMM can be esti-
mated. Previously, we studied a method for detecting passengers
with smartphones [20], [21] and a two-dimensional smartphone
positioning method [22] using an SMM.

In this paper, we propose a smartphone 3D positioning method
using an SMM. The proposed method can be used to estimate the
3D positions of several smartphones at the same time. We illus-
trate the concept of our proposal in Fig. 1. Throughout this paper,
we denote the distance by “r”, the azimuth angle by “6”, and the
elevation angle by “y”".

We have previously proposed a 3D positioning method for
smartphones using an SMM [23]. The difference between this
method and the previous method is that in the previous method,
the distance r estimation was only applicable when the elevation
angle was ¢ = 0°, whereas in this method, by improving the dis-
tance estimation method, we are able to estimate distance r at
arbitrary elevation angle . Moreover, in previous research, we
conducted experiments separately to evaluate the estimation ac-
curacies of the azimuth angle 6, the elevation angle ¢, and the dis-
tance r. On the other hand, in this study, we conduct experiments
simultaneously to evaluate the accuracy of the azimuth angle 6,
the elevation angle i, and the distance r at each 3D position.

We explain the method to estimate the azimuth angle 6, the el-
evation angle i, and the distance r, and the procedure for improv-
ing estimation accuracy. We conducted experiments to estimate
the azimuth angle 6, the elevation angle , and the distance r sep-
arately as preliminary experiments. In addition, we conducted
experiments to evaluate the estimation accuracies of the azimuth
angle 0, elevation angle ¢, and distance r simultaneously at each
3D position of a smartphone.

Table 1 shows a comparison with our previous research [21],
[22]. We have achieved improvements over our previous research
in the following three respects. First, it is now possible to detect
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Table 1 Comparison with previous research using an SMM.

Accuracy
(atr=2m, 0 =0°,
Purpose Y =0°) Coverage
Passengers Detection,
Previous Research | Two-Dimensional
(Refs. [21], [22]) Positioning 13cm 2m
3D
This Research Positioning lcm 3m

the 3D position of a smartphone. Second, we developed a new
SMM and improved estimation accuracy. Third, we expanded
coverage to 3m by adding a procedure for reducing the effects
from noise in magnetic data.

The first contribution is that the proposed method is a po-
sitioning method capable of detecting the position of a person
to within a few centimeters. Incorporating this technology into
smartphones allows application to a variety of scenes and situa-
tions. Location information service may be achieved not only for
apparel products but also for stores such as bookstores and but
also for most stores regardless of store type.

The second contribution is that the proposed method is a posi-
tioning method based on a simple deployment. In this method, the
magnetism of the SMM is assumed to be detected using a smart-
phone application and by the 3D position of the smartphone. Just
deploying a single SMM allows estimating the 3D position of the
smartphone with a few centimeters in a range of 3 m area from
the SMM. In the conventional method, installing transmitters is
necessary for accuracy. On the other hand, with this method, it is
not necessary to change the setting according to the place where
the SMM is installed, and it is not necessary to change the setting
according to the user of the smartphone. For example, when it
is necessary to know the 3D position of a smartphone during an
event held for a certain period of time, installation costs can be
greatly decreased by using our method.

The structure of this paper is shown below. In Section 2,
we will describe related work about indoor positioning methods.
Next, we will describe the new SMM developed in Section 3, and
the 3D positioning methods are discussed in Section 4. Evalua-
tion experiments of the positioning method are discussed in Sec-
tion 5. Finally, Section 6 describes the summary and future tasks.

2. Related Work

2.1 Positioning Method based on Radio Waves

One positioning method uses radio waves from Wi-Fi access
points. The advantage of this method is that there is no need to
newly install equipment in an environment where Wi-Fi access
points are installed.

Zandbergen et al. [1], Cheng et al. [2], and Alam et al. [3] stud-
ied a positioning method using the radio field intensity fingerprint
from from Wi-Fi access points. However, these methods require
recreating fingerprints when the environment changes. Zhuang et
al. studied a method to create a radio field strength fingerprint in
buildings using crowdsourcing [4].

Other methods based on radio waves use BLE (Bluetooth Low
Energy) beacons. The advantage of this method is that the in-
stallation cost is relatively inexpensive and the running cost is
relatively low because it is low-power consumption.
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Park et al. [5] and Rida et al. [6] studied a positioning method
by installing BLE beacons in a room. Urano et al. studied a
method to distribute BLE tags to visitors at an event venue and
estimate a position with a BLE scanner installed in the venue [7].
Quuppa *! is one of a number of commercial products using BLE.
This product can estimate the position of the BLE device from the
incident angle of radio waves within an accuracy of 0.1 m to 1 m.

One of the other methods based on radio waves is to use UWB
(Ultra Wide Band). In this method, since short pulse waves are
used, estimation accuracy tends to be high compared with meth-
ods using Wi-Fi access points and BLE beacons.

Zhang et al. studied a method using receiving radio waves
emitted by tags and four receivers installed around them [8].
Ubisense Real Time Location System *? is a commercial product
that uses UWB. This product achieves real-time two-dimensional
positioning within an error of a few meters.

As we have said, there are various positioning methods based
on radio waves. These positioning methods have estimation ac-
curacy of several meters or more; those with the best accuracy are
on the order of tens of centimeters. In addition, these positioning
methods decrease estimation accuracy when there are people or
obstacles in the environment. Therefore, methods based on radio
waves are not suitable for our purpose.

2.2 Positioning Method based on Ultrasound

Nakamura et al. studied a 3D positioning method for smart-
phones using three speakers [9]. Angelis et al. studied a method
using movable beacons to avoid the influence by obstacles and by
multi-path [10]. Medina et al. studied a 3D positioning method
using four beacons [11].

These positioning methods can estimate the 3D position of a
smartphone within several centimeters. However, as with the
method based on radio waves, the estimation accuracy of these
positioning methods decreases when there are people or obsta-
cles in the environment. In addition, since the speed of sound
depends on the temperature of the air, it is necessary to measure
the temperature of the room before estimation. Therefore, meth-
ods based on ultrasound are not suitable for our purpose.

2.3 Positioning Method based on Visible Light

VLP (Visual Light Positioning) is a positioning method based
on visible light. In this method, the 3D position of a camera is
estimated from the position of the LED lamp on the camera.

Kumaki et al. studied the 3D positioning and orientaion esti-
mation of smartphones using four LED lamps [12]. Zhang et al.
studied a 3D smartphone positioning method using one rounded
LED light [13].

As described above, VPL can estimate the 3D position of a
smartphone within a few centimeters. However, we cannot use
this method when the LED lamps are not present in the environ-
ment or are hidden. Since it is assumed that smartphones are
stored in clothes or bags, this method is not suitable for our pur-
pose.

2.4 Positioning Method based on Static Magnetism

In previous research, Murata et al. studied an indoor position-
ing method using residual magnetism in a building [14], [20]. In
this method, the residual magnetism in a building is measured in
advance to create a fingerprint database, which is then used to
estimate the indoor position. As a result of the evaluation exper-
iments, they estimated a position of a smartphone with a mean
error of 13.7m.

Schlageter et al. studied a 3D positioning method using two-
dimensional arrangement magnets [15]. In this method, they esti-
mated the position of a hall sensor from the magnetism generated
by the magnets.

IndoorAtlas ** is a commercial product using statistic mag-
netism. This product uses geomagnetism for positioning; it is
possible to achieve two-dimensional smartphone positioning with
estimation accuracy of 1 m to 2 m. It also reduces the cost of cre-
ating a fingerprint with crowdsourcing using smartphones.

Although these positioning methods can be used on smart-
phones, they are not suitable for our purposes because of their
estimation accuracy and difficulty in 3D positioning.

2.5 Positioning Method based on Dynamic Magnetism

Paperno et al. studied a positioning method based on dynamic
magnetism generated by producing a current flow in a spinning
coil [16]. Similarly, Hu et al. studied a positioning method based
on dynamic magnetism generated by three orthogonal coils [17].
In these methods, a magnetic sensor detects the dynamic mag-
netism at three different frequencies of several kHz, and the sig-
nals are used to estimate the 3D position of the magnetic sensor.

Pirkl et al. studied a positioning method based on dynamic
magnetism at a low-frequency [18]. This method uses transmitter
coils to generate magnetism at a low-frequency, which makes it
possible to estimate the 3D position of a receiver composed of
coils with an accuracy of better than 1 m?.

Pirkl et al. also studied a proximity detection method for a
smartphone and smartwatch using dynamic magnetism at a low-
frequency [19]. In this method, 40 cm X 30 cm rectangular coils
with 20 windings are placed in a room and used to detect the prox-
imity of a smartphone and smartwatch within a range of 30 cm to
50 cm.

POLHEMUS * is a commercial product using dynamic mag-
netism. This system enables real-time 3D positioning such as
motion capture in which the subject wears one or more sensors
that sense the magnetism generated by a dedicated device.

As can be seen from these methods, to achieve 3D smartphone
positioning, it is necessary to use dynamic magnetism at a low-
frequency and to develop a low-cost method to generate dynamic
magnetism.

2.6 Positioning Method using a Spinning Magnetic Marker

To take advantage of 3D positioning methods based on dy-
namic magnetism for smartphones, studied a positioning method
using an SMM (Spinning Magnet Marker). The SMM is a device
that spins a strong magnet at a constant speed and generates dy-

#1
*2

http://quuppa.com
http://www.ubisense.net
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namic magnetism at a low-frequency of approximately 10 Hz at
most. Dynamic magnetism generated by an SMM can be detected
by a smartphone’s magnetic sensor. The merit of this device is
that it uses a magnet to generate magnetism; therefore, it can re-
duce the cost of generating the magnetism compared method that
makes current flow in a coil.

Takeshima et al. studied a method for detecting passenger with
a smartphone using SMM. In this research, two SMMs with re-
spective magnet spinning speeds of 4 and 6 Hz were installed at
a distance r of 60 cm. A passage direction detection rate of 83%
was achieved under the condition of a distance r to the pedestrian
of 75 cm and a walking speed of 1.2 m/s.

In addition, Takeshima et al. studied a two-dimensional posi-
tioning method using SMM [22]. As a result of the experiment
with a magnet spinning speed of 6 Hz, they estimated the dis-
tance r within 13 cm and the azimuth angle 6 with a mean error
of 24° given a distance r of 2 m between the smartphone and the
SMM.

3. Spinning Magnet Marker

3.1 Improvement Concepts

The following two points need to be considered when creat-
ing a smartphone 3D positioning method. The first method is to
obtain the motor angle. Our previous study [22] determined the
direction of the magnet with two Hall sensors installed around
the magnet. Therefore, the azimuth angle 6 can be estimated in
8 directions of 45° increments. To achieve 3D positioning within
several centimeters, an azimuth angle 6 is preferably obtained in
increments of a few degrees. Therefore, it is necessary to obtain
the motor angle by a mechanism different from the SMM used in
previous research. The second point is the strength and shape of
the magnet. Since the SMM is assumed to be installed indoors, it
is necessary to determine the strength and shape of the magnet in
consideration of safety so that the pedestrians and equipment are
not affected.

3.2 Design of the SMM

A stepper motor will likely be used to acquire the motor an-
gle. Since the stepper motor can obtain the motor angle every
time time, it is possible to estimate the azimuth angle 6 for each
step angle. In addition, to estimate the azimuth angle 6 using the
stepper motor, we use a motor driver to control the motor and a
device for recording the motor angle.

Takeshima et al. considered a magnet used for the SMM as
follows. First, we should consider the influence of magnetism
on a pacemaker. The pacemaker is designed to be unaffected by
magnetism below 1 mT. Since the position of the pacemaker is
assumed to be the height of the heart, it is around 1.4 m. There-
fore, when setting the SMM at a height of 1 m, the influence on
the height of the heart is considered to be small.

Second, we consider the influence of magnetism on a mag-
netic card. When the magnetic card is in a pants pocket, it is
assumed to be at a height of about 1 m. Therefore, the magnetic
card may be greatly affected by the magnetism generated by the
SMM. Takeshima et al. adopt magnets that do not affect magnetic
cards, i.e., magnets whose magnetic strength is less than 16 mT at
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Fig.2 Structure of an SMM.

Fig.3 The SMM in this research.

a distance of 10 cm from the SMM. Since this research situation
is the same as that of Takeshima et al., we use the same magnets.
The magnets have a cylindrical shape with a diameter of 25 mm
and a length of 30 mm, and materials with a coercivity of 10,000
Oe to 10,500 Oe and a remanence of 14,300 G to 14,800 G are
used.

Next, we consider how to install the magnet on a motor. Since
it is difficult to mount the magnet directly on a rotating shaft of
the motor, it is necessary to prepare a base for mounting the mag-
net. As mentioned above, since we use the same shape magnets
as in our previous work, we also use the same base as in our pre-
vious work. Figure 2 shows a plan view and a front view of the
base. The base is a cylindrical type with a diameter of 6 cm and
a height of 3 cm, and two magnets are mounted 1 cm apart from
each other. At this time, we arrange the two magnets so that the
N pole and the S pole face outward.

3.3 Implementation

We adopt MERCURY MOTOR SM-42BYGO011-25 as a step-
per motor of the SMM. Since a step angle of this motor is 3.6°,
it is now able to estimate the azimuth angle 6 in 100 directions.
The base for attaching the magnet to the motor is made with a 3D
printer and fixed to the rotating shaft of the motor. Next, we con-
nect this stepper motor to a motor driver and a Raspberry Pi *>.
This makes it possible to control the spinning of the motor and
record a motor angle every time in the Raspberry Pi. Figure 3
shows the SMM developed in this research.

4. Smartphone 3D Positioning Method

Here, we will show a smartphone 3D positioning method.
First, we studied the magnetism generated by an SMM using a

*> https://www.raspberrypi.org
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simulator. Next, we formulate the magnetism generated by the
SMM and consider the relationship between the orthogonal co-
ordinate components of the magnetism and a 3D position from
these formulas. Finally, we will show a noise reduction process
for improving estimation accuracy and expanding coverage.

Figure 4 shows the flow of the 3D positioning method de-
scribed in this section. First, the noise reduction process is ap-
plied to magnetic data measured by a smartphone in an experi-
ment. Then, the azimuth angle 6, the elevation angle ¢, and the
distance r are estimated from magnetic data after noise reduction
and the motor angle of the SMM.

4.1 Simulation of Magnetism Generated by an SMM

We use a simulator named Qm *© to study the characteristics of
magnetism generated by the SMM. It is possible to set physical
properties such as the BH curve and the motion of the magnet
and obtain magnetism at arbitrary positions. We set the simulator
as follows. First, since it is not possible to specify the magnetic
material in a cylinder with this simulator, the shape of the magnet
is a rectangular parallelepiped with a width of 2.22 cm, a height
of 2.22 cm, and a depth of 3 cm to obtain the same volume as that
of the implemented cylindrical magnet, and the two magnets are
placed 1 cm apart with the origin between them. The BH curve
has a remanence of 14,300 G and coercivity of 10,000 Oe. Next,
the magnet is spun counterclockwise around the z axis at a con-
stant velocity of 5 °/s, and the time step was set at 1/72 second
intervals.

Figure 5 shows the simulation results at the azimuth angle 6 =
0°, the distance r = 1 m, the elevation angle ¢ = 0°,30°, 60°, 90°.
As shown in this figure, while the magnet spins once, the mag-
netism data draws a trajectory close to an ellipse. As the elevation
angle i increases, the tilt of this ellipse changes; it becomes al-
most vertical at the elevation angle ¢ = 60°. In addition, even
given the same distance r = 1 m, the long axis of the ellipse de-
creases as the elevation angle y increases, and the shape becomes
a circle at elevation angle ¢ = 90°.

As shown in the simulation results, the magnetism generated
by the SMM depends on the 3D position. When we know the
relationship between the magnetism and the 3D position, we can
estimate the 3D position of the smartphone from the magnetism.
In the next section, to study the 3D positioning method, we will
formulate the magnetism generated by the SMM.

0 http://www.slock.co.jp/Qm3/index.html
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Fig. 5 Simulation results of the magnetism generated by an SMM.

Fig. 6 Magnetic field generated by an SMM.

4.2 Formulation of Magnetism Generated by an SMM

We define a magnetic vector in a 3D polar coordinate system,
as shown in Fig. 6, and use w to denote the spinning speed of the
motor and 7 to denote time. We assume that the magnetism gen-
erated by a magnet can be approximated as magnetism generated
by a magnetic dipole. For simplicity, we consider only the case
of an azimuth angle § = 0°. The magnetism equations can be
written as follows:

H, = H,cos ¢cos i+ H, sin ¢ cos i, cos O, (H
H, = H,singcos iy, sinf, 2)
H, = H,cospsiny + H, sinpsiny, 3)

Next, from Fig. 6, we can derive the relationships between ¢, 6,
i, and the azimuth angle 6, the elevation angle , and the motor
angle wt:

COS ¢ = COS Y cOs Wt “4)
cos? y sin wt cos wt

cos 6, = sin wt

1 — cos? iy cos? wi(1 + sin” ¥)

— coseorl1 - cos* y sin? wt cos? a.)tz )
1 — cos? ycos? wt(1 + sin” )
1 — cos? i cos? wi(1 + sin” ¢)
cosy, = \/ 1 > > id ©6)
— COS~ Y cOS~ wi

The relationships between the azimuth angle 6 and the magnetism
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and between the elevation angle ¢ and the magnetism can be de-
rived using these equations.

4.3 Azimuth Angle 6 Estimation

The azimuth angle 6 of a smartphone with respect to an SMM
can be estimated from the magnetic norm and motor angle. The
magnetic norm at the smartphone can be written as shown in
Eq. (7) based on Egs. (1)~(6).

H = \/H‘% + (H} — HZ) cos? s cos® wt 7

This equation indicates that when wt = 6, the magnetic norm is at
its maximum. In other words, we can estimate the azimuth angle
6 from the motor angle wt at which the magnetic norm is maxi-
mal. However, as the motor spins through 1 period, there are two
corresponding azimuth angles 6 for which the norm is maximal.
Thus, there is a problem of degeneracy, leading to two estimates
of the azimuth angle 6.

4.4 Elevation Angle ¥ Estimation

The elevation angle ¢ of the smartphone with respect to the
SMM can be estimated from the magnetism components in or-
thogonal coordinates, H, H,, and H.. To this end, it is nec-
essary to estimate the orientaion of the smartphone beforehand
and transform the smartphone coordinate system to coincide with
that of the SMM; however, we will not discuss this transforma-
tion procedure at this time. Equations (8) and (10) can be derived
by substituting wt = 0° into Eqs. (4), (5) and (6), and substituting
the resulting equations into Egs. (1) and (3). Equation (9) can be
derived by substituting wt = 90° into Egs. (4), (5) and (6) and
substituting the resulting equations into Eq. (2).

H,=—H,+ (H, + H,)cos® ®)
H,=H, (€))

H, = (H, + Hy) cos 4|1 — cos? ¢ (10)

Finally, the following equation can be derived by Egs. (8), (9) and
(10) for the elevation angle y:

H,+H,

J(H, + H))? + H?

H, and H, are maximal when the motor angle wt = 6. H, is

Y = arccos

an

maximal when the motor angle wt = 6 + 90°. We can estimate
the elevation angle ¢ by substituting the amplitude of each mag-
netism component H,, H,, H, into Eq. (11).

However, unlike in the case of norm-based estimation of the
azimuth angle 6, since the orthogonal components H,, H, and H,
of the magnetism depend on the orientaion of the smartphone, it
is necessary to first estimate the orientaion of the smartphone.

4.5 Distance r Estimation

The distance r of the smartphone from the SMM can be esti-
mated from the magnetic norm H, which depends on the distance
r from the SMM. The magnetism generated by a magnet can be
approximated as a magnetic dipole field. Therefore, we assume
that the magnetism generated by the magnet along its central axis

© 2019 Information Processing Society of Japan

is inversely proportional to the distance r. To study the differ-
ence in estimation accuracy obtained using different approxima-
tion curves, we derive two approximation curves with the forms
shown in Egs. (12) and (13). In these equations, Ay, Bj, Ci, Az,
and B, are fitting parameters.

H=Ar"+C (12)
H=Ay" (13)

However, there is a problem in this method. As we mentioned
in Section 4.1, the distance r dependence of the magnetic norm
also depends on the elevation angle . For example, when the el-
evation angle ¥ = 30°, the magnetic norm decreases earlier than
when the elevation angle ¥ = 0°.

Therefore, the approximate curve cannot be used for distance
r estimation at an arbitrary elevation angle . If we examine the
distance dependence of the magnetic norm for all elevation an-
gles i, this problem may be solvable. However, this approach is
not practical because the number of data that must be studied is
enormous. Therefore, it is necessary to consider a new method
that can be estimated even at the arbitrary elevation angle .

To derive an equation that estimates the distance » with an ar-
bitrary elevation angle v, we further consider Eq. (7) derived in
Section 4.3. This time, we approximate a cylindrical magnet as
a magnetic dipole. It is known that the radial direction of mag-
netism generated by a magnetic dipole and the component per-
pendicular thereto are inversely proportional to the cube of the
distance r. Therefore, H,, H, in Eq. (7) can be expressed as fol-

lows.
H;
H, = - (14)
r
H. = i‘; (15)
[ )

From these relationships, Eq. (7) can be written as below.

H’\2 2 H'\2
H= J(r_f) +[(%) —(r—f) )coszwcoszwt (16)

The following equation is derived from this Eq. (16).

1
(Hé’ + (HY — HY) cos® r cos® wt)6
o ] (17)
H3

When you know the constant H, H;, in this equation, the distance

r can be estimated from the measured magnetic norm H and the
estimated elevation angle . Therefore, next, we derive the con-
stant H, H{p. Here, when the elevation angle ¢ = 0°, we obtain
the Eq. (15) as follows.

e

((Hi’ + (HY — HY) cos® a)t)
r= - (18)
H3

Furthermore, when the motor angle is wt = 0°, the above equa-

tion becomes the following equation.
H =rH (19)

In other words, when we measure the value of the magnetic norm
H at the elevation angle ¢ = 0°, the distance » = 1 m at the mo-
tor angle wt = 0°, and one can then find the constant H, from
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Eq. (17). The constant H;, can be derived in the same way. When
the elevation angle ¢ = 0° and when the motor angle wt = 90°,
Eq. (15) is as follows.

H,=rH (20)

We substitute the constant H/, H"p derived by these methods into
Eq. (17) to estimate the distance r.

4.6 Noise Reduction Process

Here, we will present a procedure for reducing the influence
of noise in the measured magnetic data. As the distance r from
the SMM increases, the influence of noise becomes stronger than
the influence of the magnetism generated by the SMM, and it be-
comes difficult to identify the magnetism generated by the SMM
in the magnetic data. We describe the process applied to the
magnetic data, and as an example of this process, we present a

ples, and the results show no noticeable change with a window
width greater than 3 samples. From these observations, we can
determine that a window width of 3 samples is sufficient for the
smoothing process.

Figure 8 shows the results obtained by fixing the window
width to 3 samples and varying the number of iterations of the
moving average procedure. The smoothing does not appear to be
sufficient when the number of iterations is 5; however, no further
noticeable change occurs after 10 iterations. From these findings,
we can determine that 10 iterations of the moving average proce-
dure is sufficient.

Based on the above results, we smooth the magnetic data us-
ing a window width of 3 samples and 10 iterations of the moving
average procedure. Figure 9 (b) shows a comparison between the

. . —— Before
case of x-component magnetic data measured at the azimuth an- = 1.0 — 2 samples
gle 6 = 0°, the elevation angle = 0° and the distance » = 2m % _ ii:mg:gz
from the SMM. §> 0.5
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When we assume that the noise contained in the magnetic data 2 0.0
is random, we expect that the influence of the noise can be re- 2 05
. . . o —0.
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ment corresponding to a measurement time of 10 seconds from g -1.0
the measured magnetic data, and we divide these data into 10 1-
second intervals, corresponding to the rotation period of the mo- 0.0 0.2 0.4 0.6 0.8 1.0
tor. Then, the times associated with these ten data intervals are Time[s]
reset to O to 1 seconds, and the data are averaged. Figure 9 (a) Fig.7 Comparison with window widths.
shows a comparison between the magnetism before the averaging
process and after.
. — Bef
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P . = Imes
scribed above, some of this influence remains. Therefore, we also = 0.5
apply a procedure to calculate the moving average to the mag- f:’
netic data as an additional process step. To achieve appropriate 2 0.0
smoothing, we calculated several moving averages with different 2 05
. . . . . o —0.
window widths and different numbers of iterations and compared =S
the results. g -10
Figure 7 shows the results obtained using several window
widths with the number of iterations fixed at 5 times. Although 0.0 0.2 0.4 0.6 0.8 1.0
the smoothing is insufficient with a window width of 2 samples, Time[s]
effective smoothing is achieved with a window width of 3 sam- Fig.8 Comparison with number of iterations.
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Fig. 9 Noise reduction process at the azimuth angle = 0°, the elevation angle ¢ = 0°, and the distance

r=2m.
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magnetism before the smoothing process and after.
4.6.3 Curve Fitting

Approximation curves for each component of the magnetic
data can be derived through curve fitting of the data obtained af-
ter the previously described process. As discussed in Section 4.6,
we perform sinusoidal curve fitting using the functional form de-
fined in Eq. (21) on the magnetism strength data measured by the
magnetic sensor. In addition, we assume that the spinning speed
of the SMM is already known to be 1 Hz. In the equation below,
h denotes the magnetism and D, E and F are fitting parameters.

h = Dsin2n(wt + E)) + F 21)

The procedure described above is applied to the magnetic data
for each component corresponding to the X, y, and z axes, and the
azimuth angle 6, the elevation angle ¢, and the distance r are then
estimated from these three approximation curves. Figure 9 (c)
shows a comparison between the magnetism and the approxima-
tion curve.

5. [Evaluation Experiment

Here, we will describe the evaluation experiment of the 3D po-
sitioning method considered in Section 4. First, we will describe
the setting of the SMM in the evaluation experiment, including
the estimated positions and the measuring time. Next, we will
describe preliminary experiments that estimate the azimuth angle
6, the elevation angle ¢, and the distance r separately. Finally, we
will describe experiments to evaluate the estimation accuracies
of the azimuth angle 0, the elevation angle i, and the distance r
simultaneously at each 3D position of a smartphone.

5.1 Experimental System

Figure 10 shows the experimental system. The system is com-
posed of a smartphone, an SMM, and a PC. Before the exper-
iment, we synchronized the time of the smartphone and Rasp-
berry Pi with NTP (Network Time Protocol). Next, we activate
an application for measuring magnetism on the smartphone. At
the start of the experiment, a signal is sent from the PC to the
SMM to spin magnets, and when the measurement time is over,
the spinning of the magnet is stopped. At this time, motor angle
wt data are recorded in the Raspberry Pi, and the magnetism data

Magnetism Data
5 > =

Smartphone PC

Motor

” ~ .
#~ Magnetism
— Angle Data

—

Spinning Magnet Marker

Motor Angle Data

—)

Raspberry Pi

Motor

Fig. 10 System configration.
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are recorded on the smartphone. After the experiment, we trans-
mit the motor angle wt data recorded in the Raspberry Pi and the
magnetism data recorded on the smartphone to the PC; we sub-
stitute the data into equations derived in Section 4.2 to calculate
the 3D position of the smartphone.

We will describe the setting of the experiment as follows. The
spinning speed of the motor of the SMM was 1 Hz. The smart-
phone is the iPhone 6 Plus, and the sampling frequency of the
magnetic sensor is 100 Hz, which is the settable upper limit value.
Figure 11 shows the coordinate system of the smartphone and the
SMM in the experiment. As shown in Fig. 11 (b), the direction
from the south pole to the north pole of the magnet at the motor
angle wtr = 0° is set as the positive direction of the x-axis of the
right-handed orthogonal coordinate system. In addition, as shown
in Fig. 11 (a), the coordinate system of the smartphone is set, and
the orientaion is fixed to coincide with the coordinate system of
the SMM, and the experiments are conducted. The measurement
time is set to 15 seconds per one experiment for the noise reduc-
tion process described in Section 4.6. In addition, to calculate
the average and the standard deviation of the estimation results,
measurements are made ten times at each estimated position.

When estimating the elevation angle y, it is difficult to measure
by changing the elevation angle ¢ while maintaining a constant
distance r. It is necessary to put the smartphone on the base and
measure it. Therefore, we estimate the elevation angle ¥ by turn-
ing the SMM and the smartphone sideways in the same direction.
Figure 12 shows the state at the time of the experiment. Fig-
ure 12 (b) is when the elevation angle ¢ = 0°. To reduce the
influence of the magnetism from the surroundings, the SMM and
the smartphone are installed on a plastic base about 1 m in height.
While keeping these bases parallel, we change the distance r and
measure the azimuth angle 6. Figure 12 (a) is when the eleva-
tion angle ¥ = 30°. As described above, we turn the SMM and

Z z

A

(a) Smartphone (b) SMM

Fig. 11 Coordinate system.

Smartphone

Smartphope
) &

(a) Experiment for elevation
angle ¢ estimation

(b) Experiment for azimuth
angle 6 estimation

Fig. 12 Experimental setup.
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Table 2 Result of estimated azimuth angle 6.

Table 3 Result of estimated elevation angle ¢.

Azimuth Elevation
angle[°] 0 45 90 135 180 angle[°] —-60 -30 0 30 60
0L | 6 | 6 | 6 | 6 | 62| 6 | 6] 6 | 6 Vi (Yo [ Yn [ (Y [ [ (Y2 | | Y
Mean Mean
Error[°] 10| 9 11| 10 1 4 6 3 4 2 Error[°] 8 10| 5 2 4 3 3 4 0 4
Standard Standard
Deviation[°] 5 3 3 3 5 5 6 3 6 6 Deviation[°] | 10 | 2 2 2 1 1 1 1 2 2

40

20

Error[°]
o

— b
— 0,
Point: Mean Error

-40 Bar : Standard Deviation

-20

0.5 1 15 2 2.5 3 35 4
Distance[m]

Fig. 13  Estimation accuracy of azimuth angle 6 in Section 5.2.1.

the smartphone sideways, keep the elevation angle ¢ constant,
change the distance r and measure the elevation angle . The
results of preliminary experiments are shown in the next section.

5.2 Prior Experiment

We estimate the azimuth angle 6, the elevation angle i, and the
distance r separately as a preliminary experiment. In this section,
we describe each experiment and evaluate its estimation accuracy.
5.2.1 Evaluation of Azimuth Angle 6 Estimation

We fix the distance r between the smartphone and the SMM
to 1 m and performed measurements at 8 azimuthal positions of
0 =0°,45°,90°, 135°, 180°, 225°, 270° and 315°. The measure-
ment time is 15 seconds, and estimation is performed 10 times at
each position. Table 2 shows the results. The estimation results
presented in this table are rounded off to the nearest whole num-
ber. As mentioned in Section 4.3, the proposed method estimates
two azimuth angles §. We denote these two azimuth angles by 6,
and 6,. The mean error is obtained by taking the absolute value
of the difference between the true azimuth angle 6 value and the
average of the 10 azimuth estimates.

Next, to study the relationship between the estimation accuracy
and the distance r from the SMM, we fix the true azimuth angle 0
and the elevation angle ¢ = 0° and estimate the azimuth angle 6 at
8 positions ranging from 50 cm to 4 m from the SMM in intervals
of 50 cm. The measurement time is 15 seconds, and estimation
is performed 10 times at each position. Figure 13 shows the re-
sults. The estimation results presented in this figure are rounded
off to the nearest whole number. The estimation results at dis-
tances of up to 3 m have a maximum mean error within 14° and
standard deviation within 12°. By contrast, for the measurements
at 3.5 m and 4 m, although the mean error is within 11°, the stan-
dard deviation is more than 30°, indicating that the stability of the
estimation is decreasing.

5.2.2 [Evaluation of Elevation Angle ¢ Estimation

We fixed the distance r from the smartphone to the SMM to 1 m
and perform measurements at 5 positions separated by intervals
of 30°. The measurement time is 15 seconds, and the estimation
is performed 10 times at each position. Since two azimuth angles
are estimated, two elevations are also estimated. We denote the
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Fig. 14 Magnetic data at each elevation angle .

two estimated elevation angles by i, and i,. In addition, we ex-
periment with transforming the smartphone coordinate system to
coincide with the SMM coordinate system.

Table 3 shows the estimation results rounded off to the near-
est whole number. The mean error of the elevation estimates is
within 10°; thus, the estimation accuracy for the elevation ¢ can
be considered nearly identical to that for the azimuth angle 6. The
standard deviation of the elevation angle ¢ estimation is within 2°
except for the elevation angle ¢ = —60°. This standard deviation
is lower than that of the azimuth angle 6 estimation. This dif-
ference is attributed to the smaller effect of the rotation stability
of the motor at the elevation angle ¢ estimation compared with
the estimation of the azimuth angle 6, which depends on the mo-
tor angle wt. In addition, the increase in the standard deviation
only at an elevation angle of —60° is considered to be an effect of
turning the SMM sideways.

Figure 14 shows the magnetic data measured while estimat-
ing the elevation angles . From this figure, we can see that the
magnetism vectors generated by the SMM form a shape close to
an ellipse around the smartphone. As the elevation angle ¢ in-
creases, this ellipse becomes tilted, and it is nearly vertical at an
elevation of = 60°. This tendency agrees with the simulation
result of Fig. 5 discussed in Section 4.1.

5.2.3 Evaluation of Distance r Estimation

To estimate the distance r of the smartphone from the SMM,
we first need to study the relationship between the amplitude of
the magnetic norm and the distance from the SMM. To do this,
we measure the magnetism at various distances from the SMM
in increments of 10cm. We fix the azimuth angle 6 = 0° and
the elevation angle ¥ = 0°, and the measurement time is 15 sec-
onds. We apply the process described in Section 4.6 to the mag-
netic data obtained in this experiment to obtain approximation
curves describing the behavior of the magnetic norm over time.
We subtract the minimum value from the maximum value of each
approximation curve and divided the result by 2 to obtain the
norm amplitude. We derive the approximation curves by apply-
ing curve fitting to 38 data segments using Eqs. (12) and (13) pre-
sented in Section 4.5. We refer to Eq. (12) as approximation curve
1 and to Eq.(13) as approximation curve 2. The curve fitting



Electronic Preprint for Journal of Information Processing Vol.27

Error[m]
o

~— Using Approx. Curve 1
—— Using Approx. Curve 2
-1 Point: Mean Error

Bar : Standard Deviation

05 1 15 2 25 3 35 4
Distance[m]

Fig. 15 Estimation accuracy of distance r in Section 5.2.3.
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Fig. 16 Norm amplitude (0.3 m~3 m).

yielded parameters of A; = 1.590, B; = 3.146 and C; = 0.111
for approximation curve 1 and parameters of A, = 1.636 and
B, = 3.124 for approximation curve 2. These two approximation
curves can both be considered to provide reasonable approxima-
tions of the magnetism, as indicated by the decision coeflicients
of 0.9997 for curve fit 1 and 0.9996 for curve fit 2. Figure 16
presents the curve fitting results.

We then estimate the distance r from the smartphone to the
SMM using the derived approximation curves. We estimate the
distance r at 8 positions at distances ranging from 50 cm to 4 m
in increments of 50cm. The measurement time is 15 seconds,
and estimation is performed 10 times at each position. Figure 15
shows the estimation results which are rounded off to the nearest
third decimal place. The results obtained using approximation
curve 1 are higher in accuracy than those obtained using approx-
imation curve 2 for distances of up to 1.5 m. However, distances
greater than 2.5 m could not be successfully estimated using ap-
proximation curve 1. The reason for this, as shown in Fig. 16, is
that approximation curve 1 begins to deviate from the measured
data at distances greater than 1 m. In addition, when the norm
amplitude is smaller than C; = 0.111, then distance r estimation
using this curve becomes impossible because there is no corre-
sponding distance value. By contrast, the estimation accuracy
of the estimation results obtained using approximation curve 2 is
higher than that for approximation curve 1 at distances greater
than 2m, and it is possible to estimate distances of more than
2.5m using approximation curve 2. Up to a distance r of 3m,
the mean error is no more than 19 cm, and the standard deviation
is 17 cm. At distances r of 3m and 3.5 m, the mean errors are
no more than 22 cm, however the standard deviations are respec-
tively more than 50 cm and 1 m at these distances. These findings
indicate that the stability of the estimation decreases as the dis-
tance increases. Table 4 presents a comparison with our previous
research [22]. The results indicate improvement compared with
our previous study.
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Table 4 Mean error of estimated distance r compared with previous re-

search.
~l4m | ~2m ~3m
Previous Research
(Ref. [22]) 4cm 13cm | No Data
This Research <lem | 9cm 19cm
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Fig. 17 x-axis power spectrum at 3 m.

100
80
60

40

Power Spectrum[uT?]

N

0

||.I_.||..|||-||..I|I|...||
10 20 3
Frequency[Hz]

.I.II“-I-lllIlJI.
0

0 i
0 40 50

Fig. 18 x-axis power spectrum at 3.5 m.

5.2.4 Coverage of an SMM

We study a coverage of magnetism generated by an SMM. Fig-
ures 17, 18 show a power spectrum of the x-axis component of
magnetism at respective distances of 3 m and 3.5 m. In the power
spectrum at a distance = 3 m, a power spectrum peak appears at
1 Hz, which is the spinning speed of the motor. However, at the
distance r = 3.5 m, the power spectrum peak at 1 Hz is approxi-
mately the same strength as the noise, and it becomes difficult for
a smartphone to detect the magnetism generated by an SMM. The
standard deviation in the estimation results increases along with
a greater distance increases. Therefore, the influence of noise can
no longer be sufficiently reduced by the method presented in Sec-
tion 4.6.1.

5.3 Smartphone 3D Positioning

Up to this point, we have separately estimated the azimuth an-
gle 6, the elevation angle v, and the distance r. In this section, we
conduct experiments simultaneously to evaluate accuracies of the
azimuth angle 0, the elevation angle ¢, and the distance r at each
3D position.
5.3.1 Measurement Positions

According to the experimental result in Section 5.2.1, the esti-
mation accuracy of the azimuth angle 6 is approximately equiv-
alent when the elevation angle ¢ and the distance r are fixed.
Therefore, the azimuth angle 6 is fixed to 6 = 0°. The eleva-
tion angle ¢ is measured from —60° to 60° in increments of 30°
as in Section 5.2.3. As discussed in Section 5.2.4, it is difficult
for a smartphone’s magnetic sensor to detect magnetism by an
SMM at a distance of r = 3.5 m or more. Therefore, a minimum
distance r to be measured r = 50 cm, a maximum distance r =
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Fig. 20 Estimation accuracy of azimuth angle 6 in Section 5.4.

3m, and the distance r was estimated at intervals of 50 cm. We
set a measurement distance r from 0.5 m to 3 m.

In other words, the measured positions are the azimuth angle
6 = 0°, the elevation ¢ = —60°,-30°,0°,30°,60°, and the dis-
tance r = 50cm, 1 m, 1.5m, 2m, 2.5m, 3 m for each elevation
angle i, a total of 30 places. Figure 19 shows the measurement
positions. In this experiment, for each measurement position, the
measurement time is 15 seconds, the number of measurements is
10 times, and the mean and standard deviation of the estimation
accuracy are derived from the result.
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Fig. 21 Estimation accuracy of elevation angle ¢ in Section 5.4.

5.4 Result of 3D Positioning

The 3D positioning result consists of estimation results of the
azimuth angle 6, the elevation angle ¢ and the distance r for each
measurement position. To examine the distance dependence of
each estimation result, these estimation results are plotted for
each azimuth angle 0, elevation angle , and distance r.

We will evaluate the estimation accuracy of the azimuth an-
gle 6. Figure 20 shows the estimation result of the azimuth an-
gle 0 at each measurement position. These estimation results are
rounded off to the nearest decimal point, and the standard devia-
tion is rounded to the first decimal place. Although the azimuth
angle 6 takes a value from 0° to 360°, for calculating the mean
azimuth angle 6, the azimuth angle 6 takes a value from —180° to
180°. In addition, as described in Section 4.3, although there are
two estimated azimuth angles 6 in this method, these estimation
results are almost the same; therefore, we omit the results in this
time.

For all results up to distance » = 1 m, the mean is within +15°,
and the standard deviation is within 6°. On the other hand, for
results greater than a distance of » = 2.5m, the mean and the
standard deviation increase. Even with the estimation at the same
distance r, the standard deviation increases as the elevation an-
gle ¥ increases. The standard deviation increases as the distance
r increases because the effect of magnet is thought to decrease.
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Fig. 22 Estimation accuracy of distance r in Section 5.4.

Therefore, the influence of noise cannot be sufficiently reduced
by the method shown in Section 4.6.

When the absolute value of the elevation angle y is large, the
standard deviation increases. As mentioned in Section 4.1, as
the absolute value of the elevation angle ¢ increases, the mag-
netic norm decreases. Therefore, estimating the azimuth angle 6
is thought difficult compared to when the elevation angle ¢ = 0°.

We will evaluate the estimation accuracy of the elevation an-
gle . Figure 21 shows the estimation results of the elevation
angle ¢ at each measurement position. These estimation results
are rounded off to the nearest hundred percent, and the standard
deviations rounded to the first decimal place.

At the elevation angle ¢ = 0°, when the distance r is within
2m, the mean is within 3°, and the standard deviation is within
2.2°. On the other hand, when the distance r is greater than 2.5 m,
the mean and the standard deviation tend to be large compared
with other distances. This tendency is similar to estimation results
with the elevation angle ¢ = 0°. At the elevation angle ¥ = 60°,
when the distance r = 1.5 m or 2 m, the estimation accuracy is the
best. On the other hand, when the distance » = 0.5m or 1 m, the
estimation accuracy is low; we approximated the magnetism gen-
erated by an SMM as the magnetism generated by the magnetic
dipole in Section 4.2, and it is possible that this approximation is
not valid at a distance r close to the magnet.
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We will evaluate the estimation accuracy of the distance r. As
described in Section 4.5, to estimate the distance r of a smart-
phone from an SMM at an arbitrary elevation angle ¢, we need
to find the constant Hy, H;, in Eq. (15). Therefore, we measured
the magnetism for 15 seconds at a position of distance r = 1 m
with azimuth angle 6 = 0° and elevation angle ¥ = 0°. Next, we
applied the noise reduction process to the measured magnetism
and checked the norm value at motor angles wt = 0°, wt = 90°.
As aresult, we found that H] = 6.77uT, H, = 3.04uT. By sub-
stituting these constants into the Eq. (16), the estimated elevation
angle ¥ and the measured magnetism, we the estimate distance r
from an SMM.

Figure 22 shows the estimation accuracy of the distance r at
each measurement position. These estimation results are rounded
off to their second decimal places on the average and rounded off
to their fourth decimal places of the standard deviation.

When the elevation angle ¢ = 0°, the mean is 2.01 m at dis-
tance r = 2m, and the standard deviation is 7.8 cm. On the other
hand, when the distance r is more than 2.5 m, both the mean and
the standard deviation are large compared with other distances.
Even when the elevation angle ¢ = +30°, both the mean and the
standard deviation are large when the distance is more than r =
2.5m. As a whole, the estimation accuracy is lower than when
the elevation angle ¢ = 0°. When the elevation angle ¢ = +60°,
the tendency is more intense, and the estimation accuracy is lower
than when the elevation ¢ = 30°.

5.5 Limitation of Our Proposed Method

In this research, we assumed that the smartphone is stationary.
However, there are not many situations where a person with a
smartphone remains in the same position for more than 15 sec-
onds. For noise reduction processing, we measure the spinning
speed of the magnet at 1 Hz for 15 seconds, but the pedestrian
moves several meters during the measurement. When the spin-
ning speed of the magnet is set to 10 Hz, the measurement time is
expected to be 1 second, but the pedestrian moves 1 m or more.

Increasing the spinning speed of the magnet can suppress the
influence of the movement of the smartphone. However, as men-
tioned in Section 2.5, since the sampling frequency of the cur-
rent smartphone is about 100 Hz, there is a limit to increasing
the spinning speed of the magnet. Therefore, to put this method
to practical use, it is necessary to propose a method to estimate
a trajectory of the moving smartphone from the magnetism mea-
sured by the moving smartphone. For this purpose, it is necessary
to extend the magnetism equations derived in Section 4.2 to the
equations in which the position of the smartphone is time depen-
dent. In addition, when a smartphone moves, the noise reduction
process applied to improve the estimation accuracy proposed in
Section 4.6 cannot be used. Therefore, we need to consider an-
other method to improve estimation accuracy.

6. Conclusion

In this study, we proposed a smartphone 3D positioning
method using a Spinning Magnet Marker (SMM). The purpose
of the proposed method is to estimate the 3D position of a smart-
phone to within several centimeters, to estimate the activities of
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indoor people from the obtained data, and to use this information
to market and develop new services.

In this study, to estimate the 3D position of a smartphone, we
developed a new SMM that spins a powerful neodymium magnet
to generate magnetoquasistatic field. We then derived equations
between magnetism generated by the SMM and the 3D position.
As a result of the evaluation experiments, at the azimuth angle
6 = 0°, the elevation angle = 0°, and the distance r up to
3 m, the azimuth angle 6 is estimated with a mean error of 1°, the
elevation angle y is estimated with a mean error of 4°, and the
distance r is estimated with a mean error of 9 cm.

In the proposed method, there is no limit on the number of
smartphones that can estimate the 3D position with one SMM;
the smartphone measures the magnetism generated by the SMM
and estimates the 3D position of the smartphone from the mag-
netism and the spinning angle of the magnet of the SMM. Since
the calculations to estimate the 3D position of the smartphone are
performed by the smartphone itself, this method can estimate the
3D position of multiple smartphones with a single SMM.

As a future task, we plan to consider a method to estimate the
orientaion of a smartphone. As mentioned in Section 4.4, the
proposed method uses the orthogonal coordinate components of
magnetism. Since the orthogonal components of magnetism de-
pend on the orientaion of the smartphone, it is necessary to esti-
mate the orientaion of the smartphone prior to the 3D positioning.
When you estimate the direction of gravity using the acceleration
sensor mounted on the smartphone, you may be able to estimate
the orientaion of the smartphone from the magnetism generated
by the SMM. When you estimate the orientaion of the smart-
phone, the proposed method in this research will be applicable
even in cases where the smartphone is in a pocket or held in a
hand.

Furthermore, we will consider a smartphone positioning
method using multiple SMMs. In this study, the coverage of one
SMM was an area with a radius of 3 m from the SMM. This cov-
erage range can likely be expanded by using multiple SMMs.
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Editor’s Recommendation

This paper proposes smartphone 3D positioning by using spin-
ning magnet markers. The proposed method has the potential to
become one of the key technologies for future positioning devices
with the increasing demand for indoor localization and location
based services. The method based on the magnetic field change
sensed by a smartphone is also beneficial as a reference to signal
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processing for other sensors. Therefore, the paper is selected as a
recommended paper.
(Chief examiner of SIGMBL Nobuo Kawaguchi)
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