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Abstract: Geomagnetic fingerprint has been actively studied because of the high signal stability and
positioning resolution even when the time has elapsed. However, since the measured three-axis
geomagnetism signals at one position are irregular according to the change of the azimuth angle,
a large-sized database which is stored magnitudes per angles is required for robust and accurate
positioning against the change of the azimuth angle. To solve this problem, this paper proposes
a novel approach, an elliptic coefficient map based geomagnetic fingerprint. Unlike the general
fingerprint, which stores strength or magnitude of the geomagnetism signals depending on the
position, the proposed algorithm minimized the size of databased by storing the Ellipse coefficient
map through the ellipse equation derived from the characteristics of 2-D magnetic vectors depending
on the position. In addition, the curvature bias of ellipse was reduced by applying the normalized
linear least-squares method to 2-D geomagnetic characteristics and the positioning accuracy was
improved by applying the weighted geomagnetic signal equalization method.

Keywords: ellipse coefficient map (ECM); geomagnetic fingerprint; Indoor positioning; linear
least-squares method

1. Introduction

Fingerprint is a representative indoor positioning method that uses the difference of measured
signal strength such as Wi-Fi [1], BLE (Bluetooth low energy) [2], geomagnetic [3–5] according to
the location. The fingerprint is divided into a training phase that store the signals according to the
position of the regular interval, called Reference point (RP), and a positioning phase that compares
the measured signal with the stored position in real-time. Therefore, it is essential that a database
is required but it is advantageous to apply to the complex indoor space because it is robust against
NLOS (non-line of sight) environment compared with TOA (time of arrival) using round trip time of
radio. In particular, the geomagnetic fingerprint does not need to install separate APs (access points)
in the indoor space unlike Wi-Fi, Zigbee, BLE, etc. Therefore, the Fingerprint system construction and
maintenance cost are low since there are no positioning errors in accordance with change location and
power of APs [6–8]. WiFi-based positioning is not affected by azimuth angle, but many geomagnetic
signals require a database because the signal varies according to the azimuth angle. In addition, it is
very difficult to estimate the initial start position without fixed AP.

Recently, geomagnetic fingerprint studies have improved the positioning accuracy by constructing
systems that are integrated with indoor positioning technology, such as Wi-Fi and corrects the position
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estimation error through filtering algorithms, such as Kalman and particle filters. Most systems are
based on the total intensity of the geomagnetism signal along the 3-axes. However, geomagnetism
signals change according to changes in the azimuth, large positioning errors may occur, even from the
same position [9–11].

Nguyen et al. [9] proposed an algorithm that improves the positioning accuracy of the Wi-Fi
fingerprint by integrating geomagnetism. This algorithm uses geomagnetism as an assistive technology
at the landmark location for indoor positioning based on Wi-Fi. This method improves positioning
accuracy compared to the existing Wi-Fi fingerprint algorithm. However, an error may occur because
the values of the total intensity of the geomagnetism signals stored for each reference point (RP) located
at regular intervals do not consider azimuth angles.

Chung et al. [10] proposed an indoor positioning algorithm based on fingerprints that consider the
change of geomagnetism signals according to azimuth angles. In the training phase, by using stepping
motors, the values of the total intensity of the geomagnetism at all azimuth angles were constructed
in the database. In the positioning phase, the geomagnetism signals collected from the four sensors
facing 0, 90, 180, and 270◦ were compared with the signals from the database. The location at which
the difference in root mean square (RMS) was minimal and recognized as the position. Thus, it reflects
the change of geomagnetism signals according to the azimuth angles; however, it takes a long time to
build the database and requires at least four sensors.

Xie et al. [11] proposed the magnetic fingerprinting based indoor localization (MaLoc) algorithm,
which uses smartphones to acquire ambient magnetic measurements. The system consists of a client
running on a smartphone and a server implementing a new reliability enhancement particle filter.
MaLoc does not require prior calibration owing to its self-calibration feature and does not apply any
restrictions on smartphone orientation. However, an error occurs in the position estimation using the
geomagnetism of the unmapped azimuth angles.

As described above, for the geomagnetic fingerprint, it is difficult to recognize the position of
the signal at an angle that is not stored in a database. In addition, there is a limit to store the signal
for all azimuth angles in indoor space. To solve these problems, in this paper, we propose an ellipse
coefficient map (ECM)-based using Fingerprint based on the ellipse equation (UFEE) that integrates
2-D magnetic vectors and yaw-axis correction techniques to reduce the positioning error caused by the
azimuthal change in an indoor environment using only a single geomagnetic sensor and a limited
database. To verify the validity of the proposed algorithm, the UFEE results were compared with
existing geomagnetism intensity-based results.

2. Related Works

2.1. Signal Characteristics of 3-Axis Geomagnetism

The magnetic vector of the earth consists of seven components as shown in Figure 1. X is the
geographical north (true north) at the north end of the earth’s rotation axis, Y is the geographical west,
and Z is the vertical component of the geomagnetic field toward the earth’s nadir. F is the earth’s
magnetic force, H is the horizontal magnetic force (magnetic north), D is the angle (declination) between
true north and magnetic north, respectively [12]. The total magnitude of the geomagnetism output in the
three axes is given by Equation (1) and the magnitude of the horizontal geomagnetic field is given by
Equation (2).

F =
√

Hd2 + Rd2 + Nd2 (1)

H =
√

Hd2 + Rd2. (2)

Here, Hd, Rd, and Nd are a heading direction, a right direction, and a nadir direction, respectively.
To find the azimuth angle on the body coordinate system, it is essential to transform the horizontal
coordinate system according to the current attitude angle, as shown in the following Equation (3).
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where θ and ∅ are the roll angle and the pitch angle. mx, my, and mz are three-axis earth magnetic
fields measured in the fuselage coordinate system, and XH, YH, and ZH are magnetic vectors in which
the attitude angle is compensated. Hence, the horizontal magnetic vectors XH and YH can be obtained
and the azimuth angle Ψ can be obtained as in Equation (4) [13].

ψ = tan−1
(

mycosθ−mzsin∅
mxcosθ+ mysin∅sin∅+ mzcos∅sinθ

)
+ L. (4)
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Figure 1. Seven components of the magnetic vector.

This azimuth is a very important factor in the prediction of the movement and the ideal geomagnetic
vector according to the azimuth angle at one location is expressed in the form of a perfect circle as
shown in Figure 2. However, due to the inherent errors (soft-iron effect) of the geomagnetic sensor
and the measurement errors (hard-iron effect) by the reinforced structure and the magnetic objects,
the shapes of the geomagnetic vector according to the angle appears in various elliptical shapes and its
size is not constant either [14]. Therefore, a conventional Fingerprint that compares the magnitude of
geomagnetic vectors at each position is caused a serious positioning error only by a simple azimuth
angle change on one position. To solve this problem, many geomagnetic vectors data are saved in the
database according to the angle, or a variety of communications and sensors are added.
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2.2. Wi-Fi and Geomagnetic Fingerprint

For the indoor positioning method using acceleration, a Wi-Fi and a geomagnetic sensor built in
a smartphone have been studied. In the case of an acceleration sensor, the application skill is simple,
but it is necessary to specify the starting position and it is difficult to track for a long time due to the
cumulative errors. On the other hand, Fingerprint using Wi-Fi or geomagnetism signals can solve this
problem because it saves per-location characteristics using DB. Figure 3 shows a flow chart of the Wi-Fi
Fingerprint. The Fingerprint is divided into training and positioning phase.
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In the training phase, a user measures the signal strength that can be located at a regular interval
of RP and generates these as a database called a radio map. The optimum RP interval is determined
according to the kind of the signal applied to the fingerprint and the indoor environment. This interval
means resolution in which the fingerprint system can distinguish each position. Therefore, the narrower
the interval, the better the positional accuracy. However, since the standard deviation of RSSI measured
at one RP is large, RP is applied at intervals of 2 to 3 m, which is the smallest unit that can distinguish
positions. The RSSIs measured for each RP have a unique strength depending on the relative distance
between the APs and the RPs and the existence of obstacles, and these strengths are stored in the DB.

In the positioning phase, based on the stored DB, the user who has a smartphone moves to real
time and compares the measured RSSIs with DB to estimate the user’s position to the location of
the most similar RP. For real-time processing, deterministic or probabilistic models [15,16] with low
computational complexity are mostly applied to the user’s position estimation algorithm. Unlike Wi-Fi
fingerprint, which measures RSSI received from APs installed indoors, the geomagnetic fingerprint does
not require a separate AP and is only capable of positioning with a mobile phone. Thus, the geomagnetic
fingerprint uses the magnitudes of the three-axis geomagnetic vector measured from the geomagnetic
sensor built into the smartphone, instead of the RSSI provided by wireless communications.

Figure 4 shows a traditional geomagnetic fingerprint. 3-Axis geomagnetism signals measured
according to the RP is stored in the DB and the position of the user is estimated through real-time
comparison. Creating a database is a very important process that determines location accuracy. There are
two methods store 3-axis geomagnetism signals in a database. One method is to fix the azimuth angle at
one angle. This method is advantageous for tracking in the case of a constant attitude, but there is a large
error in recognizing the change of the azimuth angle at the same RP.

Another method is to store the all 3-axis geomagnetism signals, which is measured for each angle
at one RP. This method is robust against the change of the azimuth angle, but it has a disadvantage that
the size of the DB increases by 3 times. Therefore, the conventional method has a limit to recognize the
position with a single sensor. Therefore, we propose a novel method of ECM-based UFEE that can
optimize the position with only the geomagnetic sensor.
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3. Proposed ECM Based UFEE

Figure 5 shows the proposed ECM based UFEE. The proposed UFEE divided into the training
phase in which an ECM is created using the measured geomagnetic vectors in accordance with
each angle, and the positioning phase in which the user position is estimated. In the training phase,
to enable position recognition by angle, five randomly measured 3-axis geomagnetism signals are
collected by rotating the geomagnetic sensor at each RP. In order to reduce the deviation of the curvature
of the ellipse estimated based on the collected five data, the measured 3-axis geomagnetism signals of
the x-axis and the y-axis are applied to the standardized least squares method. In addition, we applied
the weighted geomagnetic signal equalization method for an optimal weight value derived from the
iterative operation of these values to the z-axis signals to keep the relatively very large z-axis signals
equal to the x, y signals. Through this method, the proposed ECM was generated. In the positioning
phase, the positions of the user are estimated by comparing the geomagnetism signals measured in
real time through the user’s smartphone with the ECM produced in the training phase. The measured
geomagnetism x, y, and z-axis signals are assigned to the ellipse equation according to the ellipse
coefficients stored in the ECM and estimate the most dominant position among these equations.Symmetry 2018, 10, x FOR PEER REVIEW  6 of 14 
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3.1. Proposed UFEE in the Training Phase

Unlike the conventional method of storing geomagnetic vectors in a radio map, the proposed
UFEE is a novel approach that not only reduces the size of the radio map by storing the ellipse
coefficients but also is robust to angle changes. Generally, the 2-D magnetic vector according to the total
azimuth angle at one position due to the soft-iron effect and the hard-iron effect appears as an ellipse
as shown in Figure 6. The x-axis represents the magnetic vector x measured from the sensor and the
y-axis represents the measured value of the magnetic vector y. The points represent 36 geomagnetism
signals measured at 10-degree intervals at any one position. The 2-D magnetic vector characteristic
output in the form of an ellipse is expressed by an Ellipse Equation as shown in Equation (5).

aMVx
2 + bMVxMVy + cMVy

2 + dMVx + eMVy + f = 0. (5)
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Figure 6. Characteristics of 2-D magnetic vectors collected using all azimuth angles.

Here, MVx and MVy are the x- and y-axis value of the magnetic vectors, respectively, and a, b, c, d,
e, and f are ellipse coefficients that determine the rotation angle, center point, major radius, and minor
radius of an ellipse, defined as EC. In order to obtain the ellipse coefficient for outputting the ellipse
and to further reflect the characteristic unique to each position, a 2-D magnetic vector with at least five
angles is required. Therefore, the proposed UFEE measures the signal at five arbitrary angles like the
red dot while rotating 360 degrees in order to minimize the measurement process. As in the red dots in
Figure 6, the ellipse equation is derived by acquiring five 2-D magnetic vectors collected at 0, 70, 140,
210 and 280◦, respectively.

By acquiring five signals, five equations can be obtained and thus the variables a to e in Equation (5)
can be derived. In this case, since the measured geomagnetism values are reduced, when the values are
transformed into elliptical equations, a curvature deviation occurs, resulting in an error between the
equations measured at intervals of 10 degrees and the proposed equations. Therefore, the normalized
linear least squares method is applied to minimize such curvature deflection. To avoid the situation
where all coefficients have a value of 0, the parameter f is normalized to fit the ellipse coefficient by
determining f = 1, which is an optimal coefficient for the ellipse having a small radius of curvature
around the origin [17]. The normalized least-squares method can then be expressed in terms of the
pseudo-inverse as

EC =
(
ATA

)−1
ATB =

(
a b c d e

)T
(6)
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where

A =


MVx0◦

2 MVx0◦MVy0◦ MVy0◦
2 MVx0◦ MVy0◦

MVx70◦
2 MVx70◦MVy70◦ MVy70◦

2 MVx70◦ MVy70◦

MVx140◦
2 MVx140◦MVy140◦ MVy140◦

2 MVx140◦ MVy140◦

MVx210◦
2 MVx210◦MVy210◦ MVy210◦

2 MVx210◦ MVy210◦

MVx280◦
2 MVx280◦MVy280◦ MVy280◦

2 MVx280◦ MVy280◦


, B =


−1
−1
−1
−1
−1


. (7)

Thus, when the 2-D magnetic vectors of five angles are collected at the same position, the optimal
ellipse coefficient can be obtained through the normalized least square method. The coefficients of the
obtained ellipses are the conversion equations for the measured geomagnetism x- and y-axis values.
Therefore, the geomagnetism values of the acquired z-axis must be considered for positioning factor in
order to improve the positioning accuracy. In general, the Euclidean distance, which is the position
estimation method used in the positioning phase in the indoor positioning system, is the simplest and
fastest algorithm to determine the similarity between two values to be compared. Since this algorithm
uses the method of summing the difference of all the values to be compared, when any one of these
values is very large, the result is greatly influenced by the large value. On the other hand, when any
one of these values is very small, the value is a very low effect on the positioning, enough to be ignored.
In order to improve the positioning accuracy, the variables to be compared in the positioning phase
include not only the proposed ellipse coefficient (a to f) but also the measured z-axis geomagnetism
values in real-time. However, z-axis geomagnetism values are relatively too large compared to the
ellipse coefficients. Therefore, in order to maintain the same effect of ellipse coefficients and z in the
positioning phase, the z-axis geomagnetism values are equalized before being stored in the database.
The weighted geomagnetic signal equalization method is defined as follows.

EQz = Ratio ×Geoz (8)

where EQz is the compensated z-axis geomagnetism value by the weighted geomagnetic signal
equalization method, Ratio is the ratio to compensate the z-axis geomagnetism value, and Geoz is the
z-axis geomagnetic value. Ratio is determined by the geomagnetism values measured to produce the
database at each RP. Based on the geomagnetism z-axis values and the a to f values derived from
the geomagnetism values measured in the geomagnetism x- and y-axes, the optimal Ratio is derived
through an iterative comparison of the positioning result by Euclidean distance using the elements
and real measured positions. Since this is different in the range of geomagnetism to be measured for
each indoor environment, it is essential to derive a Ratio suitable for the applied indoor environment.
After the weighted geomagnetic signal equalization method, the database is created using the ellipse
coefficient and EQz.

Figure 7 shows the DB structure built from the “EC” via the ellipse equation and the compensated
geomagnetic z-values via the weighted geomagnetic signal equalization method.Symmetry 2018, 10, x FOR PEER REVIEW  8 of 14 
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Unlike existing databases, which store geomagnetism intensity and angular values, the proposed
database stores the elements derived by using the geomagnetism x-, y-, and z-axis values measured
five times at each RP. The x-axis represents the RP, which represents each measurement position,
and the y-axis consists of the ellipse coefficients at each RP and EQz. At this time, as mentioned above,
the value of f is equal to 1, so it is not necessary to store it separately. Therefore, in the positioning
phase, it is possible to estimate the position of all angles by storing only five elliptic coefficients and
one compensated yaw-axis at one position.

3.2. The UFEE in Positioning Phase

The positioning phase estimates the position based on the ellipse coefficient map constructed
in the training phase. The collected real-time two-dimensional magnetic vectors and geomagnetism
z-values at arbitrary positions can be expressed as follows:

GeomagnetismRT =
[

MVxRT MVyRT GeomagneticzRT
]

(9)

where, GeomagnetismRT is the real-time geomagnetism value, MVxRT and MVyRT are the x- and
y-values of the real-time magnetic vectors, and GeomagneticzRT are the real-time geomagnetism
z-values. (1) The real time two-dimensional magnetic vectors are calculated via the ellipse equation
built in the ellipse coefficient map, which can be expressed as follows:

aRP1MVxRT
2 + bRP1MVxRTMVyRT + cRP1MVyRT

2 + dRP1MVxRT + eRP1MVyRT = − f1 + 1 � 0
aRP2MVxRT

2 + bRP2MVxRTMVyRT + cRP2MVyRT
2 + dRP2MVxRT + eRP2MVyRT = − f2 + 1 � 0

...
aRPn MVxRT

2 + bRPnMVxRTMVyRT + cRPnMVyRT
2 + dRPn MVxRT + eRPnMVyRT = − fn + 1 � 0

(10)

where a, b, c, d, and e are the EC, and n is the number of reference points. Since f is set to one in the
training phase, f is shifted to the right-hand side and compensated by one in the positioning phase,
such that the result of the left-hand side takes an absolute value. Therefore, the minimum f value yields
the estimated position. (2) The real-time geomagnetism z-values are calculated via the Compensatedyaw

in the ellipse coefficient map, which can be expressed as

Comparedyaw1
= CompensatedyawRP1 −CompensatedyawRT � 0

Comparedyaw2
= CompensatedyawRP2 −CompensatedyawRT � 0

...
Comparedyawn

= CompensatedyawRPn −CompensatedyawRT � 0

(11)

where CompensatedyawRP represents the compensated geomagnetism z-values constructed in the ECM
using the reference points, CompensatedyawRT represents the compensated real-time geomagnetism
z-values and Comparedyaw is derived by comparing the absolute values of CompensatedyawRP and
CompensatedyawRT. Therefore, the minimum Comparedyaw value yields the estimated position. The result
of method (2) should be smoothed with the result of method (1), such that no weighting is introduced in
either method. Figure 8 shows the results for the optimal Ratio in the basic experiment. Here the x-, y-,
and z-axes refer to the reference points, Ratio, and positioning accuracy, respectively. The positioning
accuracy of 1000 iterations was compared for Ratio in the 10−4 to 102 range based on the collected 2D
magnetic vectors and geomagnetism z-values. When dividing the sections along the y-z and x-z axes,
the curvature and average positioning accuracy values are maximized when Ratio is 10−2. The optimal
Ratio is therefore unaffected when the weighting for each component is 10−2. After applying the ratio,
the process of comparing with the Ellipse Coefficient Map in real-time is as follows as
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Dist(i) =

√√√ n∑
j=1

(∣∣∣ f j
∣∣∣+ ∣∣∣compensatedyaw j

∣∣∣)2
. (12)
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Here, i, which has the smallest value among Dist calculated for each position i, is estimated as the
final position of the user. This means that the difference between the stored values and the real-time
measurement is the smallest.

4. Experiment Setup and Results

4.1. Experiment Setup

As with Wi-Fi Fingerprint, which has been widely studied in indoor positioning, a 3 m reference
point interval is commonly designated. Therefore, the reference points were set at intervals of 3 m and
the system was constructed. In this case, two systems can be built at the same time. The experimental
spaces are shown in Figure 9. To verify geomagnetic characteristics and positioning accuracy, we selected
the 1st building of the Korea Maritime and Ocean University, which consists of indoor common corridors
and rooms. Experiments were conducted on the 2nd to 4th floors to verify the characteristics in the space
of 48 m × 30 m. The experiments were conducted on three floors, with 23 reference points collected
per floor. A low-cost geomagnetic sensor (YAS537) that is installed in many smartphone devices was
used to collect the geomagnetism values.

The geomagnetic signals were collected at 30 data points, with a 10◦ rotation sensor resolution at
each reference point. Fifteen data points were obtained at 0, 70, 140, 210 and 280◦ azimuths to construct
the ellipse coefficient map, and the other 15 data points were used for positioning each reference point.
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4.2. Experiment Results

The result of positioning using the geomagnetic signal obtained according to the azimuth angle is
shown in Figure 10. The x-axis is the reference position, and the y-axis is the frequency obtained from the
position. Experiments based on 15 values (36 × 15 = 540) per angle in 36 angles were performed. Here,
the blue dot and the line are a method using magnitudes of the geomagnetic intensity based fingerprint
(MGIF), and the average value of the geomagnetic total intensity with respect to all directions at the same
position is constructed as a database and the location is estimated by calculating the geomagnetic intensity.
The yellow dot and line are a method using Fingerprint based on the ellipse equation (UFEE). This is
a method of estimating the position of a vector by computing with an ellipse coefficient map. The red dot
and line indicate the position recognition result using the smoothing technique in the proposed method.
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Figure 10. The acquired positioning frequencies of existing and proposed methods (a) second floor; (b)
third floor; (c) fourth floor.

Figure 11 shows the positioning results from the existing method (MGIF) [10] and UFEE for each
floor. The x- and y-axes represent the reference points and position results, respectively, with the
positions estimated according to the movement path. The results are displayed in a confusion matrix to
express all the estimated positions according to the reference points. The positioning accuracy improves
as the x = y diagonal becomes clearer. The display color becomes hotter (yellow) as more points
recognize the same position and it becomes colder (blue) as fewer points recognize the same position.
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positioning at the fourth floor.

The MGIF uses the values of the total intensity of the geomagnetism, it is insensitive to the
changes of their total value geomagnetic intensity even though the individual axis signals are show
changes, and an error is recognized at multiple different positions having approximately similar values.
However, given that the UFEE is compared with the EC extracted from the geomagnetism value of
each reference point, and the recognition rate is high even if the geomagnetism values change and this
recognition rate is better for positioning because the signal is equalized to reflect the characteristics of
the individual axis signals. The confusion matrix shows that the existing method primarily deviated
from the diagonal where accurate positioning was judged. The UFEE confirms that the estimated
positions match most reference points. The positioning accuracy and distance errors results for the
MGIF and UFEE are provided in Tables 1 and 2.

Table 1. Comparison of positioning accuracy.

Floors
Accuracy (<1.5 m)

MGIF [10] Proposed UFEE

2F 39.01% 91.85%
3F 15.80% 89.14%
4F 26.17% 86.42%

Average 27.00% 89.14%
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Table 2. Comparison of error distance.

Floors Value
Distance Error

MGIF [10] Proposed UFEE

2F
Min 1.00 m 0.20 m
Max 12.00 m 7.45 m

3F
Min 1.00 m 0.67 m
Max 12.00 m 4.53 m

4F
Min 1.00 m 0.13 m
Max 11.40 m 6.27 m

5. Conclusions

The existing geomagnetic based indoor positioning has been actively studied because it has stable
received signals and high positioning resolution because of its high positioning accuracy even over
time. However, positioning errors occurs because the geomagnetism values by the azimuth change
are not constant even at the same location. In this paper, we propose a novel indoor positioning
algorithm based geomagnetic fingerprint that fuses 2-Dimensional geomagnetic vectors and the
weighted geomagnetic signal equalization method, called UFEE. In the proposed UFEE, the curvature
is less biased heavily by using the ellipse coefficient map of the geomagnetism based on the normalized
linear least squares method even when the database size was reduced, and the accuracy of positioning
was improved by applying the weighted geomagnetic signal equalization method. To verify the
validity of the proposed algorithm in general indoor spaces of 48 m × 30 m, the results of the proposed
method were compared with results obtained existing research based on geomagnetism intensity.
The results show that the positioning accuracy was improved by 62.14% and the error distance was
reduced by 3.98 m.
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