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Abstract

In underground mines and tunnels accurate and
continuous positioning of moving machines and
humans has been studied extensively. Geomagnetic
field based positioning is an interesting possibility
for this measurement need. Using a commercial
smart phone and a new calculation service provided
by a Finnish company, a feasibility and accuracy
assertion tests were done in Finnish underground
mine. First time a standard mobile phone, as far as
we know, was used in underground tunnel
environment to produce continuous position data
and an accuracy assessment was performed. An L-
shaped tunnel area, two tunnels crossing, was
selected for the experiments. A total station was used
for  reference  measurements. Accuracy of
measurement in different static and dynamic
situations was studied.

The found RMSE of 7.32 meters should satisfy
many needs. The use of standard smart phone for
underground positioning worked fine, but more
development work is needed it to be usable in
everyday mining situations.
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1 Introduction

The need of continuous positioning in underground
mines is needed among other things for safety, logistics,
machine operations and machine automation [1], [2].
Position technologies are widely applied to above
ground level tasks mainly because GPS is so effortless
to use. There has not been commercial service which
could position underground effortlessly.

The best position method currently is obviously a
total station and they are widely used, however they
need to be set up and moved according to the
positioning needs. The narrow corridors add challenge
for setting up the device and also the requirement of
direct view complicates measurements.

Several positioning solutions have been proposed for

the underground mines, such as radio signal based
positioning [3], [4] and the use of RFID [5], [4]. CSIRO
has made lot of work with their Inertial Navigation
system to advance the field of automated continuous
mining equipment [6].

A geomagnetic field based positioning technique for
the underground mines was suggested and tested by
Haverinen and Kemppainen [7]. The magnetic field of
Earth is not constant, but has a number of anomalies
inside the buildings [8] as well as in mines when
magnetic minerals are present. Measuring these
anomalies and generating a magnetic field map, one can
use this data to successful positioning.

Haverinen and Kemppainen made a positioning test
underground with an accuracy of about 1.5 meters. They
used a magnetometer sensor array at approximate length
of 1 meter. [7] Their work with geomagnetic positioning
technique lead to company called IndoorAtlas which
has a business model to provide web based service for
position calculations using Monte-Carlo Localization
from recorded geomagnetic maps and tools in mobile
phone to do the mapping inside the buildings. In most
mobile phones there already is a three-axis
magnetometer costing less than one dollar making the
device a magnetometer [9].

Magnetic field positioning indoors has been studied
increasingly in recent years [10]-[15].There were not
prior test with geomagnetic positioning underground
using mobile phone thus the results are quite unique.

The measurements were done in the Outokumpu
Kemi mine, a chromium mine producing 2.7 million
tons of ore per year in northern Finland, about 500
meters below the surface.

2 Measurements and setup

Main tools for measurements were:

1. IndoorAtlas web service for
maintaining maps

2. IndoorAtlas Mobile APK for creating magnetic
maps and visual testing on the site

creating and
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3. KemiMineDataAquisition APK mobile software
for recording the location data

4. Android Nexus 4 phone
5. Kemi Mine wireless network

Because of the novel use of cell phone to get
position data undergrounds a group tests were
performed using setup seen in Figure 1. Performed tests
where: A. Visual inspection of usability B. Positioning
error on the central line of the tunnel, where the
mapping was made in 10 separate locations. C.
Positioning error on the central line of the tunnel, when
walking distance was increased by including every
second point. D. Positioning error on the side of the
tunnel in 10 separate locations. E. Initial tests with
vehicles for future use.

Figure 1. Schematic map about the experiment

2.1 Principle of field based

positioning

magnetic

The magnetic field is usually presented as a constant
field as in Figure 2. Magnetic field has local variation as
well as time based variation. Figure 3 shows a more
localized map of the size of 5 km x 5 km, where
variations are clearly seen.

Finally on the mine tunnel level (Figure 4) we see
the same variations on the magnetic field. Using this
data as a map a position can be calculated. Fluctuations
on the magnetic field can be both natural or generated
by steel and reinforced concrete structures, electric
power systems, electric and electronic appliances [8]. In
the mines sufficient variations in magnetic fields to
enable magnetic field positioning is still a question mark
as the man made magnetic constructions and local
environmental variations are different around the
globebut it has been shown to work now at least in two
mines in Finland.

It has to be noted that the magnetic map is not
unique in given location, but algorithms are used to
derive position when object moves through the map.
More there is anomalies the easier the location is to
define [10]. Widely used algorithm in robotics to this

task is Monte Carlo localization.

Figure 2. Earth’s magnetic field. Source:
Wikimedia Commons. Image by Zurek [16]

Figure 3. Magnetic map [uT] of the Pyhdsami
mining area in Finland. Image courtesy of J.
Haverinen and A. Kemppainen [7]
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Figure 4. Magnetic field map [uT] of the tunnel.
Image courtesy of J. Haverinen and A.
Kemppainen [7]
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2.2 Data acquisition preparations

Pre data acquisition a map of the studied tunnel was
imported to the IndoorAtlas service. Three points from
the map were chosen as wide apart as possible (600
meters) and were mapped to correspond to known
locations. Points in the picture were chosen as carefully
as possible using image viewer with full zoom to get xy-
pixel coordinates. Then these points were referenced to
known reference coordinate points (EUREF89) using
the IndoorAtlas web service, see Figure5. The image
was automatically resized when moved to the cloud by
the web service and thus scaling with image size was
calculated to three reference picture points.

Two sources of error are present here. Firstly,
selecting the correct pixels contains an error and
secondly, reference points are transformed from mine
specific coordinate system to KKJ (an older Finnish
standard) and then again to EUREF89. Further the
IndoorAtlas uses WGS84-coordinate system and there is
an error element between the two of magnitude of 30
cm in the year 2009 [17].

Figure 5. A map of the tunnel used in the
measurements as seen in the IndoorAtlas web
service. Three reference points to fix map to
correct location was used.

A program, KemiMineDataMain, was created to
Android phone by modifying IndoorAtlas APl Example
0.53, see Figure 6. Data saving, time stamp and
measurement running index were added. The
programming language JAVA was used with Eclipse
IDE. The program will list current time, number of
measurement, roundtrip time to the servers, Lat and Lon
in WGS84, X and Y in meters from the map’s upper
corner, I and J pixel coordinates again from the map’s
upper corner, heading in degrees, and server side
estimation of probability about the correctness of the
position.

On the site initial mapping was performed using

Android 4.42 LG Nexus 4 phone and software
IndoorAtlas Mobile 0.6.2.1382 APK. Figure 1. shows
the area mapped. The area was divided to two lines AB-
BC and magnetic field recording and validation was
made.

Two lines of reference points were measured.
Middle line was as close of the recorded and validated
line (Figure 1) as possible and the second reference line
was measured to the very side of the tunnel, of where
we assume the largest errors are due the measurement
and validation method.

o &

. KemiMineDataMain

Current Time : Tue Feb 11 18:15:41 EET 2014
Index : 1011

Roundtrip : 1064ms

Lat : 65.78174240705543

Lon : 24.694138882544834

X [meter] : 371 .78204345703125

Y [meter] : 1 30.4471435546875

| [pixel] : 1545

Jpixel] : 579

Heading : 14.999981216980306
Probability : 1.0

Figure 6. KemiMineDataMain. Android data
collection software running on Nexus 4 phone.

2.2.1 MeasurementA

Visual inspection of usability was performed using
IndoorAtlas Mobile APK where researchers and mine
worker walked around the mapped area and made their
observations (Figure 9). In this experiment a map of the
area was presented and a person’s location was moving
just like it does in everyday GPS-based localization
software.

2.2.2 Measurement B

Positioning error on the central line of the tunnel
was measured next. Ten reference points were measured
with Leica Viva R1000 robotic total station (Figure 8.)
created in an L-shape (Figure 1) with 4 points in the
cross tunnel and 6 in the main tunnel. These points were
measured in the Kemi mine coordinate system. A total
of 40 measurements were made, every point four times,
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along the path 1t0 10 - 10to 1 - 1 to 10 - 10 to 1. First
half of the data measurements were made using statiivi
so that the phone stays totally still for one minute. After
realizing the results do not change if the movement of
the phone is small, the rest 20 points were measured
keeping the phone still by hands only the time that was
need to take down the measurements.

2.2.3 Measurement C

Positioning error on the central line with increased
walking distance was performed using the same 10
reference points than in measurement B. The distance
was increased because we made an assumption that
system will perform better this way due its location
principles. A total of 20 measurements were made in
order (see Figure 1.) 10-8-6-4-2-1-3-5-7-9.

2.2.4 MeasurementD

Positioning error on the side of the tunnel was
performed along the path 11 to 20, see Figure 1. The
points were measured as close to the tunnel wall as
reasonable. Procedure was same than what was used in
the Measurement B. A total of 10 reference points were
used with two measurement each.

o &

§ IndoorAtlas

Figure 7. Mapped area in the tunnel. In the centre
of the tunnel red line is recorded and black line is
currently validated.

2.2.5

Vehicle tests were performed as an initial
preparation for full tests in the future. A magnetic field
magnitude was measured at the distances of 15 m, 10 m,
5 mand 0 m away from the operational mining drill (in
Figure 8.) using mobile application on Iphone4, with ten
measurements on each point. Then a magnetic field was
measured using the same application when mine van car
drove from the 10 meters to 10 cm from the device and
also by visually checking the position data. Also xy-
coordinates were recorded 3 times when the mine van
car drove from about 5 meters to the close proximity of
magnetic field positioning device.

Measurement E

Figure 8. Total station and mine drill used on the
measurement E.

2.3 Coordinate transformations and error
analysis

Error calculations were performed in the Kemi mine
coordinate system (KMCS) and are presented in meters.
The procedure to calculate errors was same in
Measurements B,C and D.

For calculating coordinate transformation to KMCS
from WGS84 three known points were used as far apart
as possible on the mine map (Figure 5) and mapping
was done using six parameter affine transformation,
further, ETRS89 and WGS84 were treated as a same
coordinate system. Kemi Mine uses wide net of
reference points for total stations which are known in
KMCS and KKJ. These points were used to check the
calculated  transformation  with  the  standard
transformation KKJ to ETRS89.

Measurement reference points (Figure 1) are known
in KMCS, but measured positions with the phone are
acquired in WGS84. Again using assumption given
earlier and a six parameter affine transformation a
transformation chain WGS84-ETRS89-KMCS is ready.
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These values are then compared to the values measured
with a total station in the KMCS.
Root-mean-square-errors (RMSE) were calculated,

Equation (1) where x, is predicted value and x,
reference value.

=1 (R — x¢)?
RMSE = ’7 (1)

Average error, also in this case know as mean bias error
(MBE) [18], is calculated using equation 2.

_ Di=1(X; — x;)
n )

For precision evaluation standard deviation is
calculated.

Because mapping was done on the central line of the
tunnel, the results on the Measurement D will suffer a
bias as the measurements are projected to this mapped
line. There seems to be no difference in Measurement B
and C, thus combining these measurements for a larger
measurement group is used as a main data set to study
error.

Additionally errors for distance d from Ax and Ay
was calculated, defined in Equation (3).

d = \/Ax? + Ay? (3)

For errors in vehicle test average magnitude was
used when measurements were made. The visual
inspections were performed as subjective opinions.

MBE

3  Results

Visual inspection of the usability of the geomagnetic
field based positioning technique with mobile phone
500 meters underground gave good results. The position
presented graphically in the screen of the smart phone
was deemed satisfactory for positioning a person
underground by all four testers. In Figure 9 a
positioning view is shown, where position of the phone
is shown inside a blue circle. Notice how predicted
position circle gets smaller, when convergence error is
estimated to get smaller.

Root-mean-square  error was calculated for
Measurements B, C, D and combined B+C and also
total distance error d (Table 1). Other measurements
include: standard deviation (Table 2), Maximum errors
(Table 3) and MBE (Table 4)

Table 1. Calculated RMSE values

Measurement  x(m)  y(m)  d(m)
B 6.27 312 7.00

C 751 247 790

B+C 6.71 292 732

D 883 356 952

Table 2. Calcualted standard deviation

Measurement ~ x(m) y(m) d(m)
B 488 246  4.23

C 457 147 432

B+C 6.70 289 422

D 4.57 1.47 4.32

Table 3. Calculated maximum errors

Measurement  x(m)  y(m) d(m)
B 1998 7.20 20.62
C 19.15 4.84  19.48
B+C 19.97 7.20 20.62
D 16.45 5.01 17.20

Table 4. Calculated MBE

Measurement ~ x(m)  y(m)  d(m)
B 339 309 417

C 488 246  4.23

B+C 036 036 5098

D -756 325 8.48

The transformation error on the measurement area
between KMCS and WGS84 was on average 0.04 cm
and -2.58 cm for x and y directions, with standard
deviation 0.03 cm and 0.21 cm.

The averages for magnetic field magnitudes when
approaching drilling machine were: 54.2 uT (15 m),
49.6 uT (10 m), 53.7 uT (5 m, another vehicle close)
and 44.3 uT (0 m).

Mine van approaching gave average errors 1.73 m
and 1.06 m, for x and y directions.

4  Conclusion

The experiments and measurements for magnetic
field based positioning error using mobile phone
showed great promise. Talks with the Kemi mine staff
revealed that first encounter with this positioning
technique was pleasant. RMSE value of 7.32 m on the
central line of the tunnel was calculated and for
unmapped area (side of the tunnel) 9.52 m. The standard
deviation behaved nicely between 4.22 - 4.23 meters
between the different measurements. This accuracy is
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enough for safety and logistic operations. However,
when we compare the accuracy to earlier work [7] we
see a quite large difference of almost 6 meters. The
obvious difference between the two is the measurement
device, in this measurement was done using standard
smart phone, in earlier work a specially designed sensor
array was used.

The max distance error is quite large and reason for
that is unknown, it can be a glitch or Monte-Carlo
Localization was performing badly due magnetic field
being too monotone or a convergence error is possible
too. Also one possible source for it is a break in a data
connection.

The vehicle experiments showed also great promise
to the future work. There seemed to be no problems
when vehicle was near, although we do have to
remember that these tests were not performed in-depth
enough to answer if vehicles are a problem to the
method. There seem to be some changes in the magnetic
field near the vehicles.

To work the measurement device needs a constant
internet access; this is possible in the Kemi mine but not
necessary in all other mines. To make system work in
all possible scenarios underground we feel that the
magnetic field positioning calculations should be
performed on the phone. This also would make system
safer for disturbances like fire and landslide not to
mention everyday problems every wireless network
goes through time to time.

The positioning system is also, at the moment, only
optimized for people walking. When the distances are
great, like in mines, this is not convenient. However,
when it’s now proven that geomagnetic positioning with
mobile phone works underground, there shouldn’t be
any technical or financial obstacles to overcome this
limitation. There could be for example a fixed unit on
the vehicle completed with odometry.

Currently there is no support for automatic floor
selection, this could be solved in future versions and
should be solvable already by combining positioning
techniques like wireless base station selection for the
map.

We hope that this positioning technique will be seen
in mines in the near future in daily usage.

o

t IndoorAtlas

Figure 9. Visual inspection of the positioning.
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