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Abstract: To improve the working conditions in underground mines and eliminate the risk of human
casualties, patrol robots that can operate autonomously are necessary. This study developed an
autonomous patrol robot for underground mines and conducted field experiments at underground
mine sites. The driving robot estimated its own location and autonomously operated via encoders,
IMUs, and LiDAR sensors; it measured hazards using gas sensors, dust particle sensors, and thermal
imaging cameras. The developed autonomous driving robot can perform waypoint-based path
planning. It can also automatically return to the starting point after driving along waypoints se-
quentially. In addition, the robot acquires the dust and gas concentration levels along with thermal
images and then combines them with location data to create an environmental map. The results of
the field experiment conducted in an underground limestone mine in Korea are as follows. The O,
concentration was maintained at a constant level of 15.7%; toxic gases such as HS, CO, and LEL
were not detected; and thermal imaging data showed that humans could be detected. The maximum
dust concentration in the experimental area was measured to be about 0.01 mg/m?, and the dust
concentration was highly distributed in the 25-35 m section on the environmental map. This study is
expected to improve the safety of work by exploring areas that are dangerous for humans to access
using autonomous patrol robots and to improve productivity by automating exploration tasks.

Keywords: underground mine; patrol robot; autonomous driving; environmental monitoring;
mine safety

1. Introduction

Underground mine sites are prone to several hazards, including explosions, ground
subsidence, toxic gas leakage, and equipment collisions [1-3]. These hazards can hinder
a safe working environment and lead to decreased productivity if mining activities are
stopped because of such events. To improve the safety and productivity of work at an
underground mine site, periodic examinations of hazard factors must be performed. Vari-
ous efforts have been made to prevent accidents by investigating these hazard factors in
advance. For instance, Hanson et al. [4] presented methods for detecting hazard factors in
underground coal mines, and Grychowski [5] analyzed data using fuzzy logic theory to
prevent fire accidents in underground coal mines.

Recently, various ICT-based technologies have been used to explore areas that are
dangerous for humans to access [6—13]. Several studies have been conducted to explore
underground mines using remotely controlled mobile robots [14-20]. A mobile robot
equipped with environmental sensors can investigate hazard factors while driving around
in a tunnel and prepare for danger by analyzing them. To this end, Zhao et al. [21] developed
a remote-controlled robot that can be used in underground coal mines. A gas sensor was
installed on the robot to measure the concentration of toxic gases, and the hazard factors in
the pit were investigated by analyzing the toxic gas concentration. Huh et al. [22] developed
a remote-controlled robot that could investigate hazard factors in underground mines and
evaluated its effectiveness by conducting experiments in underground coal mines.
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Several studies have been conducted on autonomous driving robots that can investi-
gate the conditions of underground mines [23-27]. Autonomous driving robots were used
for mapping to evaluate the stability of tunnels [28-30], and their own location estimation
technologies were used to record the position of the robot where hazard factors were
detected [31-33]. In addition, sensors that can measure the gas, temperature, and humid-
ity conditions were installed on a robot to investigate the environmental characteristics
of the tunnel [34-36]. Thrun et al. [37] developed a mobile robot capable of navigation,
path planning, and mapping in underground mines and conducted a field experiment on
abandoned mines. Baker et al. [38] developed an autonomous driving robot that performed
driving, exploration, and mapping in abandoned underground mines to investigate gas
concentration and sinkage. Kim and Choi [36] analyzed and visualized environmental data
obtained from an autonomous driving robot equipped with humidity and gas sensors in
an underground mine.

Previous studies that conducted autonomous exploration of underground mines using
autonomous robots did not verify their performance in the case of intersections or slopes, as
the experimental area consisted of straight lines. Furthermore, the robot’s ability to return
to its origin after driving to its destination was not verified. As autonomous exploration
must be carried out periodically to ensure the safety of workers in underground mines, an
automated system in which robots return to their origin after mine exploration is essential
to improve safety and productivity. Therefore, the robot must be able to return to the
starting point after sequentially traveling to several points designated by the user. In
addition, a field test of an autonomous exploration system using an autonomous driving
robot on an actual underground mine should be conducted to evaluate the effectiveness of
autonomous driving robots in driving in areas such as intersections and slopes, as well as
straight shafts.

This study aims to develop an autonomous driving robot for the autonomous explo-
ration of underground mines and to conduct field experiments in actual underground
mine sites. Encoder, light detection and ranging (LiDAR), and inertial measurement unit
(IMU) sensors are used to perform location estimation and autonomous driving of the
robot. Hazard factors in a mine are investigated using gas sensors, particle sensors, and
thermal cameras. A field experiment is conducted with the developed robot, wherein
sequential driving of the robot to various points in the mine and its return to the origin is
demonstrated. Thus, the route planning and driving ability of the robot in terrains such as
intersections and ramps is evaluated. In addition, this study evaluates the sensor fusion
technology to improve the accuracy of robot location estimation and create a safety map for
the experimental area by combining the acquired safety data with the robot position data.

2. Materials and Methods
2.1. System Configuration of the Autonomous Driving Robot

Figure 1 shows the hardware and communication system of the autonomous driving
robot developed in this study. The robot measures the presence or absence of hazard factors
such as hazardous gas and dust while automatically driving to a specific point inside the
underground mine shaft that has been designated in advance; furthermore, it can detect
the presence of workers via thermal imaging. In addition, the robot automatically returns
to the starting point after completing the exploration and visualizes the environmental data
about the tunnel when the robot returns to starting point. The autonomous driving robot
developed in this study has three functions—autonomous driving and localization, safety
data processing, and motor control.
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Figure 1. Overall structure of the autonomous driving robot developed in this study.

Sensors are connected to the main controller through which data acquisition and
processing are performed to realize autonomous driving and location estimation. By using
the LiDAR sensor, a map of the experimental area is created before performing autonomous
driving; during autonomous driving, obstacle recognition and position correction are
performed via map matching. The IMU sensor measures the 3-axis attitude change when
the robot is driving, and the encoder sensor measures the robot’s moving distance and
heading by calculating the number of rotations of the robot’s wheels. An RGB-D camera is
used to convey information on the driving situation in the tunnel to workers outside the
tunnel by capturing and recording RGB and depth images.

For safety data processing, a dust sensor that can measure the concentration of fine
dust and a gas sensor that can measure the concentration of gases, including harmful
gases, in the tunnel shaft are used. In addition, a thermal camera is used to accurately
determine the presence of workers in a dark tunnel where it is difficult to identify people.
It is designed to store all the data in the data acquisition controller so that workers waiting
outside the tunnel can check the safety data obtained when the robot moves through the
tunnel. In addition, connecting the robot controller and the data acquisition controller
through Wi-Fi communication facilitates the control of the robot controller mounted on
the robot.

For motor control, the robot can be operated by controlling the motor of the actual
robot based on the processing result of the main controller. It can perform functions such
as lighting control and emergency stops installed on the front of the robot.

Table 1 lists the specifications of the sensor and the robot platform used in this study.
As a mobile robot platform, Agilex’s Scout mini robot was used [39]. The Scout mini robot
used is a four-wheeled, differential drive type, with a maximum speed of 20 km/h and a
load of 20 kg, and can be equipped with multiple sensors. As the robot can rotate in its
place, it has the advantage of efficiently changing its direction when it encounters a dead
end or narrow tunnel inside a mine. In addition, as the vehicle body is raised approximately
10 cm from the floor, it can pass through small obstacles without avoiding them. As the



Appl. Sci. 2023,13, 3717

40f19

driving time is 2 h and the distance is 10 km, it can sequentially explore various points
inside the mine and return to its origin without additional charging or management.

Table 1. Specifications of sensors and robot platform used in this study.

Equipment Model Specification
Size: 612 mm (length) x 580 mm (width) x 245 mm (height)
Drive: four-wheel four drive
Max travel: 10 km
Robot Platform Scout mini Max Speed: 20 km/h
Climbing ability: 30°
Payload capacity: 50 kg
Code wheel: hall encoder
Main Laptop PC Intel Core i7-9750H CPU 4.50 GHz (Intel, Santa Clara, CA, UAS), 16 GB
Controller Ubuntu 18.04 RAM, NVIDIA GeForce 1650 4GB (NVIDIA, Santa Clara, CA, USA)
Data acquisition and Laptop PC Intel Core i5-10210U, 1.6 GHz, 8 GB RAM, NVIDIA MX250 (NVIDIA,
remote controller Windows 10 Santa Clara, CA, USA)

LiDAR Sensor

IMU Sensor

RGB-D Camera

Field of View: 270°

Interface: TCP/IP

Operating Range: 0.5-20 m
Scanning frequency: 25 Hz/50 Hz
Interface: uart2

Gyroscope range: 2000 dps
Accelerometer range: +16 g
Magnetometer range: 4900 uT
RGB sensor FOV (H x V): 69° x 42°
RGB frame resolution:1920 x 1080
Depth Field of View (FOV): 87° x 58°
Depth output resolution: 1280 x 720

LMS-111

RB-SDA-v1

D435i

The autonomous driving robot uses an IMU, Encoder, and LiDAR sensors to perform
location estimation and autonomous driving; it uses RGB-D to capture and record the
driving environment. The IMU sensor measures the pose of the robot by combining the
data measured from the gyroscope, accelerometer, and magnetometer; the LiDAR sensor
scans the shape of the wall of the underground tunnel to create a two-dimensional map
and is used to perform autonomous navigation and location estimation of the robot. In
addition, two PCs were used as controllers to control the robot and acquire data [40].

Figure 2 shows the developed autonomous driving robot. A LiDAR sensor is mounted
on the front of the robot to measure the shape of the tunnel. Further, thermal and RGB-D
cameras are placed in the robot’s driving direction to record the presence of workers and
the driving environment. A built-in IMU sensor and an encoder sensor are used to measure
the pose and position of the robot. Gas and dust sensors are mounted on the front and
side parts of the robot, respectively, to examine the working environment in the tunnel and
detect the presence or absence of harmful gases.

Figure 3 shows the overall data-processing configuration of the autonomous driving
robot developed in this study. Data processing includes localization, safety data acquisition,
and autonomous driving, and each function shares processed data and operates organically.
First, for localization, the data input from the gyroscope, accelerometer, and magnetometer
are combined with the Kalman filter to obtain relatively accurate robot pose data. When
estimating the robot’s position by fusing multiple sensors, the accuracy of pose estimation
can be improved by using the Kalman filter to probabilistically calculate and correct errors
that may occur in the sensor [36]. The general Kalman filter cannot be applied because the
robot’s movement and location data are non-linear. Therefore, in this study, the extended
Kalman filter (EKF) was used to correct the movement of the robot. In addition, the position
of the robot is measured by reflecting the wheel rotation data measured by the encoder
sensor on the corrected pose data. At this time, the moving distance and heading of the
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robot are measured using the encoder sensor. The robot’s location and pose data are

combined to improve accuracy.
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Figure 3. System architecture of the data processing procedure for the autonomous driving robot

used in this study.

For safety data acquisition, the data acquired by the gas and particle sensors are stored.
Further, the data regarding the presence of workers that is detected via thermal imaging are
stored. In addition, after aligning the acquired data according to time, they are combined
with the position data of the robot to visualize the point at which toxic gases, dust, and

workers are detected.
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For autonomous driving, a destination point is first set on a previously prepared 2D
map. Subsequently, a route is planned, and the robot’s position and pose data calculated in
real time are reflected to realize autonomous driving. In addition, the robot recognizes and
avoids surrounding obstacles using the LiDAR sensor.

2.2. Autonomous Driving Algorithm and Software Configuration

This study used the robot operating system (ROS) to develop an autonomous robot.
The ROS is an open-source platform that can perform data transmission, data processing,
and hardware connections. It can easily perform tasks such as visualization and simulation
and can efficiently apply algorithms and libraries to autonomous driving systems [41].

Figure 4 shows the overall data flow of the autonomous driving algorithm used in this
study [40]. The autonomous driving system acquires data from the sensors and processes it,
plans the motion of the robot, and controls the motor used to move the robot. The position
of the robot is estimated using odometry, AMCL algorithms, and measured data from the
encoder sensors. The routes are planned based on previously prepared maps. At this time,
the area in which the robot can be driven is selected through the local and global cost maps,
and functions such as real-time obstacle avoidance, local path planning, and global path
planning in a wide area are simultaneously implemented. In addition, the recovery vehicles
return when the robot can no longer drive because of its proximity to an obstacle or failure
in localization. Table 2 lists the representative topics used to implement the autonomous
driving function in this study.
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Figure 4. System architecture of the ROS-based autonomous navigation system used in this study.

The robot’s location is estimated through the adaptive Monte Carlo localization
(AMCL) algorithm, which compares and matches the previously prepared 2D map with
the shape of the tunnel acquired in real time from the LiDAR sensor. AMCL estimates
the robot’s pose and location using a particle filter that utilizes particles with weights to
stochastically represent uncertainty. Therefore, it is a method of estimating the optimal
position of a robot by calculating the values of sensor data probabilistically. The position
prediction particle of the robot may be expressed as Equations (1) and (2). X; represents the
pose of the robot predicted at time ¢, and x;/™ represents the probability of each of the M
particle sets. Among the AMCL parameters, the minimum particle was set to 100, and the
maximum particles were set to 5000. The resample interval was set to 1, and the transform
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tolerance was set to 0.3 [42]. Additionally, the number of particles used in the filter was set
to 80, the resampling threshold was set to 0.5, and the linear and angular updates were set
to 0.5.

Xt = xtm, xtm, ey xt[m] (1)

xt[m] ~ P(xt Z1:ts ul:t) )

In this study, the position of the robot was estimated by the encoder, and the IMU
data were fused through EKF to improve position accuracy by correcting the rotation angle
of the robot. When estimating the position of the robot using EKF, the values shown in
Equation (3) are used. Here, X, Y, and Z represent the position of the robot; roll, pitch, and
yaw represent the orientation in the x-, y-, and z-axis directions, respectively; and X, Y, 4
represent the linear velocity in the x-, y-, and z-axis directions, respectively. The symbols
roll, pitch, and yaw represent angular velocity in the x, y, z direction, respectively, and X,
Y,and Z represent a linear acceleration in the x, y, z direction, respectively. In this study,
values for x and y were used to estimate the position of the robot in 2D, and values in the
yaw direction were used from the IMU sensor. Since the rotation angle of the IMU data
is reflected by applying the EKF-based position correction, the rotation angle error due to
wheel slip can be corrected [42].

X Y Zz
roll  pitch yaw

X Y Z 3)
roll  pitch  yiw

X Y Z

Table 2. Representative ROS topics that make up the autonomous driving robot developed in this

study.
Function Topic Description
Cmd_vel Control robot’s linear and angular velocity
Robot setting Tf Relative transform between coordinate systems
Scout_status Robot’s current status
IMU/data Robot’s pose measured by IMU sensor data
Localizati Amcl_pose Robot’s position calibrated through map matching
ocatization Odometry /filtered Calibrated robot’s position

Map Pre-generated map

Autonomous driving

Local/Global planner Local/Global driving path
Local/Global costmap Occupancy grid of the map
waypoints Robot’s driving waypoint

In this study, a two-dimensional map of the tunnel was created by driving through
the experimental area once using remote control before performing autonomous driving.
Simultaneous localization and mapping (SLAM) technology was used to create a two-
dimensional map of the experimental area. SLAM is a technology that combines point
cloud data obtained through LiDAR and additional sensors during the motion of the robot
to recognize the location and simultaneously create a map of the driving area. Figure 5
shows the interface screen visualizing the autonomous driving robot planning a route,
estimating a location, and driving toward a destination. Here, the part overlapped on the
map and displayed as a red line is the real-time LiDAR data, and the green arrow indicates
the estimated robot position and heading. In addition, the red circular area located near the
green arrow represents the probabilistically estimated position set of the robot. The denser
the red area in one place, the more accurate the robot position estimation. In addition, the
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data list to be visualized is checked, and the camera’s RGB image and depth image are
visualized in real time.

2 Displays
shaft Length ]
Shaft Radius 0.1

LiIDAR Scan

g
Head Radius
» Covariance

Radius of the each arrow’s head, in meters.

Add
=3

RGB_Image

| Depth_l_mage

Figure 5. User interface of the autonomous driving robot system in ROS.

2.3. Autonomous Exploration System Configuration

Figure 6 shows the dust sensor (Figure 6a), gas sensor (Figure 6b), and a thermal
camera (Figure 6c) used in this study. The particle sensor can measure the dust particle
concentration in the tunnel, and the gas sensor can measure CO, combustible gases (LEL),
and H,S. In addition, the detection range of the particle sensor and gas sensor used in
this study can measure the recommended environmental range prescribed by the Korean
government for the underground mine environment [43]. At a mine site, it is necessary to
ensure the absence of workers in the mine before carrying out blasting work. At this point,
the thermal camera has the advantage of being able to accurately detect human presence
even in a dark underground environment. Table 3 lists the detailed specifications of the
environmental detection sensors used in this study.

(b)

Figure 6. Environmental sensors used in this study: (a) particle sensor; (b) gas sensor; (c) thermal

camera.
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Table 3. Specifications of environmental sensors used in this study.

Sensor Particle Sensor Gas Sensor Thermal Camera
Model ?if;tal dust monitor model - A1t Max XTI Vue Pro 640 19 mm 9hz
Manufacturer KANOMAX BW Technologies Teledyne FLIR

Measuring factor

Particle concentration

H,S, CO, O,, Combustible
Gas (LEL)

Thermal image/video

Dimensions (mm) 162 x 60 x 109 13.1 x 7.0 x 5.2 45 x 45 x 68
Weight (g) 328 1300 113
Operating —20~50 °C 5-40°C —20~55 °C
temperature
H,S: 0-200 ppm
. CO: 0.001~10 mg/m? o
Detection range 0~1000 ppm O,: 0~30% vol 0~40 °C
LEL: 0~100% LEL
Accuracy +10% N/A +5°C

Figure 7 shows the data processing flowchart for creating an environmental map.
While the robot travels along the planned path, the safety sensors acquire data. When
the robot returns, the position and safety data are aligned over time to match the robot’s
position with the safety data at that point. Then, the safety data are visualized according
to the robot’s movement path; if there is a significant change, they are created in the form
of a map using the geographic information system (GIS). In this study, an environmental
map for the experimental area was created using the IDW (inverse distance weighting)

algorithm [44].
4 N\ 4 Y { Y
Localization Sensor Particle Sensor Gas Sensor Thermal Camera
J . J \. J
T d
1 i ’, . . . apturing and processin
Esu.matm.g robot’s Measuring the particle Measuring the gas P B anc processing
location using sensor ; . thermal image using
. . concentration concentration ‘s
fusion algorithm vision system
0 v 0 0 4
Sorting robot’s location Sorting p a‘rtu:le Sorting Bas Sorting thermal image
s uls . concentration by concentration by e ele .
data by acquisition time PP PR by acquisition time
acquisition time acquisition time

I

Merging robot’s location
and safety data by

acquisition time

Visualizing safety data
according to driving path

Making safety map using
GIS

Figure 7. Processing diagram of the environmental mapping system to visualize the data.
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The robot acquires thermal images when it drives through the entire experimental area.
It recognizes people using thermal images and machine-vision-based image processing
algorithms. In the image processing process, the background is removed, leaving only the
people displayed at a relatively high temperature. When two or more people are detected,
they are recognized as independent objects, and the number of people is counted. Figure 8
shows the process of human recognition using the acquired thermal image and machine
vision system. As shown in Figure 8a, a thermal image is acquired and then converted to a
grayscale image to clearly represent it by separating it from the background (Figure 8b).
After classifying the converted grayscale image as a binary image, each object is recognized
independently, and the number of people is counted (Figure 8c). The morphology and
particle analysis algorithms, along with LabVIEW software, were used for this process.
Thermal imaging can be used not only to recognize people but also to control fire accidents
that frequently occur in underground mines.

(b) (c)

Figure 8. Example of thermal image processing to detect human presence: (a) thermal image is
obtained; (b) it is converted into a grayscale image; (c) it is converted into a binary image, and the
number of humans is counted.

3. Field Experiment
3.1. Experimental Area

In this study, a field experiment was conducted in an underground limestone mine
(37°03'37" N, 128°19'44” E) in Korea. The experimental area is a limestone mine that is
currently in operation. For safety reasons, a part of the entire mine shaft with a length of
approximately 100 m, a width of 6 m, and a height of 8 m was selected as the experimental
section (Figure 9). The experiment was planned with the robot moving in a straight section
of approximately 30 m along the slope from the intersection and finally returning to the
origin. The path selection function at the intersection, the driving function in the slope area,
and the origin return function were verified.

3.2. Experimental Method

The autonomous driving robot starts driving from the origin along the planned
path while estimating its own location. At this time, the current position is corrected
by comparing the previously prepared map with the shape of the currently measured
tunnel, and the presence or absence of obstacles in front is checked in real time. The sensor
data acquired when the robot was driving were stored, and the driving process of the robot
was recorded using an external camera. In addition, while the robot was driving, the videos
captured by the RGB and thermal cameras installed on the front of the robot were recorded.
External lighting was installed to accurately record the external driving of the robot, along
with the robot’s own lighting.
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Figure 9. Conceptual diagram of the field experiment area in the underground mine. Circled numbers
indicate the order of the robot’s moving points.

4. Results

Figure 10 shows the motion of the developed autonomous driving robot in the ex-
perimental area at the underground mine site, along with the RGB and depth images of
the robot recorded through the RGB-D camera mounted on the robot. It was confirmed
that the autonomous driving robot arrived at the waypoint, located at the intersection after
departure. Then, it safely drove to the destination point, located at the top of the slope.
Furthermore, after changing the driving direction through self-rotation at the destination, it
passed the waypoint and returned safely to the starting point. The robot took approximately
126 s to travel through the entire experimental section. The robot recorded RGB images
while driving through the entire experimental section; when it returned to its destination,
the entire driving environment was confirmed.

During the experiment, external lighting was used to photograph the driving of
the robot. However, in an actual mine, it is difficult to grasp the overall shape of the
underground tunnel or the presence or absence of cavities because no external lighting can
be used, and the only light available is mounted on the robot itself. At this time, it was
possible to determine the overall shape of the tunnel using depth images. The part marked
in white was recognized as the area where the tunnel was opened, and the black part was
recognized as the wall of the tunnel; thus, the overall direction and shape of the tunnel
could be recognized. In addition, if the robot can explore the blasting area, the size of the
blasting can be measured even without an additional light source.
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Figure 10. View of the autonomous driving robot, RGB image, depth image at the (a) starting point,
(b) intersection, (c) destination, and (d) arrival point.

Figure 11 shows the motion of the self-driving robot while correcting its position by
reflecting the data obtained by matching the LiDAR sensor data with the map and its own
location estimation data. Before starting autonomous driving, the robot corrects its position
and pose by matching the LiDAR data and map (Figure 11a). When it arrived at the first
waypoint, it was confirmed that it moved to the coordinates and pose set in advance and
corrected its position and posture while matching the corners of the intersection (Figure 11b).
It was confirmed that the robot passed the slope and arrived at the destination (Figure 11c),
the returning area (Figure 11d), and returned to the starting point again (Figure 11e).

Figure 12 shows the driving path estimated through the encoder sensor and the driving
path estimated by fusing the encoder, IMU, and LiDAR sensor. It was confirmed that the
path to the destination and the path to return were almost similar to those estimated
by fusing the three types of sensors. On the other hand, there was a relatively large
difference between the going path and the returning path estimated through only the
encoder. Additionally, when the robot rotates an angle, the amount of rotation appears
relatively larger than that of the sensor fusion method. It can be expected that the number
of rotations of the wheels measured at a specific point is greater than the actual movement
angle of the robot, and this can cause position and angle errors due to the wheel slip
phenomenon between the floor and the robot’s wheels.
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Figure 11. View of the robot’s heading, position, and LiDAR data at the (a) starting point, (b) inter-
section, (c) destination, (d) returning area, and (e) arrival point.

Figure 12 also shows the image of a human detected by the thermal camera. For safety
reasons, the movement of workers in the tunnel was restricted while the experiment was
conducted; however, the videographers and equipment operators at the intersection and
starting point, respectively, were captured by the thermal camera. The thermal images
were processed using a machine vision processing algorithm to accurately classify and
recognize the human form. In addition, by merging these data with the estimated robot’s
position coordinates, it was possible to confirm the location where the human was detected
in the mine. Two people detected at the starting point were recognized when the robot
returned almost to the starting point after completing its run, and one person was detected
when it entered an intersection. The x and y coordinates of the points where the persons
were detected were recorded as the origin return (1.53, 0.62) and intersection (30.57, 3.13),
respectively. It is believed that the location of a person in the mine can be predicted more
accurately if the heading angle of the robot at the point where the person is detected and
the pixel coordinates of the person recognized in the thermal image are fused.
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Figure 12. The robot’s driving paths estimated by the sensor fusion method and encoder odometry

method, as well as the position of the human detected by thermal image and vision system.

During the field experiment, the autonomous driving robot measured the concentra-
tions of H,S, CO, Oy, and LEL using a gas sensor; further, it measured the concentration of
dust in the tunnel using a particle sensor and acquired thermal images. Hazardous factors,
such as H,S, CO, and LEL, were not measured, and the O, concentration remained constant
at approximately 15%. Figure 13 shows graphs of dust concentration and O, concentration
obtained by the autonomous patrol robot during an underground mine field experiment.
Figure 14 shows the particle concentration map for the experimental area. The estimated
robot position coordinates and particle concentration data were aligned according to the
time, and the particle concentration was visualized through color differences at the robot
position points in the GIS system. In the experiment, the robot traveled to the same point
twice because it first arrived at the destination and returned to the origin while passing
through the same point, but only the dust data obtained while traveling to the destination
was reflected on the map to prevent overlapping data display on one map. When the
environmental map was created by reflecting the location coordinates of the robot on the
data obtained while the robot was traveling, it was possible to intuitively visualize the
dusty area and effectively examine how the dust concentration changed as the robot moved.
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5. Discussion

The robot system developed in this study was compared with the mobile robots in
underground mines used in three previous studies (Table 4). The robot’s localization
function is essential in an underground mining environment in which GPS cannot be used.
In two of the three comparison cases, the localization function was realized; however, in one
study, the localization function was impossible because the operator controlled it remotely.
In the two studies that achieved localization, one used multi-waypoint driving, and the
other used one-way navigation via the wall-following method. To facilitate safe mine
exploration, it is necessary to be able to explore the mine without requiring the worker to
directly enter the tunnel. Therefore, the multi-waypoint navigation function must be used.
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Table 4. Comparison of mobile robot systems developed in this study with those developed in
previous studies.

Research .
. Losch et al. [28] Kim and Choi [36] Jaroslaw Szrek et al. [17] This Study
Function
Localization (@) O X (@)
Driving method Autopqmous Autopgmous Remote control Aut01.r10.mous
driving driving driving
Navigation method Multi Waypomt On.e-w.ay Remote control Multi Waypomt

navigation navigation navigation
Environmental monitoring X @) X (@)
Human detection X X @) @)
Intersection, slope area X X X o

verification

Functions such as environmental monitoring and human detection are needed to
detect hazard factors and recognize workers in dangerous areas. In the previous studies
considered in this comparison, one involved environmental monitoring, and the other
performed human detection; however, most functions were not performed simultaneously.
Moreover, these studies did not use multi-waypoint navigation. Furthermore, these studies
did not demonstrate the return of the robot to its origin. Therefore, these studies were
limited because the mobile robots used at underground mine sites did not have safety-
related functions when the robot’s driving and returning functions were enabled, and
studies with safety functions found that the robot’s driving function was difficult to apply
to an underground mine environment.

In an underground mine, there are several roads to move to the mining and loading
areas, and there are many intersections at the point where the roads are divided. Most
underground mining sites include slope areas as they must reach deeper underground
points for mining operations. Therefore, to utilize an autonomous robot in an actual
underground mine environment, it is essential to verify and conduct an experiment not
only on straight paths but also on intersections and slope areas. While other studies
conducted field experiments on straight sections without intersections and slopes, this
study conducted field experiments on intersections and slope areas, and as a result, stable
driving performance was confirmed.

In the case of an underground mine environment, since dust and gas are continuously
generated due to repetitive blasting for mining, exploration for workers’ safety must be
performed periodically. If an unmanned autonomous driving robot is used instead of a hu-
man in the initial exploration after the blasting, safe exploration work can be performed. In
addition, to explore underground mines safely using robots, the technology of autonomous
driving to a specific point, along with an autonomous return to the starting point, is es-
sential. In this study, an automated system was developed in which an autonomous robot
returns to the starting point after performing autonomous exploration. By conducting field
experiments on underground mines, it was possible to improve the possibility of using the
robot system in actual work sites.

The underground mining environment has rough roads designed to reach deeper areas
while performing mining operations, as well as several roads made for different transport
efficiencies. Therefore, a stable driving capability is essential for an autonomous robot
to efficiently explore an underground mine site, especially when going down a slope or
returning after exploration, and experiments must be conducted to verify this. Additionally,
the robot should be able to drive and return along a planned route among several roads.
Through field experiments of the autonomous patrol robot developed in this study, the
ability to drive on slopes and the function of intersection path planning were confirmed.
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6. Conclusions

This study developed a multi-sensor-based patrol robot for autonomous exploration
and conducted a field experiment in an actual underground mine. The robot’s location
was estimated using sensors, such as an encoder, IMU, and LiDAR, along with a sensor
fusion algorithm. In addition, the location was calibrated by comparing the map prepared
in advance with real-time LiDAR data. Multiple waypoints, including the intersection
and slope section, were sequentially driven and returned to the starting point. The robot
was designed to be equipped with gas sensors, dust sensors, and a thermal camera to
recognize hazard factors and workers in the mine. A safety map was created using the GIS
system after combining the data acquired by these sensors with the robot location data. The
results of the experiment showed that the autonomous driving robot safely traveled to the
experimental area and returned to its origin. No toxic gas was detected in the tunnel, and
the O, concentration was almost constant. The maximum dust concentration measured was
about 0.01 mg/m?, and it was confirmed that the highest dust concentration was measured
in the section between 25 m and 35 m.

As the autonomous driving system sets waypoints on a 2D map while driving, position-
estimation errors may occur when driving on an inclined surface. In addition, because only
2D position coordinates are estimated, the acquisition point is not accurate as the robot
goes deeper. Therefore, in future research, a more efficient autonomous driving system
should be developed by estimating the 3D position of the robot in addition to the 2D
coordinates. To this end, a 3D point cloud acquisition sensor, such as 3D LiDAR, should be
additionally used, and the location estimation accuracy should be improved by combining
it with existing sensors.

In this study, the experiment was performed only for short and simple sections among
entire underground mines, and there is a limitation that the experiment was conducted
only for a single mine. However, it is expected that the same method can be used for other
mines, including slopes and intersections. Therefore, additional experiments related to this
need to be performed in the future. In addition, the accuracy evaluation of the localization
method should be performed by comparing the estimated driving path with the actual
driving path. In this study, a gas sensor was installed in the robot, but in order to measure
gases lighter than air, a gas sensor should be installed at the top of the tunnel wall, and data
should be acquired through wireless communication when the robot reaches the sensor.

In this study, there were no dynamically moving obstacles when the robot drove in
the underground mine, but in actual underground mining environments, there are many
dynamic obstacles, such as workers and trucks. Therefore, to improve robot utilization,
experiments on obstacle avoidance and driving in the presence of dynamic obstacles
should be conducted in the future. Furthermore, camera sensors and vision technologies
should be applied to efficiently detect areas or dynamic obstacles that are not reflected
in the pre-prepared map. Additionally, in actual underground mines, the floor surface is
often uneven, causing reduced location estimation accuracy and decreased autonomous
driving performance due to wheel slippage. Therefore, in the future, more precise location
correction technology should be developed to address wheel slippage.

Various risk factors, such as toxic gas, falling rocks, and ground collapse, exist at
underground mine sites, and there are many areas that are difficult for people to access.
Therefore, at a mine work site, periodic exploration must be performed to ensure the safety
of workers, and safe rescue work must be carried out when an accident occurs. Therefore,
deploying an autonomous robot for periodic exploration can improve the productivity of
the work because it can repeatedly explore the mining site and significantly contribute to
enhancing safety because the robot can explore dangerous areas that humans cannot access.
The results of this study are expected to be used as important references in various fields
related to the autonomous exploration of underground mines in the future.
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