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Abstract: We propose a magnetometer system fitted on an unmanned aerial vehicle (UAV, or drone)
and a data-processing method for detecting metal antipersonnel landmines (M16) in the demilitarized
zone (DMZ) in Korea, which is an undeveloped natural environment. The performance of the laser
altimeter was improved so that the drone could fly at a low and stable altitude, even in a natural
environment with dust and bushes, and a magnetometer was installed on a pendulum to minimize
the effects of magnetic noise and vibration from the drone. At a flight altitude of 1 m, the criterion for
M16 is 5 nT. Simple low-pass filtering eliminates magnetic swing noise due to pendulum motion,
and the moving average method eliminates changes related to the heading of the magnetometer.
Magnetic exploration was conducted in an actual mine-removal area near the DMZ in Korea, with
nine magnetic anomalies of more than 5 nT detected and a variety of metallic substances found within
a 1-m radius of each detection site. The proposed UAV-based landmine detection system is expected
to reduce risk to detection personnel and shorten the landmine-detection period by providing
accurate scientific information about the detection area prior to military landmine-detection efforts.

Keywords: drone; landmine; magnetometer; demilitarized zone

1. Introduction

The demilitarized zone (DMZ) was established in 1953 to prevent armed conflict
between the two Koreas, and covers an area 4 km in width, with 2 km on each side of the
military demarcation line (MDL). The civilian control line (CCL), located 5–20 km south
of the southern limit line, was also established for the protection and security of military
facilities (Figure 1). Due to restrictions on development for military purposes, the natural
environments of the DMZ and civilian control zone of Korea have been preserved in a
natural state. According to an ecological survey around the DMZ, preservation is essential
due to the exceptional biodiversity and high ecological value of this area [1–3]. In the
future, this area is to be transformed into a global ecological and peace zone.

The DMZ and neighboring areas have the highest concentrations of landmines per
unit area in the world. Unofficial figures state that a million mines have been set in the
DMZ, which could require a million years for full removal [4]. The landmines have not yet
been removed, and the border zone within the civilian control line has been opened to the
private sector. To prevent risk to civilians, a step-by-step method for eliminating landmines
should be established. Therefore, landmines around the DMZ must be investigated quickly,
while preserving the natural environment.
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Figure 1. Map of the study site showing the location of the military demarcation line (MDL), southern
limit line (SLL), and civilian control line (CCL). The civilian control zone is located between the SLL
and CCL. The border line (BL) is the zone within 25 km of the CCL (modified from Lee’s map [2]).

1.1. Unmanned Aerial Vehicle (UAV) System for Unexploded Ordnance (UXO) Detection

Metal detectors and ground-penetrating radar (GPR) are non-destructive mine-detection
methods that are commonly used by the military. Currently, the military conducts detection
operations without prior information about the detection area, which leads to long working
hours. It causes work fatigue and reduces the operator’s ability to detect land mines,
raising the high risk. To avoid these issues, research is underway to detect landmines by
mounting several sensors on an unmanned aerial vehicle (UAV). The advantage of UAVs is
that large areas can be economically investigated in a short time.

In recent years, many studies have been conducted to use UAVs for various pur-
poses, such as safety inspection and facility management in construction sites [5–9], crop
monitoring in agricultural fields [10–13], environmental monitoring [14,15], wildlife moni-
toring [16–18], mineral exportation and operation management in mining sites [19,20] and
wireless communication support [21]. In addition, Kanellakis and Nikolakopoulos [22]
reviewed visual sensors and computer vision techniques for UAVs. These studies have
shown the advantage that UAVs can economically and quickly perform investigations of
large areas that are difficult or dangerous for humans to access. However, most of studies
used visual sensors that are not suitable for detecting buried landmines. Therefore, it is
essential to select a sensor this is suitable for detecting buried landmines while being able
to mount on a UAV.

Experiments have been conducted for detection of plastic mines using ambient tem-
perature differences [23]. However, this system cannot be used in areas with numerous
bushes and buried mines. GPR has the advantage of being able to obtain images of mul-
tiple substances buried underground by radiating microwaves and receiving reflected
microwave signals [23–26]. Landmine detection using GPR is limited in environments with
complex underground media and in non-flat environments, as complex scattering obscures
the signals reflected from landmines [27]. In addition, the penetration depth is limited in
wetlands with high electrical conductivity [28], and lasers may be prevented from reaching
the ground in areas with dense vegetation [29].

Magnetic exploration is a traditional physical exploration technique that has been
used in various fields, including mineral exploration, wide-area geological investigation,
and unexploded ordnance (UXO) detection. Previously, a UAV was equipped with a
flux-gate magnetometer for magnetic exploration [30] and, more recently, the possibility of
UAV-based methods replacing traditional aeromagnetic surveys has been explored [31,32].

The greatest weakness of high-resolution UXO magnetic exploration using drones
is interference from the magnetic field of the drone itself. Most drone systems are non-
magnetic, but batteries, drone motors and wires can create strong magnetic interference.
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High-resolution magnetic exploration with drones requires minimizing the impact of
such interference on the magnetometer. To address this weakness, installation of the
magnetometer at a specific distance (3–5 m) from the drone has been suggested [33].
However, increasing this distance leads to less stable flight and a greater burden on the
drone payload. The flight control strategies of a quadcopter with a cable-suspended
payload such as energy-based control (EBC) strategy [34], backstepping and super-twisting
integral sliding mode strategies [35] were proposed to keep the stable flight. However,
it has only been studied theoretically by simulations in an ideal environment where the
altitude is fixed and the altitude does not the change due to the influence of the dust
environment. Recently, use of two magnetometers has been proposed to compensate
for the magnetic noise from drones [36]. However, installing multiple magnetometers
is difficult and requires a larger drone. Larger drones create more magnetic noise and,
therefore, suitable drone size is an important consideration [37].

Previous research has suggested that landmines may be detected by attaching one
magnetometer to a small UAV (sUAV) [37,38]. The conditions for detecting landmines
involve measuring magnetic anomalies and adjusting for the distance between the land-
mine and the sUAV [39]. To increase the probability of landmine detection, it is essential to
maintain a constant altitude, a short distance (1–2 m) from the surface [39]. Research is un-
derway to achieve this goal, but no reliable method has yet been described [37]. Processing
of data obtained using UAVs follows existing procedures used for manned and airborne
magnetism observations [40]. Traditional methods require multiple steps and complex data
processing. New data-processing methods are needed to detect small magnetic anomalies
rapidly. The efficacy and practicality of UXO detection using UAVs have not been tested
under real-world conditions, as most methods have been tested in limited and controlled
environments.

1.2. Aim and Scope

The main contribution of this paper is to propose simple data-processing methods to
minimize the noise caused by the swing of the hanging sensor, and installation method
of the magnetometer itself to improve the mine identification. To validate the proposed
methods, this study assesses the practicality of UAV systems for landmine detection by the
military near the DMZ. To minimize magnetic noise from the drone and increase the proba-
bility of landmine detection, the magnetometer sensor is installed to operate in a pendulum
manner, hanging about 50 cm below the landing pole of drone. To maintain constant alti-
tude and stable flight of drone with hanging the magnetometer, an altimeter suitable for the
experimental environment was evaluated and selected. A simple data-processing method
was developed for detecting small magnetic anomalies. After magnetic field exploration
was completed, the military conducted verification of the detected magnetic anomalies.

The remainder of this paper is structured as follows: Section 2 describes the con-
figuration of the newly proposed UAV system, Section 3 introduces the data-processing
method used to detect small magnetic anomalies, such as metal antipersonnel mines (M16),
Section 4 describes the results of UAV magnetic surveys conducted in actual landmine-
detection environments and, finally, Section 5 provides conclusions and directions for
future studies.

2. Experimental Materials
2.1. Drone System

The drone system proposed by the author in the previous study [39] is 1.0 m (L) ×
1.0 m (W) × 0.7 m (H) in size, with a total weight of 5 kg (including batteries), and the
magnetometer is fixed and installed at the center of the landing pole beneath the drone
(Figure 2). The distance of the magnetometer from the center of the drone is about 0.7 m
(Figure 2a). The system has a high risk of fall due to collisions between landing poles and
vegetation during low altitude flight in lush vegetation areas such as the DMZ. Therefore,
the system could not be operated below 1 m altitude for stable flight.
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To solve this problem, this study operated the magnetometer in a pendulum manner,
hanging about 50 cm below the landing pole, which allows a reduced distance between the
land surface and the magnetometer (Figure 2b). This reduces the risk of collision between
landing poles and vegetation and increases the signal-to-noise ratio, thereby increasing the
probability of detection and reducing self-interference from the drone.
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Figure 2. Photograph of the drone-fitted magnetometer system before (a) and after (b) improvement.

The size and specifications of the drones used in this study are as described previously,
and the optimal pendulum distance is determined by the fourth difference calculation
method [41] when the allowable noise level of the magnetometer is lower than 0.1 nT (peak
to peak). The distance from the magnetometer to the center of the drone is about 1.2 m.

2.2. Real-Time Kinematic (RTK) System

The drone in this study uses the Here+ RTK global positioning system (GPS) device
based on U-blox M8P, which is commonly used in drones with the Pixhawk flight controller
(FC). This RTK has centimeter-level accuracy. The drone system is equipped with the
HERE+rover and HERE+base antenna system on the ground control station (GCS) to
improve location accuracy (Figure 3).
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2.3. Magnetometer

The fluxgate magnetometer is a three-component vector magnetometer with perpen-
dicular components that measure magnetic fields in all directions. The advantages of this
magnetometer include low cost, low weight and low power consumption, making it practi-
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cal for use mounted on a drone [42,43]. To reduce noise in the magnetic field, we replaced
the magnetometer, reducing the sampling rate from 50 to 20 Hz [44]. The magnetometer
used in this system is the Model 1540 produced by Applied Physics System (Mountain
View, CA, USA), which is relatively cheaper than other commercial magnetometers. The
magnetometer range is −65 to 65 µT, with a resolution 0.01 nT and a sampling rate of
20 Hz.

The fourth difference calculation was used to measure magnetic noise from the battery
and motor of the rotating-wing drone, a method that is used to determine noise levels in
aircraft development. The fourth difference value was acquired within a range of 0.1 nT
(peak to peak) [41], with the magnetometer located 1.2 m from the drone.

2.4. Radio Frequency (RF) Modem and Wireless Network (WiFi) Transmission

A 900-MHz telemetry radio based on the Pixhawk FC was used to control the drone
remotely from the GCS. The drone-mounted mission computer processes (saves and
merges) flight information from the drone together with magnetic field data. The GCS
monitors real-time merged data transmitted from the mission computer using the WiFi
router, and controls real-time magnetometer sensors via WiFi (Figure 4).
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2.5. Altimeter Selection Experiment

The most commonly used altimeters use ultrasonic and laser sensors. An ultrasonic
sensor measures distance by releasing ultrasonic waves and calculating the time until
reflected waves are received from the target, while a laser altimeter detects the ground
reflection of a transmitted laser signal to measure altitude precisely.

Ultrasonic altimeters are not suitable in areas with dense vegetation [45], as they use
long wavelengths that are prone to vegetation interference [46]. Laser altimeters, on the
other hand, show excellent performance on flat ground or over dense vegetation [47], but
dust disturbed during low-altitude (<2 m) drone flight can interfere with signal reception
and thus height calculation [48]. Therefore, it is essential to use a laser altimeter that is not
affected by dust generated during flight.

To measure altitude changes in a dusty environment, two types of laser altimeters
were mounted on a drone, which was set to an altitude of 2 m and flown automatically.
The altitude measured by the LW20 laser altimeter ranged from 0.74 to 3.8 m. The average
altitude was 2.02 m and the standard deviation was 0.53 m. SF11c had a range of 1.84 to
2.18 m, with an average altitude of 2.03 m and a standard deviation of 0.05 m (Figure 5).
Although it is a laser altimeter, the latter model produced stable altitude readings in an
environment where beam width was relatively narrow, and the signal strength was seven
times stronger than with the former model (Table 1). Therefore, the SF11c altimeter with
the most stable altitude value was selected for this study.
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Table 1. Specifications of the tested laser altimeters.

Specifications LW20 SF11c

Type laser laser
Resolution 1 cm 1 cm
Accuracy <10 cm <10 cm

Power 2 mW 15 mW
Range <100 m <120 m
Weight 20 g 35 g

Beam Angle <0.5◦ <0.2◦

price 425 USD 390 USD

3. Data Processing to Distinguish M16 Land Mines

Magnetic anomalies of landmine arise either from induced magnetization in the
present-day geomagnetic field related to magnetic susceptibilities or from remanent magne-
tization [49]. The goal of the data-processing method proposed in this study was to obtain
magnetic field exploration results from the UAV as soon as possible and provide them to the
military for landmine-detection operations. However, the results of magnetic exploration
can be difficult to interpret due to the variety of magnetic substances present underground.
To this end, a data-processing method was established to distinguish magnetic anomalies
that are similar to those from M16 mines.

First, the magnetic anomaly generated by an M16 mine was measured by an automatic
flight at drone altitudes of up to 3 m above the surface near the survey area.

Total intensity was determined using the X-, Y-, and Z-component directions of the
vector magnetometer, with a non-linear filter applied to remove spike noise. A Gaussian
low-pass filter was used to remove (Figure 6a) the effect of the pendulum motion of the
magnetometer below the drone on the magnetic field [50]. For a three-axis magnetometer,
each orthogonal axis has its own error. As a result, the total intensity changes with changes
in heading. To remove the influence of the lateral direction, spatial filtering was performed.
This process applied a high-frequency pass filter based on the moving average, which
involves calculating the average values at the front and rear points of the measurement
line and removing them from the measurement values using the moving average mean
(Figure 6b):

D′(i) = D(i)− 1
2N

[
i−1

∑
j=i−N

D(j) +
i+N

∑
j=i+1

D(j)

]
(1)

where D′(i) is the processed magnetic field at the i-th station, and D(i) is the magnetic field
acquired in the field at the i-th station.
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Figure 6. Profile of the proposed data-processing method: (a) raw magnetic field along the profile; (b) Gaussian-filtered
magnetic field using a filter of fc = 10 Hz; (c) field detrended using the moving average method. Red Arrow indicate M16
landmine.

When the moving average interval (N) was set to 10, the absolute value of the M16
mine signal was greater than 5 nT at an altitude of 1 m (Figure 6c). Therefore, 5 nT should be
assumed to be the minimum value for landmines, and values below 5 nT should be ignored.
For diurnal variations, the international geomagnetic reference field (IGRF) correction was
not applied.

4. Results and Discussions
4.1. Site Introduction

The study area (Figure 7) is located in Yul-ri, Cheorwon-eup, Cheorwon-gun, Gangwon-
do, and is 10 km south of the center of the DMZ. Most minefields remaining in the
Cheorwon area are located in forest lowlands with lush vegetation [45]. The study site is
rented to civilians for farming, but civilians have been restricted from entering because a
M16 was discovered by a civilian in Area A during reclamation work. The survey site can
be divided into two areas. In Area A, mine detection has been performed by the military,
while Area B is an area in which mine detection is planned. Area A has flat topography
and almost no bushes, whereas Area B contains a dense distribution of bushes more than
0.5 m in height. We conducted magnetic exploration of the two survey areas using a
mine-detection drone.
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Figure 7. Photograph taken from the southwest of the survey area: (a) area where mine removal operations have been
completed (30 m × 35 m); (b) area scheduled for future mine removal operations (10 m × 50 m).

4.2. Drone Flight

Magnetic survey flights were performed for each area. The study areas were 30 m ×
35 m and 10 m × 50 m, respectively. The flight interval and altitude were 1 m and the flight
speed was set to 1 m/s for automatic flight. Flights were conducted reliably in Area A,
despite large amounts of dust being generated by the drone. The flight altitude averaged
1.09 m and the standard deviation was 0.1 m.

In Zone B, the drone aimed to maintain a distance of 0.5 m above the bushes. Depend-
ing on the height of the vegetation, the altitude ranged from 1.0 to 1.5 m during the survey.
Flights conducted in Zone B were stable, but the irregular vegetation sometimes caught on
the magnetometer hanging from the drone during the flight. The areas with vegetation
more than 2 m high on the left and right sides of Area B were outside the detectable range
of M16 mines, and thus were excluded from the survey.

4.3. Magnetic Survey Results

Total magnetic intensity in Area A (Figure 8a) was in the range of 51,400–52,100 nT,
and a strong dipole-type magnetic anomaly was observed in the center of the survey
area. In the distribution of total magnetic intensity, no specific magnetic anomalies were
identified aside from the strong magnetic anomaly in the center. As a result of applying
the proposed data-processing method to classify small-scale magnetic anomalies similar to
those of M16 mines, two possible signals were identified (Figure 8b).

Total magnetic intensity in Area B (Figure 8c) was in the range of 50,700–52,200 nT.
Although a very complex distribution of magnetic anomalies was observed, it was difficult
to identify small-scale magnetic anomalies caused by landmines. However, after applying
the proposed data-processing method, seven possible mine-related signals were identified
in Area B (Figure 8d).
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4.4. Anomaly Detection and Military Identification Results

The magnetic anomalies identified in Area A were immediately confirmed by the
explosive ordnance disposal (EOD) unit waiting at the site (Figure 9). The sites of the
magnetic anomalies and the locations of the identified objects were less than 1 m apart,
and at depths of about 20 cm. Signal A-1 in Area A was identified as buried rebar, and A-2
was identified as a shell casing.
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Figure 9. Explosive ordnance disposal (EOD) team operations and abnormal object.

The military check of Zone B was conducted one week after UAV monitoring, in
accordance with the military’s schedule, and the search results were provided to the author.
As a result of the search in Area B, cans were found at the locations of signals B-1 and
B-2, shells at B-4, waste motors at B-5, iron pipes at B-6, construction waste at B-7 and a
piece of rebar at B-8. To verify the accuracy of the magnetic survey results, verification was
performed at points B-3, B-9, B-10 and B-11, which had magnetic anomalies of less than 5
nT, but no objects were found (Table 2). During additional mine exploration by the EOD
unit, no additional metallic objects were found in areas A or B.

Table 2. Magnetic anomaly-causing objects identified by the EOD.

Areas
Location (m) Anomaly

Photo Objects
x y nT

A-1 28.29 24.15 5.39
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Table 2. Cont.

Areas
Location (m) Anomaly

Photo Objects
x y nT

B-1 17.32 32.07 6.21
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Table 2. Cont.

Areas
Location (m) Anomaly

Photo Objects
x y nT
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5. Conclusions

The sUAV and magnetometer system were operated in an actual mine-detection
area. To increase the likelihood of detecting mines, the magnetometer was installed in a
pendulum manner under the drone to reduce the distance between the ground surface
and the magnetometer. The laser altimeter was improved to ensure stable drone flight at
low altitudes by accurately calculating the altitude, even in a dusty environment and an
environment with numerous bushes.

The magnetometer was mounted below the drone in the form of a pendulum to detect
M16 mines, which showed magnetic anomaly values of 5 nT or more from an altitude of 1 m.
From the results of the magnetic survey conducted in the mine-detection area, magnetic
small-scale signals caused by abnormal objects such as mines were difficult to confirm
based on their total magnetic field. However, after applying the proposed data-processing
method, small-scale magnetic anomalies were clearly observed.

During field operations to confirm the magnetic anomalies, objects that were buried
or covered by bushes were identified at all except four points that had magnetic anomaly
values of less than 5 nT, and no additional metallic objects were found during subsequent
mine detection efforts by the military. The proposed UAV system successfully detected
UXO with the same magnetic anomaly signal as a M16 in the military mine search area.
This indicates that the suggested system can detect M16. When detecting UXO with small
magnetic anomalies, results were obtained quickly using a simple data-processing method.
In the future, detection of mines by the military prior to removal operations using a UAV
may reduce the risk to detection personnel by identifying possible land mines, and may
also reduce the mine-detection time.

However, during drone-based magnetic detection from a low altitude in an envi-
ronment with lush vegetation or nearby obstacles, collisions may occur. Vision-based
simultaneous localization and mapping (SLAM) and flight control strategies [34,35] may
overcome this problem. This study confirmed the locations of magnetic anomalies, and
did not consider a method for analyzing their depths. The relationship of burial depth
with magnetic anomalies should be explored through further studies in the future, and the
proposed data-processing method should be applied to other mine-detection technologies.

Author Contributions: Conceptualization, L.-S.Y. and Y.-K.L.; methodology, L.-S.Y.; software, L.-S.Y.;
validation, L.-S.Y., J.-H.L. and S.-K.J.; formal analysis, L.-S.Y.; investigation, L.-S.Y.; resources, L.-S.Y.;
data curation, J.-H.L.; writing—original draft preparation, L.-S.Y.; writing—review and editing, Y.C.;
visualization, J.-H.L.; supervision, Y.C.; project administration, Y.-K.L.; funding acquisition, S.-K.J.
All authors have read and agreed to the published version of the manuscript.



Sensors 2021, 21, 3175 13 of 15

Funding: This work was supported by a grant for the “development of maritime defense and security
technology” (PE99941) promoted by the Korea Institute of Ocean Science and Technology (KIOST)
and a grant for the “Combined Platform Operation Control Technology Development for Real Time
Underwater Surveillance Reconnaissance” funded by Civil Military Technology in KOREA.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Choi, S.R.; Park, E.J. Research on Estimating the Conservation Values of Major Resources in the Korean DMZ and its Vicinity.

2010. Available online: https://www.koreascience.or.kr/article/JAKO201017551614467.page (accessed on 15 March 2021).
2. Park, J.; Lee, J. Spatial Pattern and Factor Analyses for Forest Sustainable Development Goals within South Korea’s Civilian

Control Zone. Sustainability 2018, 10, 3500. [CrossRef]
3. NIER. Ecological Survey Near DMZ—Ecological Survey over the Northern Region of Civilian Control Line to National Institute

of Environmental Research. 2012. Available online: https://www.nier.go.kr/NIER/egovEngIndex.jsp (accessed on 15 March
2021).

4. Kim, E. Toward an Anthropology of Landmines: Rogue Infrastructure and Military Waste in the Korean DMZ. Cult. Anthropol.
2016, 31, 162–187. [CrossRef]

5. Greenwood, W.; Lynch, J.; Zekkos, D. Applications of UAVs in Civil Infrastructure. J. Infrastruct. Syst. 2019, 25, 04019002.
[CrossRef]

6. Irizarry, J.; Costa, D.B. Exploratory Study of Potential Applications of Unmanned Aerial Systems for Construction Management
Tasks. J. Manag. Eng. 2016, 32, 05016001. [CrossRef]

7. de Melo, R.R.S.; Costa, D.B.; Álvares, J.S.; Irizarry, J. Applicability of unmanned aerial system (UAS) for safety inspection on
construction sites. Saf. Sci. 2017, 98, 174–185. [CrossRef]

8. Shakhatreh, H.; Sawalmeh, A.H.; Al-Fuqaha, A.; Dou, Z.; Almaita, E.; Khalil, I.; Othman, N.S.; Khreishah, A.; Guizani, M.
Unmanned Aerial Vehicles (UAVs): A Survey on Civil Applications and Key Research Challenges. IEEE Access 2019, 7, 48572–
48634. [CrossRef]

9. Zhou, S.; Gheisari, M. Unmanned aerial system applications in construction: A systematic review. Constr. Innov. Inf. Process
Manag. 2018, 18, 453–468. [CrossRef]

10. Barbedo, J. A Review on the Use of Unmanned Aerial Vehicles and Imaging Sensors for Monitoring and Assessing Plant Stresses.
Drones 2019, 3, 40. [CrossRef]

11. Hassler, S.C.; Baysal-Gurel, F. Unmanned Aircraft System (UAS) Technology and Applications in Agriculture. Agronomy 2019, 9,
618. [CrossRef]

12. Mogili, U.R.; Deepak, B.B.V.L. Review on Application of Drone Systems in Precision Agriculture. Procedia Comput. Sci. 2018, 133,
502–509. [CrossRef]

13. Tsouros, D.C.; Bibi, S.; Sarigiannidis, P.G. A review on UAV-based applications for precision agriculture. Information 2019, 10, 349.
[CrossRef]

14. Manfreda, S.; McCabe, M.; Miller, P.; Lucas, R.; Madrigal, V.P.; Mallinis, G.; Ben-Dor, E.; Helman, D.; Estes, L.; Ciraolo, G.; et al.
On the Use of Unmanned Aerial Systems for Environmental Monitoring. Remote Sens. 2018, 10, 641. [CrossRef]

15. Villa, T.; Gonzalez, L.F.; Miljievic, B.; Ristovski, Z.; Morawska, L. An Overview of Small Unmanned Aerial Vehicles for Air Quality
Measurements: Present Applications and Future Prospectives. Sensors 2016, 16, 1072. [CrossRef] [PubMed]

16. Linchant, J.; Lisein, J.; Semeki, J.; Lejeune, P.; Vermeulen, C. Are unmanned aircraft systems (UASs) the future of wildlife
monitoring? A review of accomplishments and challenges. Mammal Rev. 2015, 45, 239–252. [CrossRef]

17. Rees, A.; Avens, L.; Ballorain, K.; Bevan, E.; Broderick, A.; Carthy, R.; Christianen, M.; Duclos, G.; Heithaus, M.R.; Johnston,
D.; et al. The potential of unmanned aerial systems for sea turtle research and conservation: A review and future directions.
Endanger. Species Res. 2017, 35, 81–100. [CrossRef]

18. Wang, D.; Shao, Q.; Yue, H. Surveying Wild Animals from Satellites, Manned Aircraft and Unmanned Aerial Systems (UASs): A
Review. Remote Sens. 2019, 11, 1308. [CrossRef]

19. Lee, S.; Choi, Y. Reviews of unmanned aerial vehicle (drone) technology trends and its applications in the mining industry.
Geosyst. Eng. 2016, 19, 197–204. [CrossRef]

20. Park, S.; Choi, Y. Applications of Unmanned Aerial Vehicles in Mining from Exploration to Reclamation: A Review. Minerals
2020, 10, 663. [CrossRef]

21. Huang, H.; Savkin, A.V. Towards the Internet of Flying Robots: A Survey. Sensors 2018, 18, 4038. [CrossRef]
22. Kanellakis, C.; Nikolakopoulos, G. Survey on Computer Vision for UAVs: Current Developments and Trends. J. Intell. Robot. Syst.

2017, 87, 141–168. [CrossRef]

https://www.koreascience.or.kr/article/JAKO201017551614467.page
http://doi.org/10.3390/su10103500
https://www.nier.go.kr/NIER/egovEngIndex.jsp
http://doi.org/10.14506/ca31.2.02
http://doi.org/10.1061/(ASCE)IS.1943-555X.0000464
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000422
http://doi.org/10.1016/j.ssci.2017.06.008
http://doi.org/10.1109/ACCESS.2019.2909530
http://doi.org/10.1108/CI-02-2018-0010
http://doi.org/10.3390/drones3020040
http://doi.org/10.3390/agronomy9100618
http://doi.org/10.1016/j.procs.2018.07.063
http://doi.org/10.3390/info10110349
http://doi.org/10.3390/rs10040641
http://doi.org/10.3390/s16071072
http://www.ncbi.nlm.nih.gov/pubmed/27420065
http://doi.org/10.1111/mam.12046
http://doi.org/10.3354/esr00877
http://doi.org/10.3390/rs11111308
http://doi.org/10.1080/12269328.2016.1162115
http://doi.org/10.3390/min10080663
http://doi.org/10.3390/s18114038
http://doi.org/10.1007/s10846-017-0483-z


Sensors 2021, 21, 3175 14 of 15

23. Nikulin, A.; De Smet, T.; Baur, J.; Frazer, W.; Abramowitz, J. Detection and Identification of Remnant PFM-1 ‘Butterfly Mines’
with a UAV-Based Thermal-Imaging Protocol. Remote Sens. 2018, 10, 1672. [CrossRef]

24. Colorado, J.; Perez, M.; Mondragon, I.; Mendez, D.; Parra, C.; Devia, C.; Martinez-Moritz, J.; Neira, L. An integrated aerial system
for landmine detection: SDR-based Ground Penetrating Radar onboard an autonomous drone. Adv. Robot. 2017, 31, 791–808.
[CrossRef]

25. Garcia-Fernandez, M.; Lopez, Y.; Arboleya, A.; Gonzalez-Valdes, B.; Rodriguez-Vaqueiro, Y.; Andrés, F.L.-H.; Garcia, A.P.
Synthetic Aperture Radar Imaging System for Landmine Detection Using a Ground Penetrating Radar on Board a Unmanned
Aerial Vehicle. IEEE Access 2018, 6, 45100–45112. [CrossRef]

26. Sipos, D.; Gleich, D. A Lightweight and Low-Power UAV-Borne Ground Penetrating Radar Design for Landmine Detection.
Sensors 2020, 20, 2234. [CrossRef]

27. Pochanin, G.; Capineri, L.; Bechtel, T.; Ruban, V. Radar Systems for Landmine Detection. In Proceedings of the 2020 IEEE
Ukrainian Microwave Week, Kharkiv, Ukraine, 21–25 September 2020.

28. Solla, M.; Pérez-Gracia, V.; Fontul, S. A Review of GPR Application on Transport Infrastructures: Troubleshooting and Best
Practices. Remote Sens. 2021, 13, 672. [CrossRef]

29. Ardekani, M.R.M.; Jacques, D.C.; Lambot, S. A Layered Vegetation Model for GPR Full-Wave Inversion. IEEE J. Sel. Top. Appl.
Earth Obs. Remote Sens. 2016, 9, 18–28. [CrossRef]

30. Macharet, D.G.; Perez-Imaz, H.I.A.; Rezeck, P.A.F.; Potje, G.A.; Benyosef, L.C.C.; Wiermann, A.; Freitas, G.M.; Garcia, L.G.U.;
Campos, M.F.M. Autonomous Aeromagnetic Surveys Using a Fluxgate Magnetometer. Sensors 2016, 16, 2169. [CrossRef]

31. Jackisch, R.; Lorenz, S.; Kirsch, M.; Zimmermann, R.; Tusa, L.; Pirttijärvi, M.; Saartenoja, A.; Ugalde, H.; Madriz, Y.; Savolainen, M.;
et al. Integrated Geological and Geophysical Mapping of a Carbonatite-Hosting Outcrop in Siilinjärvi, Finland, Using Unmanned
Aerial Systems. Remote Sens. 2020, 12, 2998. [CrossRef]

32. Walter, C.; Braun, A.; Fotopoulos, G. High-resolution unmanned aerial vehicle aeromagnetic surveys for mineral exploration
targets. Geophys. Prospect. 2019, 68, 334–349. [CrossRef]

33. Walter, C.; Braun, A.; Fotopoulos, G. Spectral Analysis of Magnetometer Swing in High-Resolution UAV-borne Aeromagnetic
Surveys. In Proceedings of the 2019 IEEE Systems and Technologies for Remote Sensing Applications Through Unmanned Aerial
Systems (STRATUS), Rochester, NY, USA, 25–27 February 2019; pp. 1–4.

34. Guerrero-Sánchez, M.-E.; Hernández-González, O.; Lozano, R.; García-Beltrán, C.-D.; Valencia-Palomo, G.; López-Estrada, F.-R.
Energy-Based Control and LMI-Based Control for a Quadrotor Transporting a Payload. Mathematics 2019, 7, 1090. [CrossRef]

35. Barikbin, B.; Fakharian, A. Trajectory tracking for quadrotor UAV transporting cable-suspended payload in wind presence. Trans.
Inst. Meas. Control 2019, 41, 1243–1255. [CrossRef]

36. Mu, Y.; Zhang, X.; Xie, W.; Zheng, Y. Automatic Detection of Near-Surface Targets for Unmanned Aerial Vehicle (UAV) Magnetic
Survey. Remote Sens. 2020, 12, 452. [CrossRef]

37. Gailler, L.; Labazuy, P.; Régis, E.; Bontemps, M.; Souriot, T.; Bacques, G.; Carton, B. Validation of a New UAV Magnetic Prospecting
Tool for Volcano Monitoring and Geohazard Assessment. Remote. Sens. 2021, 13, 894. [CrossRef]

38. Ganesh, Y.; Raju, R.; Hegde, R. Surveillance Drone for Landmine Detection. In Proceedings of the 2015 International Conference
on Advanced Computing and Communications (ADCOM), Chennai, India, 18–20 September 2015; pp. 33–38.

39. Yoo, L.-S.; Lee, J.-H.; Ko, S.-H.; Jung, S.-K.; Lee, S.-H.; Lee, Y.-K. A Drone Fitted With a Magnetometer Detects Landmines. IEEE
Geosci. Remote Sens. Lett. 2020, 17, 2035–2039. [CrossRef]

40. Jiang, D.; Zeng, Z.; Zhou, S.; Guan, Y.; Lin, T. Integration of an Aeromagnetic Measurement System Based on an Unmanned Aerial
Vehicle Platform and Its Application in the Exploration of the Ma’anshan Magnetite Deposit. IEEE Access 2020, 8, 189576–189586.
[CrossRef]

41. Coyle, M.; Dumont, R.; Keating, P.; Kiss, F.; Miles, W. Geological Survey of Canada aeromagnetic surveys: Design, Quality
Assurance, And Data Dissemination. Can. Geol. 2014. [CrossRef]

42. Gavazzi, B.; Le Maire, P.; De Lépinay, J.M.; Calou, P.; Munschy, M. Fluxgate three-component magnetometers for cost-effective
ground, UAV and airborne magnetic surveys for industrial and academic geoscience applications and comparison with current
industrial standards through case studies. Géoméch. Energy Environ. 2019, 20, 100117. [CrossRef]

43. Munschy, M.; Boulanger, D.; Ulrich, P.; Bouiflane, M. Magnetic mapping for the detection and characterization of UXO: Use of
multi-sensor fluxgate 3-axis magnetometers and methods of interpretation. J. Appl. Geophys. 2007, 61, 168–183. [CrossRef]

44. Geometrics. How Does Magnetometer Noise Vary with Sample Rate? 2018. Available online: https://www.geometrics.com/
support/how-does-magnetometer-noise-vary-with-sample-rate/ (accessed on 1 April 2021).

45. Yoo, S.; Lee, K.S.; Park, C.-H. Landscape Ecological Evaluation for Avian Fauna Habitats at the Forest Swamp Minefields of
Civilian Control Zone (CCZ) Close to the Demilitarized Zone (DMZ) of Korea. Korean J. Environ. Ecol. 2012, 26, 247–256.
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