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Unmanned aerial vehicles (UAVS), sometimes known as “drones”, are unmanned aircraft that can be flown without
a pilot on board. Aircraft, ground control stations, and communications systems all fall under the umbrella term
unmanned aircraft systems (UAS), which describes the infrastructure necessary for sophisticated drone operations.
An autonomous drone is a UAV that can fly missions independently of a human pilot. It can take off, execute its
task, and return to base without human assistance. Rather than relying on a human pilot, communications

management software handles mission planning and flight control for autonomous drones.
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1. Unmanned Aerial Vehicle (UAV)-Based Landmine
Detection

Major application areas for drone technology include agriculture, disaster management, remote surveying, network
coverage, and product delivery. In addition to the developments in network technology, UAVs play a greater role in
maintaining and enhancing network capabilities. The UAVs play a crucial role in topographical surveying by offering
a quick, simple, inexpensive, and safe approach with decreased human participation and improved access to
challenging terrain. Recent research has envisioned a similar system for landmine detection . Various sensing
devices can detect the landmine signature, including metal detectors, ground penetration radar (GPR), infrared,
multispectral, acoustic, magnetometer, and others (2181, More specialized sensors are now compatible with UAVS,

allowing for more precise and thorough airborne surveys as technology advances.

Figure 1 depicts the process of landmine detection where the minefield survey utilizes a UAV equipped with
detection sensors. The area is first chosen for the UAV-based investigation and its geographical map serves as the
input. The required portion is then retrieved to determine the region of interest. A route or path plan is established
to produce the coverage path in the extracted area. UAVs utilize the created course to explore all geographical
places and gather sensor-based information. Information collected may subsequently be processed using artificial
intelligence (Al) techniques to help locate and identify landmines. Additionally, the minefield layout may be
recognized by post-processing. The demining team can use the detection results to inspect the specified locations

and remove or destroy the landmines.
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Figure 1. UAV-based landmine detection.

The use of UAVs in landmine detection provides several benefits, including a reduction in survey time, improved
accessibility to difficult terrain, and risk-free operation. Consequently, several researchers have investigated the
possibility of improving the detection procedure by using UAVs. Using low-cost drones, the visual detection system
was proposed in ¥ to detect fully and partially visible landmines. The system provides good efficiency in a low-
altitude survey and low flight speed. The UAV equipped with a metal detector was considered in ! to carry out
aerial detection in rough terrains. The developed system can identify metals, mines, and bare explosives buried
underground. A metal detector requires a certain amount of metal content to generate the landmine signature. It
makes the detection of low-metal landmines difficult using metal detectors. Colorado et al. @ integrated a software-
defined radio (SDR)-based GPR system with a UAV that was capable of detecting landmines in variable terrains.
The flight control system was developed to enable the steady operation of the UAV. The ground-penetrating
synthetic aperture radar (GPSAR) was used with UAV in I to accelerate the demining process. The strong clutter
generated at the surface—air interface affected the GPR-based landmine detection. The time-gating and average
subtraction technique was used for clutter removal in [, and SAR processing was used to obtain high-resolution

images.

A lightweight and low-power GPR was developed in [, based on the stepped frequency continuous wave (SCFW)
radar. The developed system efficiently detects metallic and plastic landmines while flying at low altitudes. But the
detection system has limited scanning speed and suffers from the moisture content of the soil. In 19, an improved
SAR-based GPR detection system was used with UAV for landmine and improvised explosive device (IED)
detection. The system provides a better signal-to-clutter ratio in GPR images using clutter filtering based on

singular value decomposition (SVD).

The UAV equipped with a thermal and multispectral sensor was employed for scatterable landmine detection in 11,
It is based on a convolution neural network (CNN)-based identification and localization of landmine signatures in

the captured sensor images. The magnetometer-based survey using UAV was presented in 12 to detect different
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types of mines. The study has taken into account a sensor-equipped UAV with a height of 1 m and a survey line
spacing of 3 m. It was improved in 23! by altering the sensor position to enable low-altitude operation. The low-pass

filtering and moving average methods were used to eliminate the magnetic noise and improve detection.

Various sensing technologies can be used with UAVs for the remote survey of minefields, each serving some
advantages and disadvantages in different use cases. In most studies, the survey was remotely controlled in a
simple environment. It poses a challenge for UAV operation in complex terrains where the optimal utilization of
resources and complete coverage are critical. It requires automation of trajectory formulation for UAV-based

surveys.

| 2. Segmentation

Segmentation is the process of breaking down a picture into multiple pieces or regions 4. |t entails dividing a
picture into smaller, more manageable regions, with each section being represented by a mask or a set of labels.
Simply said, it is the process of assigning labels to the image pixels. The pixels that share the same attributes are
labeled alike. It helps in the identification of different image components, and instead of processing the complete
image, just the relevant parts need to be processed. The segmentation can be categorized as semantic

segmentation, instance segmentation, and panoptic segmentation.

In this research, K-means clustering and normalized RGB color space are used to segment the green terrain in the
provided image. Using K-means clustering and normalized RGB color space, the results demonstrate that the
shared Google Earth photographs can be divided into segments that are roughly 40.50% and 47.01% of the total

image pixels, respectively 151,

When image segmentation methods are developed, they could enter the medical area and help with disease
diagnosis. Using pathology images to expedite clinical diagnosis and automate image analysis with reliability and
effectiveness is still highly challenging. For several machine learning methods, including convolutional neural
networks, automatic pathological picture segmentation was proposed. Accuracy and processing speed are

provided for this segmentation using fully convolutional networks and other deep learning techniques 28!,

The segmentation process plays a crucial role in enhancing the efficacy of landmine detection procedures. By
precisely identifying and isolating areas with a high probability of containing landmines, segmentation lays the
groundwork for targeted and efficient UAV-based aerial surveys. Moreover, the segmentation process assists in
overcoming the obstacles posed by complex and diverse terrains. It enables the UAV to prioritize survey activities,
concentrating on pre-identified regions more likely to contain landmines. This targeted strategy not only increases
survey efficiency but also improves operational safety. By incorporating the segmentation process into the
landmine detection workflow, the accuracy, efficiency, and overall effectiveness of UAV-based aerial surveys can
be significantly improved. By intelligently identifying regions of interest, the UAV can implement survey missions
with greater precision, resulting in enhanced landmine detection results and the establishment of safer

environments. As part of the investigation, the researchers collected satellite images from Google Earth for the
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intended use. The objective is to determine the precise target area for UAV aerial surveys. This requires the initial

collection of datasets, followed by the precise definition of the intended area of interest. Then, a deep learning
model is utilized to effectively recognize and categorize the distinct regions.

| 3. UAV Path Planning

In recent years, various studies are focused on automating the UAV flight. One such component examined in the

literature to automate the UAV-based aerial survey is autonomous route determination, also known as path

planning. It covers the estimation of the best route between a source and a destination 7. In some applications,

like archaeological surveys, the objective is to cover every location within a region. It requires the determination of

the optimal coverage path, denoted as coverage path planning 28, Figure 2 illustrates the execution of an aerial

survey, wherein the UAV systematically traverses a predetermined coverage path to collect data, covering the
whole target region.
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Figure 2. Representation of the UAV-based survey of the target area.

Several recent works have investigated the coverage path planning of UAVS. Surveys involving UAVS encompass

operations under a range of conditions, accounting for varying complexities and the number of regions Accordingly,

different strategies have been formulated to automate the coverage path determination. The target region having

complex geometry often requires partitioning the free space into cells to simplify the survey path, termed cellular

decomposition 9 1t can be categorized as the exact and approximate cellular decomposition or grid
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decomposition. In the exact decomposition method, the region is partitioned into smaller sub-areas, the
combination of which forms the same region. The path for each sub-region is then determined, and the integration
of all the paths generates the coverage path. On the other hand, the approximate decomposition discretizes the
area into a set of regular cells at some resolution. The traversal of all the cells in some order generates the

coverage path.

The authors of 29 focused on the exact cellular decomposition of the region for a UAV-based survey using a
greedy strategy. The back-and-forth motion was used to obtain the coverage path for each sub-region. The
minimum spanning tree (MST)-based traversal was used to obtain the complete coverage path for the undirected
graph of sub-regions. Torres et al. considered the line sweep direction computation for the polygon, and then the
coverage path was generated perpendicular to it. In 21, the work focused on UAV operations in the presence of
wind, and a dynamic programming-based approach was used for polygon decomposition. The selected direction of

the coverage path line was perpendicular to the wind direction to consume the minimum flight time.

The approximate cellular decomposition and a gradient-based approach were used in 22 to obtain a coverage path
with the minimum number of turns. The energy model for UAV was derived in 28], which was used to determine the
optimal coverage path along with safety mechanisms. The authors of 24 examined the coverage path formulation

based on exact and grid-based decomposition methods for various CPP widths.

In some applications, the target area to be surveyed can be considerably large, making it difficult to be covered
with a single UAV. Also, certain applications, like disaster management, are time-critical and require the survey to
be completed as quickly as possible 2. The survey task can be enhanced by employing multiple UAVs leading to
cooperative or multi-UAV coverage 28], The region can be decomposed into smaller fragments that are assigned to
different UAVs. It requires careful partitioning and sub-region allocation to optimize the complete coverage 24, The
hexagonal decomposition of the target region and clustering-based allocation to multiple UAVs was proposed in
(28] Similarly, Morse-based decomposition was used in (22 where sub-region assignment considered the UAV start
and end positions. Choi et al. 2% proposed an optimization model with column generation to track energy
consumption during an aerial survey. The work focused on minimizing the number of UAVs and energy

requirements for aerial surveys.

Researchers have investigated the cooperative utilization of several UAVs to achieve sustained coverage, with a
focus on grids that are visited less frequently. Furthermore, specific strategies have been implemented to address
emergency situations in particular regions. In some scenarios, multiple UAVs can operate in a certain formation,
and the coverage path can be determined accordingly 1. The authors of B2 included mixed-integer linear
programming (MILP) modeling of the coverage task and proposed a randomized search-based algorithm to

optimize the coverage path for heterogeneous UAVS.

In certain applications, UAVs need to survey multiple separated regions instead of a single area. It requires proper
planning and sequence determination if a single UAV is used to cover all the regions to determine an efficient

coverage path. Xie et al. 23l formulated the problem as the integration of the traveling salesperson problem (TSP)
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and CPP. Grid-based and dynamic programming (DP)-based approaches have been used to determine each

region’s entry and exit point and optimize intra and inter-regional coverage paths. The work was extended in (4],

where a heuristic method was employed. The exact methods have limited scalability, where the time complexity

increases exponentially with the problem scale. The heuristic approaches can provide appropriate solutions in an

acceptable time and improved scalability.
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