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Abstract: Using Unmanned Aerial Vehicles (UAVs) combined with various sensors brings the benefits
associated with fast, automatic, and contactless spatial data collection with high resolution and
accuracy. The most frequent application is the possibility of effectively creating spatial models based
on photogrammetric and lidar data. This review analyzes the current possibilities of UAVs. It provides
an overview of the current state of the art and research on selected parameters regarding their history
and development, classification, regulation, and application in surveying with creating spatial models.
Classification and regulation are based on national sources. The importance and usability of this
review are also carried out by analyzing the UAV application with selected photogrammetric and
lidar sensors. The study explores and discusses results achieved by many authors in recent years,
synthesizing essential facts. By analyzing the network of co-occurring High-Frequency Words, in
addition, we visualized the importance of the primary keyword UAV in the context of other keywords
in the literary sources processed.
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1. Introduction

In recent years, mapping and surveying the landscape, terrain, and the Earth’s sur-
face have been the most dynamic, efficient, and progressive surveyor tasks. They made
significant progress thanks to the development of technology and software equipment.
Non-contact methods are preferably used to map the landscape, including radar scanning,
laser scanning, or aerial and terrestrial photogrammetry. Non-contact methods provide
a large amount of spatial data with high accuracy and detail, which capture parts, ele-
ments, and components of the landscape or the Earth’s surface. The most common outputs
from data collection using non-contact methods are aerial images, digital terrain and sur-
face models, point clouds, vector maps, and orthophoto maps representing real-world
objects [1,2].

Among non-contact methods, laser scanning is increasingly used for landscape and
terrain mapping. Laser scanning is an active method of remote exploration of the Earth,
which uses electromagnetic radiation as a source. Laser scanning enables the recording of
the 3D geometry of objects, surfaces, and landscape relief with high accuracy and detail
in a relatively short time [3—-6]. Another non-contact method of data collection in the
field is photogrammetry. Structure from Motion (SfM) reconstruction is a modern and
advanced method in the photogrammetric processing of images [7-9]. The main principle
of the SfM method is to estimate the three-dimensional structure of a spatial object using
two-dimensional images resulting from a moving recording media carrier (digital camera,
video camera). The main advantage of the SfM method is its availability and deployment
in practice with precise and detailed results.

Using non-contact methods based on piloted or the more available remotely piloted
(unmanned) aerial vehicles is currently very popular. We distinguish between piloted
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(planes, helicopters, balloons, airships) and remotely piloted (UAV, UAS, RPAS) airborne
carriers. Today, UAVs are preferred because they are affordable and easy to use. Their
advantage is in minimizing fieldwork, applying the high speed of photogrammetric data
collection, and processing with a high level of detail and accuracy of results. As a result,
UAVs are currently used in almost every scientific, technical, and non-technical discipline.

A global navigation satellite system (GNSS) defines the sensor’s orientation and posi-
tion. It locates the geographical position of the sensor, along with the Inertial Measurement
Unit (IMU), which measures the aircraft’s speed, pitch, orientation, and exact position [10].

When choosing a data-collection method, area size, required density of points, posi-
tional and height accuracy, the time needed for fieldwork, and economic aspects must be
considered. The accuracy of the resulting model depends on camera parameters, the accu-
racy of measurement of image coordinates, image configuration, defining the coordinate
system, the accuracy of the scale and ground control points (GCP), quality of camera cali-
bration, the stability of internal orientation elements, and other parameters. In surveying
applications, the use of GCP points is required to verify the accuracy of measurements.
GCPs are used for georeferencing photogrammetric data. With the help of GCPs, the
internal and external orientation elements on the images are correctly determined. De-
termining GCP coordinates requires the use of classic geodetic methods with subsequent
transformation into positional and height coordinate systems. The second option is to use
the RTK/PPK approach position when imaging. Then, each image is assigned a precise
position. In this case, GCPs are not necessary but are recommended. This alternative is
mainly used when stabilizing GCP points in the field is difficult. Many authors [11-15]
have investigated and compared the accuracy of UAVs with onboard RTK/PPK GNSS
versus UAV measurement using GCP points with relevant and interesting results. However,
using a UAV with an onboard GNSS RTK revealed less accuracy in the vertical component
of the resulting model or systematic elevation error. This inaccuracy can be improved by
adding only a few GCPs or combining multiple flights.

This article’s main contribution is summarising and expanding our knowledge on
applications using UAVs. We focused on analyzing the results achieved by different
UAVs and different sensors and in different areas of their application. This contribution
is based on a comprehensive review of the scientific literature. The primary source for
the literature overview was the Web of Science database, followed by Scopus and Google
Scholar databases using their search engines. The main keyword in the search was “UAV”,
along with alternatives such as “UAS”, “RPAS”, and “drone”. Additional keywords in he
search were products of UAV missions such as point cloud, DEM, DTM, etc., and the field
of application of UAV such as surveying and mapping, industry, archeology, etc.

Separate keywords associated with the main keyword UAV formed the basis for
the analysis of co-occurrence, which we present in a processed network of co-occurring
high-frequency words. This search yielded a sample of 213 records. This part of the study
is mainly focused on the co-occurrence method to analyze articles from various indexed
journals obtained for 2013-2022. The most frequently occurring words express and identify
the relationship between other conceptual sub-subjects with which they are associated.
The open-source VOSviewer (https://www.vosviewer.com/, accessed on 1 January 2023)
was used to analyze and visualize the obtained results. As a result, our literature review
can save time for readers of this topic to quickly find and understand the content and
orientation of the literature on the subject of UAVs in combination with several sensors,
mainly in the field of spatial data collection.

2. History of UAV

According to the literature [16], UAV remote sensing applications and techniques
have come a long way and are based on almost 150 years of unmanned remote sensing
with different types of sensors and platforms. Kites, balloons, airships, paragliders, model
airplanes, and helicopters were the most common platforms used before modern aircraft.
The first experiments with cameras attached to kites and balloons were carried out in
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the mid-19th century by the French engineer Colonel Aimé Laussedat, who was later
considered the father of photogrammetry. More successful attempts at unmanned aerial
photography using balloons were made in the 1860s and 1980s in America, Germany,
and France. Until the beginning of the 21st century, the kite was the most widespread
unmanned platform for obtaining images from low altitudes. The successful use of the kite
as a platform for scientific measurements is documented in the publications of British and
American meteorologists [17,18]. After the invention of powered airplanes by the Wright
brothers at the turn of the 19th and 20th centuries, the role of kites and balloons declined as
more aerial photographs were taken from planes. Technical developments in the field of
cameras, film, and photo analysis were rapidly developed during the First World War and
again during the Second World War due to the need for military surveying and accurate
cartographic measurement and mapping. After World War II, photographic equipment and
aerial photographs became available in non-military fields and scientific applications. The
development of satellite remote sensing during the Cold War pushed Earth observation into
new areas again, with unmanned platforms at orbital heights outside airspace. Later, digital
scanning sensors provide a new type of imagery. However, the processing of satellite images
was very demanding and was carried out by trained specialists with access to specialized
and expensive hardware and software. Therefore, at the same time, in the 1970s and 1980s,
in addition to satellite remote sensing, low-altitude aerial photography using a platform
and sensors with cheap and accessible technology made significant progress, which formed
the basis for the discipline of UAV remote sensing that we know today.

3. Classification of UAV

In general, UAVs can be classified according to various parameters. Nowadays, there
are already a large number of UAVs, which are specific in terms of their construction and
parameters, weight, size, height, or range reach. The manufacturers of these technologies
can adapt the UAV directly for the given purpose. For this reason, it is not easy to classify
UAVs into individual categories; in general, there is no uniform classification standard in
this industry. Many characteristics of these devices influence each other, which affects their
flight and user characteristics. The European Union Aviation Safety Agency (EASA) has
created a system for categorizing unmanned vehicles, which divides them according to
several factors. European UAV legislation distinguishes three basic categories of UAVs
according to the method of use and the level of risk—Open, Specific, and Certified. The
category Specific includes UAV operations with a higher degree of risk and primarily
concerns professional pilots of unmanned devices. UAVs are specified here based not on
parameters but on how they are used. The category Certified corresponds to operations
with the highest level of risk. In the future, UAV flights with passengers on board will fall
here. The open category includes the use of UAVs up to 25 kg for recreational purposes and
commercial activities with a low level of risk. Most UAV users fall into this category. This
category is subsequently divided according to the maximum flight weight of the UAV into
subcategories Al, A2, and A3, as shown in Table 1. When a UAV is used for commercial
purposes, then UAV is classified in category B. The pilot needs a license to perform aerial
works, which will be obtained after passing theoretical and practical tests. Submitting
the operating manual, insurance, and registration of the UAV at the Transport Office is
mandatory. This process takes several months, but it is justified. This classification was
valid until 31 December 2022. Suppose the user acquires a UAV after 1 January 2023. In
that case, the UAVs will be divided into classes CO to C6, based on technical parameters. A
class should be marked by a label from the manufacturers [19,20].
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Table 1. UAV classification by purpose of use and weight.

Category Subcategory Class Weight
Al 2(1) 250 ?—gogo g
A A2 C2 900 g—4 kg
A3 SZ 4 kg-25kg

B CO-C4 o lfgg

In this case, we classified UAVs according to size, range and endurance, weight,
wingspan, the number of rotors, and the purpose of use.

3.1. Based on the Size

Size is often a main factor in deciding which UAV is right for the mission. For this
reason, it is also one of the main ways of categorizing UAVs. According to the [21],
classification according to size can be divided into the following subclasses, which is shown
in Table 2.

Table 2. Classification by size.

Category Size Specifications
Very small (Micro or Nano) UAV <50 cm flapping or rotating wings, very low weight
Small (Mini) UAV 50 cm-2 m fixed-wing model, launched manually by throwing them into the air
Medium UAV 5m-10m load capacity 100-200 kg
Large UAV 10 m< intended for military operations

3.2. Based on Range and Flight Time

The literature [21] divides the classification according to the range and maximal flight
time, as shown in Table 3. Regarding this classification, pilots need to take care of the goals
and missions that they can achieve. Therefore, these factors are important input parameters
for selecting UAVs.

Table 3. Classification by range and flight time.

Category Range (km) Flight Time (h)
Very close-range UAVs 5 0.3-0.75
Close range UAVs 50 1-6
Short range UAVs 150 8-12
Mid-range UAVs 650 24
Endurance UAVs 300 36

3.3. Based on Weight

One of the primary classifications of civil UAVs based on the classification of aircraft
can be considered the classification compiled according to the work of Eisenbeiss [22]
from 2009, which is shown in Table 4. Weight is often a determining parameter when it
comes to aviation agency regulations. Currently, we can consider the most widespread
category of UAVs, so-called micro or mini UAVs. These types of small UAVs have several
advantages in comparison with large UAVs. They are more suitable for transport. One or
two people can handle their transfer over shorter distances by ordinary passenger car. The
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most significant advantage of small and light UAV technology is the possibility of choosing
the time of the flight and its repetition. Micro- and mini-UAVs are preferable choices for
mapping purposes.

Table 4. Classification by weight.

Category Weight (kg) Range (km) Flight Altitude (m)  Flight Time (h)
Micro <5 <10 250 1
Mini 5-25 <10 500 <2
Close-range 25-150 10-30 3000 24
Short-range 50-250 30-70 3000 3-6
Medium-range 150-500 70-200 5000 6-10

3.4. Based on Wings and Rotors

UAV platforms can be divided into four categories according to wings and rotors, as
stated by [23,24]. Each platform differs not only in the number of rotors but also in its
location on the device. Figure 1 and Table 5 show the types of UAVs based on the number
of wings and rotors, their advantages and disadvantages, and their cost.

Based on Wings and
Rotors

Fixed — wing
hybrid VTOL UAV

Single — rotor UAV Fixed — wing UAV

Hexacopter

-

Foa

Quadcopter Octocopter

Tricopter

&)

SN A7

Figure 1. Classification based on Wings and Rotors.

Table 5. Classification by wings and rotors [23,24].

Category Rotors/Wings Advantage Disadvantage Price
Multi-rotor UAV )-8 availability, ease of use, lower efficiency in te?ms of 5000-65,000 EUR
good camera control energy consumption
requiring a lot of
Single-rotor UAV 1 ability to fly with heavy mamtenange and 'car/e, 25,000-300,000 EUR
payloads operated with a pilot’s
license
coxﬁ;ln%r%relzierefljﬁzgsces, need of runway or catapult
Fixed-wing UAV 1  P1apping ars > to launch the UAV, price, ~ 25,000-120,000 EUR
higher speed, longer flight g
. . . necessary training to fly
time, energy efficient
only a few hybrid VTOL
Fixed-wing hybrid built-in autopilot function, UAVs on the market, not
VTOL UAV 2< longer flight times perfect for either forward 25000 EUR<

flight or hovering




Appl. Sci. 2023,13, 6732

6 of 37

3.4.1. Multi-Rotor UAV

Multi-rotor UAVs are the simplest and cheapest UAV option. Multi-rotor UAVs are
especially useful in flight as they offer more control over the UAV’s position and are ideal
for aerial photography and surveillance. Since they have more than one engine, they are
called multi-rotors. Classification divides them into quadcopters (four rotors), hexacopters
(six rotors), octocopters (eight rotors), and others. Quadcopters are by far the most popular
multi-rotor UAVs. The advantage of multi-rotor UAVs is their availability, ease of use,
reasonable camera control, support for vertical take-off and landing (VTOL), and the ability
to work even in limited space. Compared to other UAVs, the disadvantage of multi-rotor
UAVs is their lower energy consumption efficiency so that they can fly for only about 30 min
with a small payload capacity. The procurement price of multi-rotor UAVs varies between
EUR 5000 and EUR 65,000. These UAVs can be used to monitor bridges, power lines,
wind turbines, offshore rigs, and more, as well as or 3D scanning and photogrammetric
measurement of urban areas and small structures [23,24].

3.4.2. Single-Rotor UAV

Single-rotor UAVs are solid and durable. Single-rotor UAVs resemble helicopters in
terms of design and structure. Therefore, the launch of a single-rotor UAV is similar to
that of a helicopter and requires special training. Single-rotor UAVs have just one rotor,
which is like one large-diameter rotating wing or propeller, plus a tail rotor to control
direction and stability. The aerodynamics of single-rotor UAVs allows the use of very long
blades that resemble a rotating wing rather than a propeller, making single-rotor UAVs
highly efficient. Single-rotor UAVs have an advantage over multi-rotor UAVs if the UAV
is gas-powered, which guarantees a longer flight time and higher flight speed. Another
advantage of single-rotor UAVs is the ability to fly with heavy payloads (e.g., an airborne
lidar laser scanner). A single rotor is more efficient at lifting a heavy load and consumes less
battery or fuel during flight. These single-rotor UAVs can also pose safety risks and must
be operated only by a licensed pilot. The disadvantage of single-rotor UAVs is that they are
mechanically complex, requiring much maintenance and care. Another disadvantage is
their price, which ranges from EUR 25,000 to EUR 300,000. Single-rotor UAVs are mainly
used by surveyors and civil engineers who want to lift heavier payloads of up to 40 kg into
the air. However, today’s most advanced technology in fixed-wing and multi-rotor UAVs
gives surveyors more flexibility at the survey site [23,24].

3.4.3. Fixed-Wing UAVs

Fixed-wing UAVs have a single fixed wing that resembles that of a piloted airplane
in design and function. Fixed-wing UAVs cannot hover in the air—they can only move
forward with the achievement of lift and energy efficiency. However, this makes it difficult
to launch these UAVs. Depending on the size of the UAV, it is necessary to launch the UAV
using a runway or catapult. The advantages of fixed-wing UAVs include covering greater
distances, mapping much larger areas, reaching a higher speed, and having a longer flight
time. This type of UAV can fly at higher altitudes than other UAVs (often limited by flight
restrictions). However, fixed-wing UAVs can be expensive (EUR 25,000-120,000). Another
disadvantage is that training is usually required to fly a fixed-wing UAV. Fixed-wing UAVs
are ideal for long-range precision aerial mapping and photogrammetry. With a flight time
of 90 min, they can cover a large part of the Earth, have a range of 7.5 km, and can map the
topography of the Earth’s surface with an accuracy of £2-5 cm. They are used in aerial
mapping, forestry and environmental surveys, monitoring pipelines, and power lines in
agriculture or construction [23,24].

3.4.4. Fixed-Wing Hybrid VTOL UAVs

Hybrid types of VTOL UAVs combine the advantages of fixed-wing and rotor designs.
This type of UAV uses small rotors that are attached to fixed wings. It allows the UAV
to hover, take off, and land vertically. After takeoff, VTOL UAVs continue to glide like
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typical aircraft using aerodynamics, making them very efficient. There are few of this new
category of hybrids on the market, but as technology advances, this option may become
much more popular. The advantage of this technology is that it has a built-in autopilot
function that maintains the UAV’s stability, while the human pilot’s task is only to control
the UAV during flight. Hybrid VTOL UAVs are perfect for either hovering or forward
flight. There are only a few hybrid VTOL UAVs on the market, and the technology is still
developing. It is expected that this type of UAV will be able to serve as the delivery vehicle
for shipments [23,24].

4. Regulations of UAV Flights

UAV technology has been developing since its inception, along with the legislation
determining conditions for flying with these devices. The beginnings of flying with UAVs
were rooted in using this technology for recreational purposes when the equipment was
affordable and the requirements for the flight were not clearly defined. The flight could be
made by anyone who owned a UAV. By gradually applying UAVs in various areas such as
land management, engineering geodesy, photogrammetry, and others, legislative regula-
tions for flying in the airspace with this type of equipment have been determined [25,26].
Legislation differs between the amateur use and the professional or commercial use of
UAVs. Many countries have been forced to introduce specific laws and regulations to
regulate the use of UAVs for different types of users. Established rules must be updated
with each advancement in UAV technology. Some countries have created institutions that
issue certificates for pilots, register UAV devices, and control the use of UAVs in their
airspace [27,28]. The Global Drone Regulations Database was created for this purpose,
which records an overview of the legislation, authorized institutions, and necessary infor-
mation about the selected country. This review also mentions UAV regulations in Europe
and the Slovak republic, mentioning specific requirements for neighboring countries.

4.1. European Union

Carrying out a flight with a UAV in the airspace above the territory of the European
Union is subject to compliance with the regulations issued and administered by the Euro-
pean Aviation Safety Agency (EASA). To fly in this space, the UAV operator must meet
the set conditions in the registration of the pilot and the UAV if it weighs more than 250 g
or the device is equipped with a sensor (camera) to capture personal data. Each member
state, based on Regulation no. 947, issued by the European Union Commission in 2019, is
to compile a register of operators and a register of certified UAVs with their respective iden-
tification [29]. To obtain a certificate and permission to fly in the airspace of each country of
the European Union, the UAV operator must undergo training provided by the relevant
institution in the member country. The regulation also orders that each UAV should contain
a member state code and the pilot’s unique 12-digit digital registration number. The UAV
should be in the pilot’s field of vision, called the Visual Line of Sight (VLOS); the flight
height should not exceed 120 m from the nearest point on the Earth’s surface; and the flight
should not occur near other objects. It is forbidden to fly over airports, groups of people,
and residential or military zones without permission since privacy or security is violated
when pictures or videos are taken. According to Regulation 2019/947, UAVs can be divided
into three operational categories (open, specific, and certified) based on flight risk. This risk
is determined by the weight of the UAV and the location of the flight. Depending on the
flight category, a remote pilot may need specific permits or certificates [30,31]. The review
contains selected European Union member states such as Slovak, Czech Republic, Poland,
Hungary, Austria, and Germany.

4.1.1. Slovak Republic

The Slovak Republic is one of the member states of the European Union that has
adopted and implemented laws and regulations on flying UAVs in its airspace. The
conditions for UAV flying are determined by Decision no. 2/2019 [32] of the Transport



Appl. Sci. 2023,13, 6732

8 of 37

Authority (NSAT) in Bratislava, which also prohibits specific aircraft categories from flying
in protected zones. These zones are shown in the online air map maintained by the Aviation
Information Service of the Slovak Republic [33]. Carrying out a UAV flight in the airspace
is also provided for in the Aviation Act no. 143/1998 Coll [34]. If the pilot, in addition
to photos and videos, plans to use the UAV to create accurate maps, orthophoto maps,
digital models of the Earth’s surface, 3D models, they still need a security clearance from
the national security office with a contract with the Ministry of Defense on access to
classified information.

4.1.2. Czech Republic

To fly in the airspace with a UAV over the territory of the Czech Republic, obtaining a
permit from the Civil Aviation Authority (UCL) is necessary [35]. As a rule, it is a mandatory
registration for the user who will fly with the device for recreational or commercial purposes.
In the case of commercial flying, the obligation to possess a permit to operate aerial work
or for one’s activity is also waived. All these actions are online in regulation no. 947 of the
Commission of the European Union [29]. Registration is not required if the UAV weighs
less than 250 g and does not have a camera or other device to capture personal data. Each
registered pilot receives a registration number to be placed on all UAVs owned by the
pilot [36]. For each pilot, the Dronetag company has released the Dronald application [37],
which serves to provide information about the valid pre-operation rules for a specific type
of UAV in the Czech Republic. Restrictions include flying up to a height of 120 m, an up-
to-date overview of the situation with visibility on the UAV, observing safety rules, flying
near airports, and others [38]. An online map [39] of the territory of the Czech Republic
was created for pre-flight preparation, which shows zones with restricted or prohibited
flying. These restrictions are also established in Act no. 49/1997 Coll., on civil aviation [40].

4.1.3. Poland

All regulations, prohibitions, permits, and restrictions in Poland are managed by
the Civil Aviation Authority (CAA) [41], which coordinates all actions performed with
UAVs. Poland has also adopted the UAV regulation issued by the European Aviation Safety
Agency (EA-SA). In addition to these mentioned regulations, the country also has specific
rules, one of which is to perform UAV operations at least in 5 km distance from airports,
UAV operations at a distance of 100 m from populated areas and 30 m from animals,
vehicles and people. In addition, liability insurance is required for commercial operations,
and a commercial pilot must obtain a medical certificate and a theoretical and practical test
certificate [42]. Each UAV operator is obliged to inform the Polish Air Navigation Services
Agency (PANSA) before the flight [43,44].

4.1.4. Hungary

The airspace over the entire territory of Hungary is managed by the Hungarian
General Directorate for Air Transport (GDAT) [45]. According to Hungarian regulations, it
is forbidden to fly UAVs up to a height of 50 m or more above the ground or water level in
the Open category. In the Specific category, this level is 120 m and more if The Department
of Civil Aviation has not granted an exception. According to the EASA regulation, a UAV
in the Open category can be flown up to a height of 120 m. Hungarian rules order that
the UAV should not be more than 500 m away from the pilot during operation [46]. The
validity of the UAV operator’s registration number is only one year, after which it must
be renewed [47]. An online map [48] of the airspace over the territory of Hungary was
created to provide an overview of the availability and location of airports, restrictions, and
drone-free zones.

4.1.5. Austria

Before actually flying with a UAV in Austria, it is necessary to register and obtain a
permit from the Austrian Civil Aviation Society (Austro Control) [49,50]. For the operator,
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registration is valid for 3 years. An operating license is not required in the Open category if
all limits such as weight and flight height are respected. There may be areas throughout
the country where a special permit is required [51,52]. For the safety of air traffic, the
Dronespace application and online map [53] were created, which display current map data,
the structure of the airspace, and the position of other UAVs using the Fly-Now function.

4.1.6. Germany

In Germany, flying UAVs is legal under certain conditions mandated by the Federal
Aviation Administration (LBA) [54]. Among them is the obligation to ensure every UAV
performs an airspace operation. It is the duty of the operator to mark the owned UAV with
a fireproof badge with the operator’s name and address [55]. Prohibited and restricted
zones for flying in Germany are shown on online maps [56,57].

5. Selected UAV Sensors and Their Applications

Nowadays, there are a large number of UAVs that are specific in terms of their shape,
mass, size, height, or range. Tables 6 and 7 show different types of UAV carriers according
to specific parameters during measurement, under different conditions, and in different
parts of the world with high-quality results. Data obtained from the selected papers
are graphically presented in Figure 2. The result is a graphic representation of the main
parameters obtained using the selected sensors.

Table 6. Specific parameters of measurement with UAV equipped with a camera.

UAV Camera Flight Height (m) GSD (m) RMSE (m) References
DJI Phantom 4 Pro 17 CMOS 35 0.010 0.011 [58]
DJI Phantom 4 Pro Parrot Sequoia 50 0.040 0.370 [59]
3DR Solo Parrot Sequoia 50 0.065 0.250 [60]
DJI Phantom 4 RTK 1”7 CMOS 45 0.018 0.080 [61]
DJI Inspire 2 Zenmuse X55 RGB 120 0.023 0.020 [62]
Droidworx Skyjib
Oktokopter Canon 550D 30 0.010 0.140 [63]
Table 7. Specific parameters of measurement with UAV equipped with lidar.
UAV Lidar Flight Height (m) GSD(m) RMSE(m) References

GV1300 Velodyne Puck VLP-16 80 0.141 0.012 [64]

Droidworx Skyjib Oktokopter Ibeo LUX 30 0.076 0.420 [63]

RIEGL RiCOPTER VUX-1UAV 55 0.024 0.750 [65]

OktoKopter Dro:i];v_(g)rx /Mikrokopter Ibeo LUX 50 0.141 0,340 [66]

Baloon Velodyne HDL-32E 25 0.032 0.015 [67]

The graph shows the comparison of GSD, RMSE, and flight height for chosen sensors.
The best results according to GSD were obtained when measured with the DJI Phantom
4 [58], DJI Phantom 4 PRO [61], and Droidworx Skyjib Oktokopter [63], where the GSD
achieves an accuracy of less than 2 cm. On the other hand, according to RMSE, the best
accuracy is achieved in measurements with the DJI Phantom 4 [58], DJI Inspire 2 [62],
GV1300 [64], and Baloon [67], where the RMSE accuracy does not exceed 2 cm.
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Figure 2. Comparison of sensors GSD/RMSE vs. flight height.

Ground Sampling Distance is the size of the image pixel projected in object space.
The larger the GSD size, the smaller the spatial resolution of the image. UAVs have
GSDs ranging from 1 to 5 cm. GSD affects, but does not define, the accuracy of the
measurement. Horizontal accuracy can often be less than the GSD, but vertical accuracy
is usually significantly worse. However, acquired high-quality image grids that are well
supported by GCP points can achieve vertical errors less than the GSD. The size of the
GSD is related to the choice of camera (e.g., focal length and pixel spacing) and flight
altitude [16].

Root Mean Square Error is required as a global quality indicator that indicates the
accuracy value. It is generally reported that the smaller the RMSE value, the more accu-
rate the measurement. It is the distance between the input position of the GCP ground
control point and the retransformed position for the same GCP. It states how closely the
retransformed location matches the desired output point location [16].

In [58], the authors investigated and monitored the development of erosion, morpho-
logical changes in talus cones, and the dynamics of the movement of rock blocks and talus
cones between individual stages of measurement in the Small Cold Valey in the High Tatras
in the north of Slovakia at an altitude of 1600 m (AMSL). The total area of investigation
was 5000 m?. Geodetic and photogrammetric methods were used to document the current
state of the site and generate DEM. The survey aimed to capture the morphology of the
terrain in high level of detail. A DJI Phantom 4 Pro UAV equipped with a digital camera
with a resolution of 5472 x 3648 pixels was used to capture 1389 images from a height of
35 m. The parameter of ground sampling distance (GSD) was 0.01 m. The overlap of the
images was set to 80%. For georeferencing, 16 GCPs were used. Their coordinates were
determined using the spatial polar method, and their average total RMSE was 0.011 m.
Data processing was carried out in the Agisoft Metashape Professional 1.5 software. The
resulting point cloud contained 261 million points.

The study [59] used a DJI Phantom 4 Pro equipped with a compact Parrot Sequoia
multispectral sensor, which can capture RGB images with a resolution of 4608 x 3456 pixels,
to capture rice and wheat yields. The DJI Phantom 4 Pro together with the Parrot Sequoia
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sensor weighed 1.746 kg. The authors performed flights at the altitudes of 30 m, 50 m, and
100 m. We focused on their flight at an altitude of 50 m AGL. Multispectral sensing of the
area was performed in 10 min. Approximately 3 ha was covered, with the front overlap at
86% and the side overlap at 76%. On average, the root means square error (RMSE) at the
control points was 37.2 cm. The ground sampling distance (GSD) was 4.3 cm in this case.

The Parrot Sequoia multispectral sensor was also used by the UAV 3DR Solo quad-
copter, which is described in the literature [60]. The study was conducted in a private lychee
orchard located 25 km southeast of Brisbane, consisting of 189 trees. The development and
dynamics of tree growth and structure were monitored using UAV technology. At a height
of 50 m AGL and a flight speed of 5 m/s, 278 images were acquired with 80% side and 85%
forward overlap. The created DTM had a GSD of 6.5 cm, and the RMSE value was 0.25 m.

The authors of [61] describe the application of surveying methods to study rock decay
and geological hazards due to the erosive force of the Candigliano River in a natural slope
in Italy. They used terrestrial laser scanning (TLS) and UAV-based digital photogrammetry.
The flights were performed by the UAV DJI Phantom 4 PRO equipped with a 20-megapixel
digital camera. Four flights were carried out at flight heights from 10 m to 80 m. A total of
1232 photographs were taken using 80 ground control points (GCPs). A front overlap of
80% and a lateral overlap of at least 60% were set. The average GSD of value 1.8 cm was
achieved. Agisoft MetaShape 1.5.3 software was used to process UAV images, where a
dense 3D point cloud was generated. The final point cloud contained 22,308,471 points,
and the Root Mean Square Error (RMSE) was 80 mm.

The literature [64] shows the use of a UAV on which a scanner was placed. The study
area covered approximately 1963 ha and was located in the forests of eastern China. Lidar
data were acquired using a Velodyne Puck VLP-16 laser scanner mounted on GV1300
multi-rotor UAV. The flight height was set to 80 m AGL, the flight speed to 4.8 m/s, and
the overlap to 75%. Under such conditions, the average point density was 50.24 pts/m?.
Field data were processed in LIDAR360 software. The obtained result from the flight in
this study showed that the data reached similar accuracy, but the use of lidar technology is
financially expensive.

Similarly, authors in the literature [62] monitored 178 trees in Furano City, Hokkaido
Island, northern Japan. All 3292 images with a resolution of 5280 x 3956 pixels were
acquired using the Inspire-2 UAV with a mounted Zenmuse X55 RGB camera at a flight
height of 120 m AGL and 80% overlap. The average achieved GSD was 2.3 cm. A total
of 19 ground control points were placed in the area of interest. The resulting models
were evaluated using the RMSE error. Its value did not exceed 2 cm in both cases. For
photogrammetric processing of UAV data obtained by the Zenmuse X5S RGB sensor, the
authors used the 3D modeling software Agisoft Metashape Professional Edition 1.5.3. The
resulting point cloud had an average point density of 547.01 pts/m?.

The study [63] describes the scanning of trees in an area of 1500 m? using a multi-rotor
UAYV Droidworx Skyjib Oktokopter with a Canon 550D digital SLR camera, which captures
images with a resolution of 5184 x 3456 pixels. The flight height of 30 m was set at the
front at 95% with side overlaps at 66%. In total, 425 images were acquired. Data process-
ing was performed in Agisoft Photoscan Professional v.1.0.0 software with the result of
85 million points with an average density of 5652 pts/m?2. In the area of interest, 14 ground
control points were used. As a result, in block alignment, a horizontal RMSE of 0.40 m
and a vertical RMSE of 0.14 m were obtained. The authors also placed an Ibeo LUX laser
scanner on the Droidworx Skyjib Oktokopter multi-rotor and scanned the same area of
interest from the same flight height. Average density in the point cloud using this device s
was 174 pts/m?. However, the vertical and horizontal RMSE error on 10 GCP points have
almost the same value as when using the photogrammetric approach, in which there was a
horizontal RMSE value of 0.42 m and a vertical RMSE = 0.17 m

The tropical savanna forest in the Litchfield Savanna SuperSite, located in the Litchfield
National Park in Australia, was investigated using lidar and two UAV flights by the authors
in [65]. UAV data were collected using a RIEGL RiCOPTER with a VUX-1 UAV scanner. A
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high-resolution flight over an area of 98,000 m? at a flight speed of 3 m/s had an average
point density of 1800 points/m? and was conducted at 55 m AGL. In this case, the RMSE
was 0.75 m.

The paper [66] aim was to obtain spatially dense and accurate measurements for forest
inventory applications and create point clouds using UAV-borne lidar. The authors used
an OktoCopter Droidworx/Microcopter AD-8 multi-rotor VTOL UAV with an Ibeo LUX
laser scanner. The Ibeo LUX laser scanner has a maximal range of 200 m and a maximal
scanning range of 110°, scans in four parallel layers, and has a beam divergence that reaches
0.8°, a scanning frequency set to 12.5 Hz, and an angular resolution of 0.25°. An area of
100 x 100 m at the University of Tasmania was surveyed during four flights at an average
flight height of 50 m with an approximate speed of 3.3 m/s. The resulting point cloud has a
point density of approximately 50 points/m?. The horizontal RMSE on all 130 GCPs is 0.34
m and the vertical RMSE = 0.15 m.

6. Discussion
6.1. Discussion on Regulations and Restrictions of UAV

A general overview of the legislative prohibitions for flights with UAVs in selected
countries is shown in Table 8. Some of the European Union member countries are described,
where the individual prohibitions are almost identical due to the adoption of the EU
regulation. Because each country also has its own laws, these prohibitions differ in several
ways. Some non-European countries are also mentioned. Each of these countries has
adopted its own regulations by which it is governed. Finally, Table 8 also shows the
institutions of these countries that manage, control, and issue regulations and certificates.

6.2. Discussion on Applications of UAVs

UAV technologies are the most powerful and effective tools for the fast, accurate, and
safe capture of aerial data. They can create high-resolution aerial maps, real-time virtual
tours or 3D models with an accuracy of centimeters. This area is the most widespread in
the use of UAVs and has been addressed by many authors. Areas of use that we dealt with
in this review are shown in Figure 3.

Based on use

Mapping and
Surveying

Environmental Documentation of Natural and Non-surveying
activities historical heritage Geohazards applications

' i

Fa o 4

Figure 3. UAV categories based on use.
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Table 8. Regulations in individual countries.

Country

Prohibition (without Permission) References

Slovak Republic

- flying with UAV if a pilot is under the influence of psychoactive substances

- flying at an altitude of 120 m or more

- flying with UAV that has a pulse or rocket engine

- flying at night [31-33]
- flying without visibility of the UAV with the naked eye

- flying for the purpose of commercial air transport

- flying for the purpose of spraying chemicals or dropping objects

Czech Republic

- flying in densely populated areas

- flying at an altitude of 120 m or more

- flying for the purpose of transporting persons

- flying for the purpose of dropping objects [35,36,38,40]
- flying over gatherings of people and emergency interventions

- flying within 30 m of persons

- flying near controlled and uncontrolled airports

Poland

- flying at an altitude of 120 m or more
- flying without visibility of the UAV with the naked eye
- flying with UAV heavier than 25 kg [41-43]
- flying around airports within 5 km
- flying 100 m or less from populated areas and 30 m or less from people,
vehicles, and animals

Hungary

- flying at an altitude of 120 m or more
- flying at night,
- flying at a distance of 500 m or less from buildings, people, animals, and
structures
- endangering people’s lives by flying [45-47]
- flying around airports within 8 km
- flying around heliports within 3 km
- flying over groups of people, industrial sites, private properties, and
government buildings without permission

Austria

Austro Control

- flying without line-of-sight on UAV (VLOS)

- flying at an altitude of 120 m or more [49,50]
- flying over groups of people

- flying for the purpose of transporting dangerous goods

Germany

- flying at an altitude of 120 m or more

- flying without line-of-sight on UAV (VLOS)

- flying for the purpose of transporting dangerous goods

- flying in controlled airspace at an altitude of 50 m or more

- flying at night with UAV heavier than 5 kg [53,55]
- flying without insurance

- flying around airports within 1.5 km

- flying with UAV that records or transmits optical, acoustic, or radio signals

- flying at a distance of 100 m or less over motorways, waterways, and railways

- flying over disaster areas, prisons, residential areas, and more

6.2.1. Mapping and Surveying

The authors of [67] tested a lidar system that was placed on a helium balloon on
Sherman Island near Antioch, California. They used a Velodyne HDL-32E lidar scanner
with a pulse frequency of 700 kHz and a range of up to 100 m at a flight height of approxi-
mately 25 m AGL. The RMSE had a value of 0.09 m. The nominal density of points was
1000 points/m?. In their publication [68], the authors investigated the detection of the
globalized probability of boundary (gPb) contours using a UAV. They mapped three rural
areas in Germany, France, and Indonesia. In Toulouse, France, data were captured with
direct georeferencing using a DT 18 PPK and a DT-3Bands RGB camera, with a resulting
GSD error of 3.61 cm. In Amtsvenn, Germany, a GerMAP G180 UAV model with a Ricoh GR
camera was used with a resulting GSD error of 4.86 cm. Data in Germany and in Indonesia
were captured using GCP. For mapping in Lunyuk, Indonesia, they used a D]l Phantom
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3 UAV with a Sony EXMOR FC300S camera. The resulting GSD was 3.00 cm. The measure-
ments resulted in three ortho-images of different scales. The authors of [69] demonstrated
improvements to the UAV multispectral mapping technique for higher resolution imagery
in the terrain over the Indian River Lagoon along the central Atlantic coast of Florida. They
use a Parrot Bluegrass quadcopter with a Parrot Sequoia+ multispectral sensor and a DJI
Phantom 4 Pro quadcopter equipped with an RGB CMOS camera sensor. As a result, data
were collected from a flight altitude of 120 m from which ortho-mosaics, Digital Surface
Model (DSM), Digital Elevation Model (DEM), and point clouds were produced. In the
study [70], waterfowl in the west of the Songnen Plain, Jilin Province, China, was mon-
itored using UAV technology. A Phantom 4 Advanced UAV equipped with an FC6310
camera and a Nikon MONARCH 82ED-A monocular telescope were used for this survey.
Tucci et al. [71] used the UAV to monitor and calculate the stockpile volumes of material
from sorted waste collection, producing 3D models from point clouds. They used a DJI
Phantom 4 Pro UAV. Zanutta et al. [72] monitored coastal and beach changes using a DJI
Matrix 600 and a Spark UAV to produce DTM and ortho-images, and the authors [73]
used the DJI Phantom 2 UAV to map flood risks. The use of UAV photogrammetry or
lidar technology in the field of mapping and surveying depends on various factors. When
choosing a suitable method, it is important to consider instrumentation, required accuracy,
finances, point density, or the interpretation of the resulting outputs. However, the use of
photogrammetric methods is more advantageous than the use of lidar technology due to
the ease of data acquisition, its flexible and fast use, its low purchase price, and the high
density of point clouds.

The deployment of TLS and the SfM photogrammetric method has also been successful
in the documentation of underground cave spaces [6,74,75] to create 3D models of them.
The authors of [6] used the SfM photogrammetric method to take images with a Pentax K-5
DSLR digital camera with a Pentax SMC DA lens in Ochtind Aragonite Cave, Slovakia. The
authors of [74] conducted a tectonic and morphological investigation of the Luo Shui Kong
Cave. They used Agisoft PhotoScan® Professional Edition, version 1.2 software to process
the images and point cloud, from which a 3D model was made. The UAV is also used in the
mapping of surface karst areas. The authors of [76] investigated the area in the southwestern
part of the geomorphological unit of the Slovak Karst using aerial and ground-based laser
scanning. The airborne laser scanning data were obtained using a Leica ALS70-CM scanner.
In total, 1.99 billion points with a point density of 29 points/m? were captured in the
68 km? area of interest. In reference [77], the authors evaluated and classified the vegetation
of karst wetlands in Huixian Karst National Wetland Park, Guilin, South China, using a DJI
Phantom 4 Pro UAV and an FC6310S camera. They collected data during 12 flights, which
were processed using Pix4D Mapper software to generate orotophotomosaics and DSM.
The publication [78] investigated the extraction of vegetation information in a karst area
using a DJI Phantom 3SE. They captured images with 4000 x 3000 pixel resolution at a flight
height of 150 m AGL. Yang et al. [79] addressed biodiversity maintenance in karst areas.
They chose the Maotiao Basin and Nanming Basin in the core of the South China Karst as
their area of interest. Using DJI Phantom 4 Pro, they acquired 3507 images. Processing was
performed using Pix4Dmapper software to generate digital orthophotomaps with a spatial
resolution ranging from 1.5 cm to 5.3 cm. The UAV imagery was used for tree and shrub
identification and habitat classification. When documenting underground cave spaces and
mapping surface karst areas, we recommend the SfM photogrammetric method. With its
help, we can observe wetland vegetation, complex reliefs, and numerous karst caves in
karst areas, as well as the extraction of vegetation with higher accuracy and better effect.
The advantage of combining UAV and SfM is obtaining information about vegetation in
complex terrain areas, saving research time, and obtaining more targeted plants.

UAVs have also been applied in the mining industry [80-83]. The review article [80]
compiled 65 articles from 2010 to 2020. The articles used UAV AeroVironment RQ-11A
Raven, Honeywell RQ-16A T-Hawk, Sensefly eBee, Skywalker X5, AscTec Falcon 8, DJI
Phantom III, Aibotix Aibot X6v2, Albatros VI3, and Tholeg THO-R-PX8/10. As sensors,
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digital cameras, spectral imaging cameras, lidar, thermal infrared cameras, and gas sensors
were mounted. Thanks to UAVs, the air was checked against hazardous substances from
explosions in mines and quarries, mapped mineral extraction, or the exploration of the
mined-out territory. The authors in the article [81] used a DJI S1000 UAV with camera
Sony ILCE A7R to map the Piekary and Jaworzno area in 2016. In 2020, it was a BIRDIE
UAYV with a Sony DSC-RX1RM2 camera. The deformations of the area caused by mining
activity were surveyed. The results of spatial changes ranged from —0.5 m to +0.4 m. The
article [82] dealt with the study and protection of sites affected by mining activities in
northwestern Spain’s Roman gold mining infrastructure. Non-contact technologies are
used in such areas due to inaccessibility and remoteness. For the mapping, a DJI Phantom
4 with 12.4 Mpx FC330 camera was used. The flight was controlled using Pix4D field
software. Based on the acquired data, seven models were created for the monitored site. All
models were created from images from 270 to 536, except model nr. 7, which was generated
using 63 images. Therefore, the GSD value of 13 cm is also less accurate for this model. For
the others, the GSD ranged from 1.8 cm to 4.9 cm. The flight was performed at a height
of 50 m AGL. The number of GCPs range from 4 to 9, and the RMSE was calculated. The
worst GCP—RMSE was for model No. 7, whose value ranged from 8.8 cm to 41 cm. The
best GCP—RMS was in model No. 5, which varied from 0.6 cm to 11 cm. Most of the
models consisted of 3D texture, ortho-mosaic, and DEM.

The UAV has been used to explore open pit mines in the articles [84-86]. The authors
of the article [84] focused on the exploration of and research on iron mines in the Beijing
area. Surface mining was observed in order to monitor changes and other processes in the
area, such as pollution or erosion. The mapping of each open pit mine was carried out
using the UAV SfM method. Furthermore, the purpose of this measurement was to mitigate
the effects of anthropogenic changes caused by mining based on the geomorphological
characteristics of the mines. The article [85] was devoted to a review of the UAVs used in
the basin areas with their sensors in 2015-2018. The research used 40 articles published in
Australia, China, Finland, and other countries. UAVs have been applied in various sectors
such as 3D reconstruction and pollution monitoring. Different types of UAVs such as fixed-
wing and multi-rotor devices were compared. Sensors such as digital cameras, thermal
infrared cameras, and others were also reviewed. The article is also addressed the future
development of UAVs, where improvements could be made in the form of data-processing
speed, technical advancement, and others. The article [86] explored the application of a fast,
inexpensive, and accurate method to monitor environmental changes affected by mining
activities. A site in northeast Beijing was selected, where a UAV captured the area with
two series of high-resolution images between 2014 and 2016. Using the SfM method, a
DEM was created, from which geomorphic changes were assessed using DoD and SLLAC
analyses. When monitoring soil surface deformations in areas affected by underground or
surface mining, the application of UAV spatial data collection sensors has the advantage of
performing quick field work and having a high detail of outputs while maintaining needed
accuracy parameters. UAVs make it possible to document otherwise inaccessible parts of
mines. The generation of high-resolution height models (DEM) from the results obtained
using UAV is useful in the evaluation of geomorphic changes related to mining activities.

The authors of the articles [87-93] discussed using UAVs in land registration. The
article [87] highlights UAV photogrammetry and laser scanning for cadastral mapping
purposes in the Czech Republic in 12 test areas. Many points (fence corners, building
corners) surveyed by conventional geodetic methods (RTK-GNSS, total station) and by
UAV technology were compared. UAV carriers Hexacopter G6, MAVinci SIRIUS, and
Trimble UX5, where sensors such as Canon EOS 700D, LumixGX1, SONY ILCE-6000,
and DMC-GX1 were used for mapping. According to the results, an accuracy of 14 cm
was achieved in more than 80% of the measurements. When comparing laser scanning
and photogrammetry, the accuracy of the points determined from the lidar-based point
cloud was found to be approximately 18% higher than that of the point cloud obtained
by the photogrammetric point cloud with the 2 cm GSD. The article also compares the
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costs of conventional geodetic measurement methods and the new UAV technology. The
research addresses the necessary changes in organizational and technological processes
for using UAV technology. In the article [88], the authors investigated and validated
the applicability of UAVs for updating cadastral records in areas affected by landslides.
The mapped area was in Limanowa in Poland, covering an area of 70 hectares, with the
flight height varying over each line individually. The UAV used DJI S1000 with a Sony
ILCE A7R sensor, a Sony FE 35 mm F2.8 lens, and a Zenmuse Z15-A7 gimbal. In total,
465 images were taken, of which 388 were used for processing. The purpose was to
obtain the analysis results in four variations with a different number of control points and
methods of measurement. Orthophoto maps and DSM were used to update the cadastral
data. The maximum deviation for each control point did not exceed 10 cm. This research
concluded that a larger number of control points should be used to create photogrammetric
products, ensuring accurate and correct models. The article [89] demonstrates the use
of UAV technology in cadastral mapping, where automatically extracted boundaries are
obtained from images. The boundaries were extracted using the ENVI feature Extraction
(FX) module. The research was carried out in Slovenia in the municipality of Ponova. The
area of the subject territory was 25 ha. A total of 12 GCP were used, evenly distributed
over the mapped area, and determined by GNSS/RTK. For photogrammetric imaging,
DJI Phantom 4 Pro with a 17 CMOS 20 Mpix sensor was used. The UAV flew at a height
of 80 m AGL, with a GSD value of 2 cm. The results of the accuracy evaluation showed
that almost 80% of the extracted visible boundaries were correct. In the paper [90], the
authors discussed UAV technology to assist in verification surveys of land boundaries in
digitized cadastral territories. This case study was conducted in Taiwan in the ChengDa
district of Taipei City. The flight was conducted at a height of 300 m AGL using an Al-
RIDER YJ-1000-HC UAV with a PhaseOne iXU150 medium-format camera. As a result,
230 images were acquired, and the GSD accuracy was 3 cm. The research shows the
possibility of generating one cadastral map consistent with the actual details of the terrain.
This approach can reduce human resource costs and improve the efficiency of future
boundary verification surveys. The article [91] discusses the mapping of large cadastral
areas using UAVs. A rice field area of 80 ha in Trimulyo municipality, Indonesia, was
selected for the research. In total, nine GCPs with a 12 cm RMSE were used. The flight was
performed at a height of 250 m AGL, with a GSD value of 7.77 cm. The flying equipment
was an RC high wing with a Nikon COOLPIX AW-120 photogrammetric sensor. This article
demonstrates the successful use of a UAV-based remote sensing system to produce ortho-
masaics as base maps for cadastre. The research in the paper [92] discusses a technique
based on deep fully convolutednetworks (FCN) that can automatically learn high-level
spatial features from images to extract cadastral boundaries. For this research, the Busogo
study area located in Rwanda was selected. In 2018, Charis used a UAV to image the
area and obtained photographs that were subsequently analyzed. The article [93] focuses
on implementing UAV-based GNSS CORS UDIP to improve cadastral survey and urban
development monitoring. The area of interest for this research was the city of Ngresep,
which was flown over using a DJI Phantom 3 Professional with a Sony EXMOR sensor.
The flight was conducted at a height of 182 m AGL. A total of 1387 images were acquired
and subsequently processed. Fifteen GCPs were placed in the field, and coordinates were
determined using the static GNSS method. The result is an ortho-mosaic with a GSD value
of 7.86 cm, which can be used to delineate parcel boundaries and create a base map. Lidar
and photogrammetry based on UAV can be effective methods in their applications in the
field of real estate cadastre. These methods achieve reliable accuracy but lack completeness
of the performed survey. Furthermore, the use of UAVs appears to be a suitable method
when a large proportion of boundaries are visible. UAV technology is used as an alternative
to speed up processes in the field of real estate cadastre. The local investigation of ownership
relations and measurement of omitted objects is still necessary.

The authors of the articles [94-100] have devoted themselves to research in the in-
dustrial sector. The article [94] dealt with using UAVs to calculate the volume of gravel
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reserves. This volume was surveyed using a Leica TS06 total station and a DJI Mavic
Air UAV. A total of 128 images were acquired at a height of 50 m AGL. After processing,
DEM and TIN models were generated. A volume of 2686.3 m® was calculated using the
UAV, and a volume of 2830.7 m? was calculated using the total station. In the article [95],
the authors wanted to create a model to generate an optimal flight plan for UAVs. This
model would manage safety in the oil and gas industry. The article [96] reviews UAV
platforms and sensor systems designed for the oil industry and environmental monitor-
ing. The described UAVs are divided into different categories, such as fixed-wing UAVs
and rotary-wing UAVs. The brands and types of UAVs such as Mavinci Sirius, Trimble
Gatewing X100, Aibot X6, and Matrice200 are listed. Sensors such as gas detectors, radar,
lidar, and thermal infrared (IR) cameras are also listed. The brands of these sensors, Yuneec
CGOETUS, Optris PI 450, FLIR Quark 640, ICI Mirage HC, Workswell GIS-320, MosaicMill
Rikola, HySpex Mjolnir VS-620, Riegl VUX-1UAYV, VelodyneHDL-32 E, LeddartechVu$,
and others, are also listed. The authors in the article also mention the UAV application,
which they describe uniquely. The research in [97] discusses the design of a two-mode
network analysis framework to quantify the spillover effects of UAV technology in var-
ious industries using U.S. Patent and Trademark Office patent citation data. In [98], the
authors studied the fog-assisted computing problem of UAV in Industry 4.0 smart factories.
The simulation results show that the proposed online algorithm can achieve near-optimal
task allocation with an optimality difference of no more than 7.5% compared to offline.
The authors of [99] discussed research on monitoring CO; gas levels in smart factories
because CO, harms humans. According to the study, the UAV would securely transmit
the sensor data to the MEC server to analyze them and make an automatic decision. The
result shows of the analysis show the successful monitoring and detection of CO; levels in
factories. The research in [100] deals with imaging complex sites and areas in sugarcane
factories in San Joaquin and the Aguila aqueduct in Spain. A DJI Mavic Pro Platinum with a
13 Mpix sensor was used for the imaging. According to the results, UAV technology is more
accurate, time-saving, and suitable than standard methods. UAVs offer great potential
for creating mathematical models in the oil and gas industry. Among other things, gaps
and open issues were defined for this technology, which are connected to the field of the
detection of oil spills at sea and oil spill detection, monitoring of gas pipelines, sensing of
gas emissions, remote control of equipment, exploration of deposits and offshore oil spill
detection, oil leakage detection, pipeline monitoring, gas emission sensing, remote facility
inspection, and petroleum exploration.

The authors have discussed UAV applications in architecture in [101-107]. The arti-
cle [101] focused on 3D model and texture generation using a ground-based laser scanner
and UAV. The object investigated was the Torre Pelosa watchtower, located in the city of
Bari, Italy. The TLS RIEGL VZ-400 scanner, with maximal scanspeed of 122,000 points/sec,
was applied. An external Nikon D700 camera with 10 Mpix quality was connected to the
scanner. The UAV Microgeo’s AeroMax600 with a 12 Mpix Canon S100 camera sensor
was used. For indirect georeferencing, GCP was used. The image processing method
was SfM. The software environment used for data processing was Riscan Pro v.1.6.1 and
Agisoft PhotoScan v.1.0.4. The Resulting 3D model and 3D point cloud were generated. The
authors of the article [102] explored a concept for weighted data fusion that can enhance
the 3D mapping transmitted by a UAV using a camera and a lightweight line laser scanner.
The research used a UAV with a Hokuyo UTM-30LX-EW sensor and a GoPro 1080p HD
HERO2. The measurements were made at the Karlsruhe Palace in Germany. From the
result, an accurate 3D model was created. The images had an estimated standard deviation
of 0.44 pix, and the scanner was 12 cm. The research in the article [103] focused on using
UAV for the 3D modeling of Tibetan architectural heritage. The area of interest is located
in the monastery town of Gyantse (Tibet), and the surveyed building is the Auspicious
Multi-Door Stupa. A DJI Phantom 4 with an integrated camera was used for the imaging.
A TLS Leica ScanStation C10 laser scanner with a Canon 60D external camera was also
used. A total of 55 GCPs were taken at this location and determined by the total station.
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After SfM processing, the resulting RMSE had a vale of 2.05 cm /1615 pix. For the TLS,
the RMSE was 6 mm. A 3D model of the building was generated. The article [104] was
devoted to research on applying oblique aerial photogrammetry. A resort hotel located
in Mengyuan area, China, was selected for this research. The UAV DJI Mavic 2 Pro was
used and controlled using the Pix4D capture application. Data were processed in Autodesk
ReCap software to create a 3D model of the hotel. The author of the article [105] discussed
architectural heritage documentation using low-cost UAVs with a fisheye lens. The mea-
surement location was The Otag-i Humayun, Turkey. The UAV used was a 3DR Solo UAV
with a 12 Mpix GoPro Hero 4 sensor. Only 28 images were captured, at a height of 50 m
AGL. When five GCP were also deployed, the result was a RMSE value of 3.1 cm. As a
result, the 3D point cloud, DSM, ortho-mosaic, and a 3D solid model were created. The
authors of the article [106] discussed research on monitoring and 3D documentation of
architectural heritage using UAV. The equipment contained ISTI-CNR UAV with Ximea XiQ
high-speed camera, and Canon EOS M (18 Mpix) was used. Agisoft Photoscan, COLMAP,
and Autodesk ReCap software were used for 3D reconstruction. Accuracy was achieved
within a few tenths of a millimeter. To accurately assess the architectural features of the
peach trees at Washington State University’s Tukey Horticultural Orchard, both a UAV
with an integrated RGB camera and a lidar system were used for reference [107]. Pho-
togrammetric data were acquired using three flights at a flight height of 15 m AGL, with
an overlap of 80%. A DJI Phantom 4 Pro UAV with an integrated 20 MPix RGB camera
was deployed. The resulting GSD reached an average value of 0.49 cm. Lidar data were
acquired using a UAV on which a VLP 16 Velodyne lidar was placed. The Pix4Dmapper
software was used to create a 3D point cloud, a digital surface model (DSM), a digital
terrain model (DTM), and ortho-mosaics. In architecture, the use of UAV photogrammetry
is especially suitable. Compared to classical methods using total stations and lidar methods,
they have the advantage of almost complete coverage of the measured object. The realistic
phototexture of the resulting model is also a great advantage.

6.2.2. Environmental Activities

The agricultural industry uses UAVs to monitor crops. Agricultural terraces in China
were mapped by the authors using a DJI Phantom 4 Pro UAV in [108]. For surveying
agricultural fields of winter wheat, in [109], they used a DJI Matrice 100 UAV on which an
Odroid XU4 lidar sensor was placed. Other authors, in [110], used DJI Matrice 210 UAV
with a CMOS sensor in the Emilia-Romagna region in Northern Italy for mapping and
monitoring in precise agriculture. The authors of [111] used a UAV hexacopter with a Canon
EOS M color camera for soil and crop mapping in a maize field. As a result, they produced
a digital surface model (DSM) of the bare soil and crops and a multispectral orthopicture.
UAVs are also used in agriculture to control irrigation and pests using T16 UAV [112]. Some
UAVs can perform fertilization and crop spraying [113]. UAVs allow farmers to carry out
critical measures related to irrigation, crop disease [114], or unpredictable weather quickly,
time-efficiently, and less labor-intensively. Both UAV photogrammetry and lidar methods
are suitable for crop monitoring in the agricultural industry. Lidar is more suitable for
crop volume estimation, and UAV photogrammetry is recommended for tracking crop
development at different stages or maximizing crop productivity, which requires up-to-date,
accurate, and georeferenced crop information. UAVs without any sensors are often used
in agriculture. For more efficient work in the fields, UAV carriers are used for irrigation,
fertilization, or pest control.

In forestry, UAVs are used to map forest structures [63,64] and tree heights, assess tree
pruning [60] and forest inventory [66], or perorm various other forestry function [115,116].
The study [64] used a multi-rotor GV1300 with a Velodyne Puck VLP-16 laser scanner
to monitor forest structures in Eastern China. The authors of [63] observed the forest
structure. They combined a Canon 550D digital SLR camera and an Ibeo LUX laser scan-
ner on a multi-rotor Droidworx Skyjib octocopter. Johansen et al. [60] investigated tree
crop feature extraction using a Parrot Sequoia sensor mounted on a 3DR Solo quadcopter.
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They assessed pruning effects on 189 trees in a lychee orchard southeast of Brisbane, Aus-
tralia. In [66], forest inventory applications were investigated using a multi-rotor VTOL
UAYV OctoCopter Droidworx/Microcopter AD-8 with an Ibeo LUX laser scanner. In [115],
the authors conducted a young forestry trial survey within the central North Island of
New Zealand using UAV laser scanning and SfM methods. A Lidar USA Snoopy V-
series system with an integrated Riegl MiniVUX-1 scanner mounted on a DJI Matrice
600 Pro UAV was used for the UAV aerial scanning. The data reconstructed by the
SfM method were captured using a DJI Phantom 4 Pro UAV with an integrated 1-inch
20 MP RGB camera. A DJI Matrice 210 UAV was used for forestry applications, on which
four laser scanners—RIEGL VUX-1 UAV, RIEGL miniVUX-1 UAV, HESAI Pandar40, and
Velodyne Puck LITE—were mounted [116]. The collected data were used to demonstrate
the effectiveness of deriving forest inventory attributes. For forest inventory and sustain-
able forest management regarding the provision of accurate estimates of forest attributes,
UAV photogrammetry and lidar data are equally applicable. However, the difference is
visible in the estimates of the vertical structure (the range of tree crown density), when ALS
provides more accurate results than photogrammetry. UAV remote sensing is a suitable
tool for monitoring changes in tree structure. Different flight heights can be used, but
increasing flight height reduces the accuracy of the tree crown perimeter and area. Both
UAV-based methods are reliable for the accurate measurement of the position, height, and
width of trees.

Applying UAVs to wild plant counts [117-120] and animals [121-123] is a modern
application. In [117], research was devoted to detecting the number of plants from UAV
images present in a plantation. The main task was to extract the number of plants found in
corn and citrus fields from RGB images. Images were taken from the platform carried by
the UAV. The results obtained were in the form of 6224 plants per image. The article [118]
describes the digital counting of sunflower plants from aerial images acquired by a UAV
using low-height flights. According to the results, it is possible to estimate the number of
plants in an image with an error of 10%. The research in article [119] discusses counting and
sizing plants in UAV images using an R-CNN mask that detects and segments individual
plants. There, three potato fields, two lettuce fields in the UK, and one field in Australia
were monitored. The flight was conducted at 50 m height with DJI S900 and DJI Inspire
UAV with a Panasonic GH4 sensor and a DJI Zenmuse X4S sensor, respectively. The StM
processing method was used. The aim of the research [120] was to count corn plants
using images from UAVs flying at a height of 30 m AGL. The images were obtained by
RGB sensors Canon PowerShot S100_5.2, Sequoia_4.9, and DJI FC6310_8.8 carried by
3DR SOLO and a DJI Phantom 4. This research was carried out on a plot of land in the
Colegio de Postgraduados, Campus Montecillo. The UAV remote sensing application is a
recommended method in the field of precision agriculture precisely because of its ability to
detect individual plants and plantation rows with high accuracy.

6.2.3. Documentation of Historical Heritage

Research on the documentation of historical monuments has been elaborated in the
articles [124-130]. In [124], the authors dealt with the measurement and documentation
of the Church of the Holy Spirit in Libéchov, Czech Republic. The measurements were
performed using a FARO Focus 3D X 330 laser scanner from the ground and supported
by aerial photogrammetry. After processing, a derived document (two plan and four view
drawings) and a 3D point cloud model of the church were created. In the article [125], the
authors discuss the documentation of hard-to-reach places in historical buildings using
an UAV. An octo-rotor UAV with Ouster OS0, Intel RealSense D435, Garmin lidar-Lite v3,
Fermion URM37, and Sony A6500 sensors were used for data acquisition. Te Church of St.
Anne and St. Jacob the Great in Stara Voda and St. Maurice Church in Olomouc in the Czech
Republic were monitored. The authors of the article [126] obtained 3D reconstructions of
cultural heritage using a BNU D8-1 UAV with a Canon EOS 5D Mark II digital camera and
a Riegl VZ-4000 ground-based laser scanner. The Liao family temple, located in Gutian
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village, China, was documented. Forty-five images of the object under study were taken
from a height of 100 m AGL. The article [127] describes research on photogrammetric
mapping of Mondujar Castle, located in Spain. The images were taken using a DJI Phantom
4 Pro+ with a 20 Mpix sensor. The result was a 3D model of the castle with an ortho-mosaic.
The article [128] deals with monitoring dark spots in large historical buildings using micro-
UAVs. The authors of [129] evaluated the quality of 3D models of monuments obtained
using UAVs. The Chapel of the Holy Archangels George and Gabriel, located in Sarajevo,
was selected for the research. The UAVs used were the DJI Phantom 4 Pro and the DJI Mavic
Pro. As a result, a 3D model with a resolution of 14 mm was created. In the article [130], the
TLS and UAV technologies were compared. For this study, the site of the historical fortified
tower Torre Zozzoli, located in Italy, was selected. Finally, a 3D digital reconstruction of the
object was analyzed. The UAV finds its place in the documentation and 3D reconstructions
of cultural heritage—historical monuments (churches, castles, historic fortified towers,
and other cultural monuments) with large-scale dimensions and complex construction.
Emphasis in research is placed on testing the potential accuracy with the subsequent
generation of 3D models of historical monuments. The advantage of UAV remote sensing
is mainly the coverage of high-lying parts of objects, the high detail, and the accuracy
of models.

UAVs are also used for documentation in archaeology [131-137]; the article [131]
presents examples, possibilities, and results from aerial photogrammetry. Using UAV,
the geometrical parameters of the archaeological sites of Clunia, Puig Rom, Vilanera and
Cosa in Italy were determined, and their 3D models were created. The UAVs used for
data acquisition during the period 2014-2021 were DJI Phantom 1 and DJI Phantom 2
with GoPro Hero 2 sensor, DJI Phanom 3 Advanced withMAPIR NGB sensor, MAPIR
RE, Yuneec Typhoon H with CGO-ET sensor, Parrot Anafi Thermal with FLIR Lepton
3.5 microbolometer sensor, DJI Mavic 2 Pro with Hasselblad 1” sensor, MAPIR NGB,
MAPIR RE, and DJI Mini 2. The authors of the article [132] discussed the creation of
ortho-mosaics using an MD4-1000 UAV with a Sony NEX-7 RGB sensor to survey a 1.13 ha
archaeological area in Torreparedones (Spain). Images were taken at heights ranging
from 30 m to 80 m AGL and were processed in Inpho UASMaster. The RMSE with and
without the use of GCPs are described in the results. In the conclusion, the ratio between
RMSE and GSD of the UAV flights is presented as equal to value 5. The authors of the
article [133] acquired archaeological documentation of six areas using a UAV designed by
Gatoreye Unmanned Flying Laboratory with a lidar Scout-32 system. The measurements
were carried out in Chiapas, Mexico. The article [134] discussed research on using UAVs
for monitoring, change detection, and analysis of sites where archaeological excavations
have occurred. The work was carried out in 2014, 2017, and 2020 in the ancient theatre of
Uzuncaburg. Three-dimensional point cloud, orthophotomosaics, DEM, and 3D models
were created from images. The 3D position accuracy calculated for the control point (CP)
used in the four phases of the survey ranged from 5.8 mm to 33.5 mm. The research in the
article [135] was devoted to lightweight and inexpensive UAV to be used for documenting
and creating photorealistic 3D models of archaeological sites. The images were taken using
a fixed-wing UAV and a DJI Phantom 4 with 12.4 Mpix and 24.1 Mpix RGB sensors (Sony
A5100). The researched area was in Pakistan, where the Pakistan Memorial at Shakarparian
Hills in Islamabad was monitored. The data were processed using the SfM method. A
total of 336 photographs were taken from a 7 ha area, generating 17,174,268 points after
processing. The texture was created with a GSD value of 1.2 cm. The article [136] focused
on a topographic survey of an archaeological site using a Foxtech UAVocopter with a
lidar Yellowscan Mapper sensor. The site selected for this study is located in the northern
Sardinian region of Usini (Italy). As a result, a DTM was obtained and compared with the
DEM. The authors of the article [137] discussed modern geomatic techniques for detecting
and investigating emerging archaeological structures on the northwestern slope of Etna in
Sicily. The survey was carried out using a DJI Phantom 3 Advanced with 12 Mpix camera.
The flight was carried out at a height of 30 m AGL, and the flight was controlled using
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the Pix4D capture mobile application. Using GCP, a 3D model was georeferenced in QGIS
software. The result was an ortho-mosaic and a DSM. The UAV application has its use
in the field of cultural and industrial heritage. Archeology is a field in which UAVs are
also closely connected and used primarily in the field of the geometrical documentation of
archaeological sites (excavations), the creation of high-resolution digital models and 3D
models, the monitoring of the crack patterns of historic structures, and 3D reconstruction
of scenes.

6.2.4. Natural Hazards and Geohazards

UAV technology is also used to track and monitor geohazards. The authors of [58,138]
monitored the evolution of erosion, morphological changes in debris cones, and the dynam-
ics of movement of rock blocks and debris cones between stages of measurement in the high
mountain environment in the High Tatras. There, the authors used a UAV DJI Phantom 4
equipped with a digital camera with a resolution of 5472 x 3648 pixels. The author of [139]
monitored seismic faults in the 2021 Maduo earthquake in China based on UAV-lidar
technology, INSAR, and field investigation. The study [140] mapped landslides after the
2017 earthquake using high-resolution UAV imagery in the Jiuzhaigou area in Zhangzha
City, Jiuzhaigou County, in northwestern Sichuan Province, China. A few days after the
earthquake, a Huaao X-UAV flight was conducted, and a high-resolution DEM was derived
from the acquired data. The authors of [141] focused on assessing and analyzing rock
falls along a national highway in Phitsanulok Province, Thailand. The images collected by
UAVs were transformed into digital topographic contours, and a typical cross-section was
created using a digital elevation model (DEM). Rockfall boulders were also addressed by
the authors of [142], who used a DJI Phantom 4 Pro quadcopter in their study. From a flight
altitude of 75 m AGL, they acquired 89 images with a GSD of 3.5 cm, which resulted in the
creation of a Digital Surface Model (DSM) and a map of geohazards. When monitoring
geohazards, the goal is usually to create a DSM or DTM, for which the SfM method is more
suitable. Using the SfM method, we can monitor the development of erosion, morpholog-
ical changes in objects, and the dynamics of rock movement or landslides. However, an
alternative is also the use of LiDAR technology, which can be used to monitor seismic faults
during an earthquake.

Monitoring of changes in volcano morphology using UAV is involved in the works [143,144].
Gailler et al. [143] investigated magnetic field measurements using UAVs in the central part
of Chaine des Puys and at the Petit Puy de Dome volcano. Derrien et al. [144] monitored
the deformation of the summit of Piton de la Fournaise volcano and used ortho-images
to fit structural and deformation maps of the study area. The unstable blocks of Sciara
del Fuoco volcano on the island of Stromboli, Italy, were investigated using a Saturn UAV
and a Canon IXUS 240 camera in [145]. In cooperation with UAVs and ground-based
laser scanning, the area of the volcano was monitored by the author [146]. In the Nirano
Nature Reserve in Emilia Romagna, Italy, the author acquired more than 350 images using
a quadcopter and Canon Power Shot 5110 camera. Using images, he produced point
clouds and georeferenced ortho-images and DEM, which were used to study volcanic mud
complexes. In the work [147], the authors mapped the volcano’s crater rim and volcanic
dome. In 2012, lidar data were acquired using a LiteMapper 5600 system installed on a
Cessna 402B aircraft. Data were obtained at a flight height of 820 m AGL, with 40% lateral
and 60% forward overlap, at a density of 5 points/m?. Two years later, the same area
was captured using a fixed-wing UAV with Canon PowerShot 5100 camera. As a result,
328 photographs with a resolution of 3000 x 4000 pixels were obtained. The authors used
the integration of the UAV and satellite imagery at a volcano in East Java, Indonesia [148].
They used a DJI Mavic Pro UAV with a built-in RGB camera equipped with a 1/2.3” CMOS
sensor to generate the DSM and ortho-mosaics. Reference [149] used an RC high-wing UAV
equipped with a digital camera for mapping during a volcanic eruption, which produced a
DEM that was effectively applied to assess the post-disaster situation. In the field of volcano
monitoring, the SfM photogrammetric method led to the representation of high-resolution
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3D terrain models and allowed the acquisition of high-resolution digital elevation models
or accurate deformation maps of the volcano. Thanks to the flight at low altitudes, magnetic
anomalies and changes in the volcanic context were displayed well, and morphological
information could also be derived. LiDAR technology is equally effective in this area of
monitoring, but the cost of equipment and the risk of damage to expensive devices is
significantly greater.

The authors of [150] used GEO 2 UAV equipped with a SONY A6000 camera to
monitor landslides. The landslide area was observed from a flight height of 100 m, with
80% longitudinal and 60% lateral overlap, resulting in 291 images. Kyriou et al. [151]
monitored, using UAV technology, an active landslide located in western Greece and
generated highly detailed ortho-mosaics and digital surface models (DSM) using the StM
photogrammetric method. Their study used a DJI UAV Matrice 600 equipped with an
X5 camera that captures photos with a resolution of 4608 x 3456 pixels and a DJI UAV
Phantom 4 with a camera set to with an image resolution of 4000 x 3000 pixels. The data
were collected from a flight height of 110 m AGL, with 90% longitudinal and 75% lateral
overlap. The authors of [152] used an UAV to document a steep landslide triggered by
rainfall and flooding on both sides of the Rje¢ina River valley near Rijeka, Croatia. The
authors of [153] attempted to perform landslide detection and prediction using a SibGIS
UAS hexacopter equipped with two cameras. Peppa et al. [154] used a Quest 300 mini
fixed-wing UAV with a Panasonic Lumix DMC-LX5 camera at a flight height of 90 m AGL
to create a digital elevation model (DEM) to demonstrate the movement and changes in
the landslide. Rossi et al. [155] monitored geohazards and landslides in Tuscany using a
multicopter UAV named Saturn, which was developed at the University of Florence. In
their publication, Rau et al. [156] used a fixed-wing UAV with a Canon EOS 450D digital
camera to map landslides caused by rainfall. A UAV can provide observations with high
spatio-temporal resolution and enable operational monitoring of landslides and provide
analyses of surface deformation. The SfM method is very often used to monitor and map
landslides. This method is suitable for creating ortho-mosaic, DSM and DEM, which are
most often generated during landslides. Using this method, it is also possible to detect and
predict landslides.

UAUVs are also used to check the stability of slopes. The authors of [157] addressed
the instability of the Elva valley road in northern Italy. They performed 19 flights in
this area using a DJI Phantom 4 with an FC6310 camera. They acquired approximately
1700 images, from which they produced digital surface models (DSM) at three different
scales: a large-scale DSM of the entire road, a medium-scale DSM to assess parts of the slope,
and a small-scale DSM to assess individual discontinuities. The publication [158] used an
AS350 helicopter with a Leica ALS80-HP airborne lidar system and a DJI Phantom 4 RTK
UAV with an FC6310 camera (1”7 CMOS) to monitor slope disturbance in the Jiuzhaigou
area. Point clouds using lidar were acquired from a flight height of 1500-3000 m AGL, and
377 high-resolution images were acquired using the DJI UAV Phantom 4 RTK, where a
dense point cloud was made. Car et al. [159] monitored a landslide that occurred on the
R201 railway line Zapresi¢-Cakovec using a DJI Phantom 2 Vison+ and produced a digital
terrain model. The article [160] used the UAV to acquire 3D orthographic images of the
slopes and used them to assess slope stability and quantitative hazard assessment at sites
in Croatia. Junaid et al. in [161] monitored the stability of a rocky slope along a highway
in Pengerang, Johor, Malaysia. A survey using UAV technology was carried out with a
DJI Phantom 4 PRO + V2.0 from a flight height of 5-30 m with an image overlap of more
than 60%. From 246 acquired images, 3D point clouds and an accurate 3D surface model
(DSM) were made. The authors of [162] analyzed the stability of a slope with a block rock
massif using the lidar Leica ALS80-HP and UAV Phantom 4. The authors of [163] deployed
UAV in the mining area. They created a digital elevation model (DEM) for the area in the
northwestern part of India, in the city of Chittorgarh. Where it is not possible to obtain
direct contact measurements due to terrain or safety restrictions, a UAV equipped with a
LiDAR, or a digital camera, is used to check the stability of slopes. Slope stability control
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should serve to mitigate economic losses, property damage, environmental degradation,
and severe injuries or deaths. Both methods are effective for monitoring slope stability,
but the authors more often use UAV photogrammetry. The advantage of photogrammetric
methods is their low purchase price and the high density of point clouds.

Geology is another area where UAV technology is frequently used. The authors [164]
used photogrammetric data outputs to create a 3D model of the geological structure in the
Lehotka pod Brehmi perlite deposit in the Ziar nad Hronom district using a Phantom 2
Vision+ UAV and 14 Megapixel FC200 camera. From a flight height of 35 m AGL, 58 images
were made and georeferenced using 18 GCP. The study [165] used an AustroDrones X18
multicopter equipped with a Sony Alpha 7R camera for engineering geology applications
in the Saigesbach basin, Sellrain valley, in the Alps of Austria. In total, 640 images were
acquired in two flights. They deploy also Multiplex Mentor fixed-wing UAV with a Sony
NEXS5 camera that collected 4000 aerial images during four flights. The UAV images were
processed in Agisoft Photoscan. The resulting ortho-mosaics reached a GSD of 0.02 m when
imaging the valley and 0.08 when imaging the basin. For DSM, the GSD value was 0.05 m
when imaging the valley and 0.20 m when imaging the basin. Tziavou et al. [166] carried out
structural geological mapping of a sedimentary outcrop in South Ayrshire (Scotland). They
used a UX5 HP fixed wing and a TRIMBLE ZX5 hexacopter, which produced the resulting
ortho-mosaics of the study area. High-resolution photographs that can be transformed
into digital models of the outcrops [167,168] are most suitable for geological purposes. The
authors of [168] tracked outcrops within Dinosaur Provincial Park using a senseFly eBee
fixed-wing UAV with an 18.2 megapixel Sony WX220 digital camera and created 3D models
using Pix4Dmapper software. Tracking dikes and outcrops making point clouds and 3D
models using data collected by the UAV were also addressed in [169]. The authors of [170]
analyzed the geological hazard in Stara Baska on the island of Krk, Croatia, using a DJI
Phantom 4 Professional UAV. In the field of geology, the SfM method is most often used to
create a 3D model of a geological structure, for engineering geological applications and
geological mapping, but also for the prediction of geological hazards. The SfM method
obtains high-resolution photographs, from which 3D digital models or ortho-mosaics are
subsequently generated. In the field of geology, the StM photogrammetric method is
currently the most effective and popular.

The use of UAVs has also opened new frontiers of observation in hydrology. The
authors of [171,172] have used UAVs to observe stream flows. They engage hydrologi-
cal modeling through the DEM of stream bathymetry with water level estimation. The
authors of [173-175] have mounted miniature lidar systems on UAVs to estimate water
level and bathymetry. They achieved a measurement accuracy of several centimeters. In
reference [176], the author used a UAV to monitor the flow restoration of the Hostivicky
Brook in Prague, Czech Republic, using a D]JI Inspire 1 Pro platform with a DJI Zenmuse
X5 camera, which produces images with a resolution of 4608 x 3456 pixels. The acquired
data were used to generate a dense point cloud, a digital surface model (DSM), and an
ortho-mosaic. In the publication [177], the authors used a UAV multi-copter carrying a
Sony alpha 7R camera to monitor and reconstruct the topography of the Jyoge River in
Hiroshima Prefecture, Japan. From a flight height of 100 m, with a forward overlap of
90%, a lateral overlap of 50-60%, and a flight speed of 4 m/s, they acquired a series of
aerial images, which they processed in Pix4D Mapper to produce an ortho-mosaic and
a DSM of the river channel morphology. In hydrology, UAV photogrammetry is used in
the same way as lidar technology is used to estimate the water level or reconstruct the
topography of the river. The use of lidar is based on information about signal intensity.
From the water surface, the signal reflectivity is very low; therefore, the resulting point
cloud models drop out, and it is very easy to detect the boundary between water and land.
With UAV photogrammetry in hydrology, complete surface images are captured from the
camera, and a DSM or ortho-mosaic is then created. The choice of method depends on the
observed territory, finances, or the resulting output.
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6.2.5. Non-Surveying Applications

The advantage of using UAV technology to make photographs [178-180], video record-
ings [181,182], or cinematography [183,184] consists in the possibility of exploring and
capturing territories and areas with high flexibility and range while producing long con-
tinuous shots at a reasonable cost. Imaging ranges are from a few centimeters to more
than 100 m. Flener et al. in [178] used a Maxi-Joker 3DD minicopter with a 12.3 megapixel
Nikon D5000 camera to create continuous, high-resolution digital terrain models (DTM) of
river channels and their floodplains. The authors of [179] used a DJI Phantom 3 Advanced
UAYV with a SONY EXMOR 1/23” sensor to map tree heights and tree canopies. Zhang
et al. [180] created 3D models of buildings based on images acquired by a QingTing-55
quadcopter. The work [182] produced a video preview of a peatland east of Ottawa, ON,
Canada, using a Canon PowerShot G11 camera mounted on a Hirobo SDX Radio Control
helicopter. For the purpose of taking photos and video recordings, the best option is to
use UAV photogrammetry. This method meets all requirements related to the detail and
quality of the display of the Earth’s surface and various objects and phenomena on it.

UAYV technologies are now being used in disaster management, rescue operations, and
public safety surveillance. Using UAVs, large-scale operations can also be safely carried
out with higher efficiency. Rescue forces can avoid danger and save a lot of time and
costs since UAVs offer real-time imagery of critical locations and, by thermal detection,
reveal movement even in dense vegetation [185]. The authors used a High One Drone UAV
quadcopter with The Flir Vue Pro 336 camera. UAV technology can speed up decision-
making and refine the disaster site’s localization. The issue of the use of UAVs in rescue
operations is also addressed by Sun et al. [186], Zimroz et al. [187], and Lygouras et al. [188].
For search-and-rescue purposes, they used the [186] X-UAV Talon 4, on which a GoPro
HERO camera was installed. The GoPro HERO 4 camera was set to video mode with a
resolution of 1920 x 1080 pixels. As a result, 2200 photographs were segmented, and an
ortho-mosaic model and point cloud were produced. Zimroz et al. [187] discussed the
applications of UAVs in search-and-rescue operations in an underground mine. Their
study used a DJI Mavic Mini UAV, which was manually controlled and equipped with a
microphone to detect humans. I addition, in [188], the authors used a six-rotor Rolfer UAV
with a 1920 x 1080 HD GoPro camera to detect humans. For fully autonomous navigation of
the UAV and automatic detection of humans in danger, the embedded graphics processing
unit platform Nvidia Jetson TX1 was used. The authors of [189] used the Talon and Liu
X-UAV platform for search-and-rescue purposes. The authors of [190] addressed emergency
recognition in the wilderness using the UAV with a Parrot Sequoia+ multispectral camera in
Biatorbagy, Hungary. Cho et al. [191] used UAVs in maritime search-and-rescue operations.
In the field of search and rescue, we recommend the use of lidar technology in areas with
dense vegetation or in the wilderness. However, in open space, a better method is UAV
photogrammetry, which, using a camera or microphone, can detect swimmers in open
water and can be effective in emergency search-and-rescue operations.

Currently, UAV technology is also used by military units. The authors of [192] used
UAVs for the surveillance of geographic regions and to monitor them for security reasons.
UAUVs are used for strategic and tactical needs [193-195], simulations [196], surveys [197],
and espionage, without the military risking any human lives. UAVs are used in military
conflicts to transport and drop bombs and missiles. So-called flying munitions UAVs
(also known as kamikaze UAVs), which serve as weapons, are also increasingly frequently
used. UAVs are also suitable for land mine clearance when they use hyperspectral imaging
technology to quickly identify landmines buried in the ground. With the expansion of
UAV technology, their misuse for illegal activities such as jamming, information leakage,
or espionage is increasingly occurring. UAVs are also directly used in military operations,
where they can be damaged or destroyed; therefore, we recommend using the cheapest
possible camera sensor for these purposes.

UAUVs are also used to inspect power lines and pipelines [198-203]. The article [198]
used a DJI Phantom 4 PRO V2.0 UAV to detect abnormal vibration of dampers on portable
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power lines. During flight, a distance of 10 m from power lines and transmission towers was
maintained. In the article [199], the authors discussed the application of UAV technology to
inspect power lines that were imaged at a low height. A 16.5 km long section was selected
for this research in Yichang, China. A fixed-wing UAV with a Nikon D810 digital camera
was used to acquire images. In total, 1066 images were acquired, with a GSD accuracy of 3.5
cm. The authors in the article [200] described a new sensor package designed for micro- or
mini-UAVs. This package can include a laser scanner, camera, IMU, and other sensors that
can vary according to the requirement and application. Hokuyo (30LX) and Sick LD-MRS-
400001 on the md4-1000 UAV were also investigated. The authors of [201] dealt with the
design of a safe flight approach (SFA) of UAVs in controlling power lines. The authors of the
article [202] discussed the development of a platform that provides control of UAVs when
inspecting overhead transmission lines. This platform has already been applied in Tianjin,
China, where it achieved excellent results. The article [203] proposes a complementary
attitude data system based on augmented reality tags (AR Tags) to enhance the reliability of
the UAV flight-attitude-determination system, making the results positive. The positional
accuracy of the UAV was increased. The results of these studies confirm that UAV lidar
technology can locate obstacles in the power line corridor with high accuracy (£0.5 m). The
testing of this UAV confirmed its effectiveness in the inspection of electrical lines and the
very control of the distribution of electrical lines to ensure the safety of operation.

UAV technology is currently used in everyday life in almost every scientific, technical,
and non-technical discipline. UAVs have revolutionized every industry and are also used
in a wide range of applications for civil, commercial, and military purposes. UAVs are most
commonly applied in the sectors displayed in Figure 3 and summarized in Table 9.

Table 9. Summary of applications.

Applications References
Mapping and surveying
Terrain mapping and modeling [59,64,69-73]
Underground and surface karst areas [6,74-79]
Mining [80-86]
Real estate cadastre [87-93]
Industry [94-100]
Architecture [101-107]
Environmental activities
Agricultural [108-114]
Forestry [60,63,64,66,80,115]
Counting wild plants and animals [117-123]
Documentation of historical heritage
Documentation of historical monuments [124-130]
Archaeology [131-137]
Natural hazards and geohazards
Geohazards [58,138-142]
Volcano [143-149]
Landslide [150-156]
Stability of slopes [157-163]
Geology [164-170]
Hydrology [171-177]

Non-surveying applications

Aerial photography and videography

[73,178-180,182-184]

Search and rescue [185-191]
Military [192-197]
Checking electrical lines and pipes [198-203]
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6.3. Discussion on UAV Carriers, Sensors, and Software

We further divided the articles and literature that we studied in this publication
according to the UAV carriers (Table 10), the type of sensor (Table 11), and the software
that was used in data processing (Table 12). Most authors use the UAV DJI Phantom Pro
for scientific purposes, but UAV DJI Phantom 4 and UAV DJI Mavic are also very common.
Canon and Sony cameras are the most used digital cameras. The Velodyne lidar scanner
is most commonly used for lidar data acquisition. Finally, the authors most often used
Agisoft products and Pix4D software for data processing.

Table 10. Classification by UAV carrier.

UAV References
DJI Phantom 4 Pro [59,61,69,71,77,79,89,107,108,115,127,129,142,161,170,198]
DJI Phantom 4 [58,82,103,120,135,138,157]
DJI Phantom 3 [68,78,80,93,131,137,179]
DJI Phantom 2 [73,131,159,164]
DJI Mavic [94,100,104,129,131,148,187]
DJI Matrice [96,109,110,115,116,151]
DJI Inspire [62,119,176]
3DR Solo [60,105,120]
Droidworx Skyjib Oktokopter [63,66]
DJI S1000 [81,88]

Table 11. Classification by sensor.

Sensor

Type of Sensor

References

Canon EOS

digital camera

[63,87,103,106,111,126,156]

Canon PowerShot

digital camera

[101,120,146,147,182]

Sony Alpha digital camera [125,132,135,150,165,177]
Sony EXMOR digital camera [68,93,168,179]
Sony ILCE digital camera [81,87,88]

DJI Phantom 4 integrated camera

digital camera

[58,82,103,120,135,138,157]

(12,4 MP)
DJI Phantom 4 Pro integrated digital camera [59,61,69,71,77,79,89,107,108,
camera (20 MP) 115,127,129,142,161,170,198]
DJI Zenmuse digital camera [62,88,110,119,148,176]
Nikon digital camera [70,91,101,178,199]
GoPro digital camera [102,105,131,186,188]
Parrot Sequoia multispectral camera [59,60,64,69,190]
Panasonic digital camera [119,154]
Velodyne lidar [64,67,96,107,116]
Leica lidar [76,103,158]
Riegl VUX lidar [65,96,116]
Ibeo LUX lidar [63,66]
Odroid XU4 lidar [109]
LiteMapper lidar [147]
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Table 12. Classification by software.

Software References
Pix4D [77,79,82,104,107,137,168,177]
Agisoft Photoscan [63,74,101,106,142,165]
Agisoft MetaShape [58,61,62,74]
Autodesk, Autodesk ReCap [104,106]
COLMAP [106]
LiDAR360 [64,106]
QGIS [137]
RiSCAN PRO [101]

6.4. High-Frequency Keyword Analysis

For analysis of scientific studies filling the references of this review, 156 different re-
search publications indexed in the Web of Science (WOS) were chosen. In total,
538 keywords were obtained, which were subject to further processing. The main themes
of the analysis of the common occurrence of the keyword were the use and application
of UAVs. The results of the systematic analysis of keywords helped us better understand
the development and further direction of research in this field. With this approach, we
wanted to identify the power of links between keywords and the number of analyzed
documents. The same approach was also used by the authors Shi, ].-G. et al. [204]. Through
the Vosviewer interface, the identified network of the common occurrence of keywords was
divided into eight primary clusters (Figure 4). Each keyword in Figure 4 was visualized
through one node using a colored visualization of circle symbols.

Cluster 1 (7 items) laser scanning
d
accuracy AN
= d
cultural heritage 7 orthophoto )
d mapping
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uav monitoring
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Figure 4. Co-occurrence network of high-frequency keywords with colored clusters.
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The size of the node itself varies. It is expressed by a direct linear dependence on the
number of keywords (larger symbols and text mean a higher occurrence of keywords). The
choice of selection condition to recognize the keywords with a frequency of more than
three appearances (threshold) was set in our study. The interconnection between two nodes
creates/indicates a relationship between the specific keywords (Table 13).

Table 13. The keywords information of all clusters.

ID Number Keywords Occurrences Total Link Strength
1 uav 89 112
2 photogrammetry 21 44
3 sfm 18 41
4 lidar 17 27
5 remote sensing 14 25
6 point cloud 10 17
7 drone 8 13
8 dem 6 13
9 tls 6 17
10 monitoring 5 10
11 uav photogrammetry 5 6
12 accuracy 4 10
13 cadastral boundaries 4 10
14 cultural heritage 4 8

15 deep learning 4 6
16 laser scanning 4 8
17 precision agriculture 4 8
18 dsm 3 5
19 forest inventory 3 6
20 gis 3 8
21 image processing 3 5
22 image segmentation 3 8
23 landslide 3 13
24 mapping 3 4
25 orthophoto 3 9
26 Sensors 3 1
27 tree height 3 5
28 uav remote sensing 3 1

The processing interface identified 28 keywords (256 occurrences and a total link
strength of 440 on UAVs). The results show that it is probable that there are other research
areas related to the central term UAYV. This result presents the conclusion that reflects the
relationship between every important node, theme, and keyword. Circular nodes such as
Photogrammetry, SfM, lidar, and Remote Sensing in UAV binding are the most significant
and co-occurring, presenting a possible further direction in this research field.
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7. Conclusions

This review has discussed and analyzed approaches for documenting, mapping,
surveying, and monitoring diverse natural or artificial objects based on non-contact laser
scanning and photogrammetric sensors on UAV carriers. Studies of terrain and land surface,
buildings and technical objects, archeological and agricultural localities, and many other
aras were included. The advantage of both methods is that they can quickly provide results
with a large number of spatial data, with high accuracy and detail. The basic principles of
laser scanning, photogrammetry, and the main principle of the SfM method, one of the most
modern and advanced methods, were briefly explained. Nowadays, the use of non-contact
methods using UAV vehicles is very popular. They are used for tracking and monitoring
objects on the Earth’s surface in many different applications and fields, such as research,
military, agriculture, architecture, the monitoring of natural processes and phenomena, and
commercial purposes. In this review, the principle of the operation of UAVs and the control
of UAVs have been explained. When choosing the data collection method and the type of
UAV, a surveyor must consider the size of the area to be mapped, the required point density,
positional and height accuracy, the time required, and the cost. We have also addressed
the advantages and disadvantages of using GCP points in surveying and using UAV with
an on-board GNSS RTK/PPK module. In the next sections, we examined the use of UAV
technology from a historical perspective and classified UAVs according to size, range and
endurance, weight, wings, number of rotors, and purpose. The development of UAV
technology also leads to its misuse, so in a separate section, we emphasized legislation and
regulatory rules in selected countries. The last part of the article compared different types
of UAVs in different specific conditions, with varying flight heights, types, and settings of
sensors and environment. In addition, we compared the results based on GSD and RMSE.

In this review, we adopted the terminology according to [205], and we tried to adhere
to it. In the literature cited in the text, the names of UAV carriers and sensors have been
kept in their original notation.
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