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Abstract

Purpose. Analyzing the land disturbance consequences caused by surface mining operations and methods for mapping
these lands, as well as studying the accuracy of point coordinates of digital images obtained from materials of aerial photo-
graphic surveys using Unmanned Aerial Vehicles (UAVS). Performing a quantitative assessment of the Root Mean Square
Error (RMSE) of point coordinates on cartographic images and determining the dependences of the RMSE of point coordinates
on the photogrammetric parameters.

Methods. The review of previous research publications within the framework of the presented subject is performed in the
following sequence: analysis of ecosystem disbalance as a result of surface mining operations; based on previous studies, col-
lecting the data for quantitative assessment of accuracy in the form of RMSE of point coordinates on cartographic images
obtained from the materials of aerial photographic survey using UAVs; statistical study of the relationship between the RMSE
and photographic survey parameters.

Findings. The methods for mapping the disturbed lands to return them to their natural state after the consequences of surface
mining operations are presented, based on a review of previous research publications on the subject of the work. According to
the previous studies, the RMSE of point coordinates of cartographic images has been systematized, and, based on this, the accu-
racy of topographic plans has been determined for them. Statistical studies of the relationship between the quantitative assess-
ment of the RMSE (xy) and RMSE (z) accuracy in relation to the photographic survey parameters have been performed. In addi-
tion, the scattering diagrams of the correlation dependence and the range of RMSE relative frequency have been presented.

Originality. Based on a critical analysis of previous studies on the lack of quantitative accuracy regulation of cartographic
images obtained from aerial photographic survey using UAVSs, the RMSE systematics has been performed in terms of the pho-
tographic survey height. Based on this, the accuracy of topographic plans, the relative frequency of horizontal and vertical
distribution of errors, the mean value X and the root mean square error (o) have been determined.

Practical implications. The systematics of the RMSE values of cartographic image point coordinates for certain photo-
graphic survey parameters and the scale of topographic images makes it possible to take this into account in the project of
aerial photographic survey using UAVs of lands for various purposes, as well as to choose the height and photographic equip-
ment according to the required accuracy.

Keywords: surface mining, cartographic image, aerial photographic survey using UAVs, ground control points, root mean
square error, orthophotomap accuracy

1. Introduction relief structure, pollution of underground and surface water
Mining of mineral deposits occupy a significant place on ~ esources, etc. As a result of surface mining, small artificial
the territory of Ukraine, but surface amber mining has be-  lakes emerge in the form of openings, where water pumps

come the most popular. In the forests of Rivne, Zhytomyr and  directly flood the holes that facilitate the formation of small
Volyn regions, due to illegal mining of amber on forestry ~ lakes [6], [7]. Turkish scientists [8] have developed a meth-
lands, the area of coniferous forests is decreasing and the area ~ 0dology to determine the prospects for land use of disturbed
of disturbed lands in need of reclamation is increasing [1]-[3].  areas to reduce environmental damage, using the example of

Surface mining of amber on forestry fund lands has led to ~ Marble mining in the regions of Antalya, Burdur and Isparta.
irreparable consequences. The vegetation cover has lost the ~ The influence of tin mining on changes in the environment
integrity of the grass cover, as well as the destruction of tree  and natural landscape on the Belitung Island in Indonesia has
plantations and the drying out of the forest stand are taking be(_en studied. Thereforg, all disturbed lands, as WeII_ as areas
place [1], [5]. The damage from illegal mining has affected ~ adjacent to them, which have completely or partially lost
the environment, leading to the degradation of the existing ~ Productivity, caused by surface mining, are subject to recla-
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mation. The latter is important for ensuring and returning
these lands to their natural state [9]-[11].

Taking into account the ecological catastrophe in the
areas of amber mining, the Cabinet of Ministers of Ukraine
in 2017 adopted a resolution approving the “Procedure for
the implementation of a pilot project for reclamation of for-
estry lands disturbed by illegal amber mining”, using the
example of forest areas of the No. 59 division of Dubrovytsia
Forestry in Dubrovytsia District of Rivne Oblast. According
to the data of the report “On environmental impact assess-
ment of reclamation of lands disturbed by illegal amber min-
ing”, the total area of disturbed forestry lands in the No. 59
division of Dubrovytsia Forestry is 71 hectares, and the total
area of disturbed plots is 69.9 hectares, that is, 98% of the
division area (Fig. 1). A significant part of the forestry land
area is disturbed by the use of motor pumps in pits and hy-
drodynamic bell-pits during illegal mining of amber, which
leads to the destruction of the natural landscape [12].
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Figure 1. The location of land plots disturbed by amber mining
within the No. 59 division

At the stage of planning the reclamation works, it is im-
portant to determine the expediency of further use of these
land areas and substantiate the direction of reclamation [13].
Based on the example of a mining site in Liaoning Province,
China, a reclamation strategy has been developed that in-
cludes the land suitability analysis and assessment of ecosys-
tem services. Assessment of ecosystem services helps to
make decisions and implement forestry methods for reclama-
tion of forest areas after technogenic processes caused by
human activities [14].

For the design of engineering structures for reclamation
systems and reclamation projects, it is necessary to have
high-quality topographic and cartographic material that
would make it possible to draw up rational projects for plan-
ning the disturbed lands with the required accuracy. Today,
cartographic images in the form of topographic maps and
plans are obtained using modern methods of the Earth’s
Remote Sensing (ERS), in particular, from Unmanned Aerial
Vehicles (UAVSs), which are an alternative to traditional
methods. In recent years, satellite survey method has been
used to map lands and study environmental changes caused
by surface mining. The satellite survey method is important
for monitoring the lands disturbed by illegal mining, as well
as identifying and tracking of reclamation sites, and as-
sessing changes in soil cover [15]. Monitoring for the dis-
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turbed lands within the No. 59 division of Dubrovytsia For-
estry was performed using multi-temporal satellite survey
method of the Landsat-5TM, Sentinel-2A and Sentinel-2B
series of 2009, 2015 and 2017. As a result, the forest areas to
be recultivated in the first place, and which areas should be
left for natural restoration, have been determined. The re-
strictions in the use of satellite survey method for land map-
ping are the spatial resolution of materials, the cost and time
required to process them, and weather conditions, including
thick clouds. According to aerial photographic survey data
from UAVs, digital elevation models (DEM) with high spa-
tial resolution can be obtained, requiring field inspection to
obtain high-precision topographic materials [16], [17].

Digital terrain mapping is a complex of processes for col-
lecting and processing digital topographic information, form-
ing a digital elevation model in software, which makes it
possible to obtain various analytical and graphical materials.
Digital surface models (DSM) are created in such a way that
it is possible to select from them a model of terrain relief,
building, structure, communication, hydrography, vegetation
cover. Digital information about the terrain can be obtained
in different ways: ground based geodetic method using elec-
tronic tacheometers and Global Positioning System (GPS);
cartographic method, for which ordinary topographic maps
serve as digital information about the terrain. The advent of
small and inexpensive UAVs for aerial photographic survey
has contributed to the development of new methods and
technologies of digital mapping. Aerial photographic survey
using UAVs has an advantage over satellite survey method;
based on satellite survey data, the maps have an overall accu-
racy of 78.1%, and the accuracy of maps based on UAV data
is 92.3%. The data obtained from UAV provide better detail
of topographic images, including relief elements (hills, slopes,
ravines, landslides, orographic lines), for land manage-
ment [18]. Aerial photographic survey using UAV does not
fundamentally differ from photography from manned air-
craft, but it has its own characteristics in terms of its cruising
speed, range of flight altitudes, conducting and installing
main and additional equipment on UAV board. Land map-
ping using UAV is possible only if the geometric parameters
of traditional aerial photographic survey are observed. The
accuracy of such mapping can increase tens of times and be
about a pixel (ground sample distance — GSD) for both con-
ventional aerial photographic survey and satellite survey
method [19]. It is known from traditional photogrammetry
that the accuracy of aerial photographs depends on the pho-
tographing altitude, camera calibration and the accuracy of
the control point coordinates connected with the ground
geodetic network. The cost of mapping using traditional
aerial photogrammetry is very high. Thanks to the introduc-
tion of small-format aerial photogrammetry technology, it
became possible to obtain a digital map from digital aerial
photographs of a small-format camera mounted on a light-
weight UAV platform [20], [21]. Aerial photographic survey
using UAVs has found its use for mapping the forest lands,
monitoring and controlling the expansion of violations from
illegal mining, forestry management, etc. Remote sensing
from UAVs in forestry is still in the experimental stage, but
it is expected to expand rapidly [22].

Over the last decade, a significant amount of research has
been performed on the accuracy of mapping and 3-D mode-
ling based on UAV data. The accuracy and substantiation of
mapping materials is the main requirement for any new
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method of constructing topographic plans, digital surface
models (DSM) and digital elevation models (DEM), includ-
ing aerial photographic survey using UAV [23]. Remote
sensing materials obtained from UAV are important for mon-
itoring, including calculating the volume of soil displaced
during construction and surface mining, studying the patterns
of vegetation development, as well as observing the topo-
graphic changes, including subsidence, erosion and the de-
velopment of streams [24]. The restriction in the Earth’s
remote sensing takes for the accurate identification of small
areas and linear objects, the spatial resolution of a raster grid,
which must be many times more accurate than an object in
order to dtermine its peculiarities in detail. Accurate large-
scale mapping of small, fragmented and linear vegetation
areas depends on their area and extent [25]. Aerial photo-
graphic survey using UAV is used to create digital topo-
graphic plans of settlements at a scale of 1:2000, therefore,
new ways to improve the use of small UAV systems for
aerial photographic survey have been identified in [26]. Re-
cently, digital elevation models (DEM) and orthophotomaps
have been supplied in digital format and used in combination
as an alternative to traditional topographic and contour maps.
Large-scale topographic plans and DEMs are used to draw
up projects for drainage, irrigation, land reclamation for
agricultural and forestry purposes, in the mining and oil
industries, as well as for predicting the hazards in the ecolog-
ical system, which makes their accurate creation very im-
portant [27]-[29].

Land mapping using UAV makes it possible to obtain
high-quality digital cartographic images, if to observe certain
requirements for the process of implementation and setting
photogrammetric equipment for aerial photographic survey,
as well as the image processing algorithm. Aerial photo-
graphic survey using UAV provides spatial and temporal
resolution for mapping and monitoring of natural landscapes
and lands for various purposes. Modern specialized software
makes it possible to automatically obtain DSM and DEM in
the form of a dense 3D cloud of digital points based on aerial
photographic survey data using UAV. Recently, studies on
assessing the accuracy of cartographic images obtained from
UAV data according to the number and distribution of
ground control points (GCP), obtained in the course of work
(VAU-RRK-SfM), have become widespread. Processing of
aerial photographic survey materials obtained from UAV
using Structure from Motion (SfM) software has become
widespread in different countries around the world. The
application of VAU-RRK-SfM makes it possible to obtain
point clouds for a 3D-model based on high-resolution aerial
photographs from UAV. The georeference of the point cloud
to the GCP can achieve an accuracy of up to 25-40 mm based
on images obtained from a flight altitude of approximately
50 m [30]-[33]. Therefore, obtaining the coordinates of
ground control points remains today a very important, but
time-consuming task. Conventional georeference using
GCPs provides reliable positioning, but geometric accuracy
is critically dependent on the number and distribution of
GCPs. Direct georeferencing of images from UAV using a
GNSS differential correction such as PPK (post-processing
kinematics), overcomes these restrictions by providing accu-
rate and directly georeferenced mappings [34]. It is indicated
in the previous studies that with the use of modern equip-
ment and GNSS geodetic sensor on UAV board, pixel accu-
racy of up to 3-5cm can be achieved without
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GCPs [35], [36]. The issue of using the ground control points
(GCP) for georeferencing of cartographic images is still
relevant today. According to a review of publications, many
previous studies are devoted to this problem with different
approaches to its solution [37], [38].

Modern software for digital photogrammetry is capable
of creating digital orthophotomaps and digital maps for both
large-format metric camera and small-format digital camera.
As for the accuracy assessment, it cannot be denied that the
accuracy for a large-format metric camera is higher. During
the review of previous studies, it has been substantiated that
high accuracy can be achieved with a large-format metric
camera compared to the accuracy of a small-format digital
camera. Today, using a small-format digital camera, subme-
ter accuracy can be achieved [21]. In recent years, as can be
seen from the review of publications, previous studies have
shown the validity of assessing the accuracy of cartographic
images obtained from UAV data. From the analysis of previ-
ous studies, it has been found that the quantitative accuracy
is somewhat different, and the accuracy of each individual
research differs from the other. In the presence of a signifi-
cant number of the RMSE of point coordinates and photo-
grammetric parameters, it is possible to reveal the actual
RMSE range of quantitative accuracy of the cartographic
image point coordinates. The lack of analysis and systemati-
zation of the disparate quantitative RMSEs of point coordi-
nates is the motivation for our research.

Thus, the purpose of this paper is to review methods for
mapping the lands disturbed by mining operations for their
further reclamation and to systematize the RMSEs of point
positions of the cartographic images obtained from UAV ma-
terials, taking into account the influencing factors, and also to
determine the correlation between them based on an analytical
review of previous research publications on this subject.

To achieve this purpose it is necessary to solve the fol-
lowing tasks:

—to review the methods of mapping the lands disturbed
by mining operations;

— to systematize quantitative RMSEs of point coordinates
of cartographic images obtained from UAV materials and
determine the scale accuracy of topographic plans;

— performing a statistical analysis of the ratio between the
RMSE accuracy of cartographic image points and photo-
graphic survey parameters.

Today this task is relevant and requires further research.

2. Materials and methods

When performing the research, the authors use regulatory
legal documents of the state authorities of Ukraine, the mate-
rials of the report “Environmental Impact Assessment” made
by the Institute of Environmental Geochemistry of the Na-
tional Academy of Sciences of Ukraine, a review of research
publications on the methods for accurately mapping of lands
disturbed by surface mining of domestic and foreign authors,
special literature, etc. This research is performed in the fol-
lowing sequence:

—analysis of the accuracy of cartographic images ob-
tained from aerial photographic survey materials using UAV;

—an overview of the factors influencing the accuracy of
digital cartographic images;

—analysis of root mean square errors of cartographic im-
age points and their systematization by flight altitude.
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2.1. Analysis of the accuracy of cartographic
images obtained from aerial photographic
survey materials using UAV

One of the criteria for assessing the accuracy of creating a
digital elevation model based on UAV results is the RMSE of
determining the point coordinates of cartographic images or
the mean deviation of the referencing point coordinates in the
triple overlap area of aerial photographs. In classical photo-
grammetry, the accuracy of the digital orthophotomap mes, is
characterized by the error in measuring the position of the
contour points on the orthophotomap:

2, 2
Myfp = (mesn) + My +(mArMofp) ;

where:

Msn and Mo, — denominator of the scales of the original
photographs and orthophotoplan;

myr — error of orthophotomap images, conditioned by the
influence of the terrain relief;

m: and m,—errors of photogrammetric and geodetic
measurements.

The permissible accuracy of the relief influence m% on
the DEM is determined by the measurement errors and the
permissible orthophotomap error meg° [39].

According to the Instruction for Topographic Survey at
scales of 1:5000, 1:2000, 1:1000 and 1:500, “the maximum
error of planned survey network points (including identifica-
tion marks) relative to points of the state geodetic network
and extensive geodetic networks should not exceed 0.2 mm
at a scale of the plan in open and in the built-up areas, and
0.3 mm in the area covered with trees and shrubs” [40].

The mapping accuracy of aerial photographic survey us-
ing UAV depends on the RMSE accuracy of coordinates of
ground control points, their number and distribu-
tion [41], [42]. For the most part, the RMSE quantitative
accuracy is calculated as the difference between the coordi-
nates of ground control points obtained from processing the
images and the coordinates of these points from field meas-
urements. It should be noted that in order to obtain an accu-
rate orthophotomap and DSM, it is necessary to see this
model stereoscopically, control the digital elevation model
(DEM) using selected points for constructing the relief and
performing metric measurements in absolute project coordi-
nates, etc. At the present stage, stereoscopic observation of
photographs from UAV is implemented in the software algo-
rithms of digital photogrammetic stations (DPS). For exam-
ple, the software for processing the images obtained from
UAV is implemented in PHOTOMOD UAS by Rakurs
Company, which makes it possible to create correct ortho-
photomaps for cartographic purposes [42].

The accuracy of cartographic images improves signifi-
cantly depending on GSD (ground sample distance) resolu-
tion. Since the GSD (m/pixels) of images is calculated rela-
tive to the flight altitude and camera resolution, the vertical
error increases as the GSD decreases [42]. The spatial resolu-
tion (GSD) of the image is higher for a lower altitude and,
vice versa, it is lower for a higher flight altitude. The resolu-
tion from the ground surface of 24 and 50 mm can be
achieved from the UAV flight altitude of approximately 80
and 160 m. Based on the previous studies, it has been re-
vealed that the resolution of digital elevation model (DEM)
is determined not only by the flight altitude, but also by the
software used to process the research data. For example, for

o))
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processing data obtained from UAV, the PhotoScan software
package for computer vision with a height resolution of
10-17 mm is the most effective in flat terrain, while the pho-
togrammetric Rapid Terrain with a resolution of 30-40 mm
has advantages in high-relief terrain [33], [43].

2.2. An overview of factors influencing
the accuracy of digital cartographic images

In a review of most previous research publications, it is
noted that the accuracy of digital surface model (DSM) and
orthophotoplan mainly depends on the quality and stability
of photogrammetric equipment, photographing altitude, im-
age scale, image overlap percentage, number and distribution
of GCP, as well as processing algorithm. Based on a review
of previous research publications, a significant influence on
the accuracy of the constructed DSM has been noted not only
by such factors as the photographing altitude, the number of
planned and high-altitude ground control points, but also by
the accuracy of determining the GCP coordinates. The accu-
racy of topographic images, orthophotoplan and digital sur-
face model depends on the number of GCP, their distribution
over the area and the configuration of the studied object [44]-
[48]. In separate publications, the relationship between the
errors of digital surface model points, their horizontal dis-
tance to the nearest GCP and flight altitude has been
studied [42]. Although sometimes a higher flight altitude
gives better accuracy based on other factors: the presence
and number of GCPs, a geodetic receiver on the UAV plat-
form, the percentage of image overlap, weather conditions
and software for data processing [42], [49]. However, in-
creasing the image overlap percentage has a positive influ-
ence on DSM accuracy, but leads to an increase in the num-
ber of images and the time to process them. Therefore, the
image overlap percentage and scope for processing during an
aerial photographic survey project is a trade-off between
DSM accuracy and time spent for processing [48], [50]. The
difference in time and cost of processing the aerial photo-
graphic survey projects with minimum and maximum image
overlap percentages does not make a big difference in the
survey data [28]. In order to reduce the number of images by
increasing the UAV flight altitude, processing time and not
degrading the DSM accuracy, a method for the radiometric
transformation of images obtained using UAV at a high flight
altitude (500 m) has been studied and compared with photo-
grammetric materials obtained from UAV at a low flight alti-
tude. Such a new approach to studying the influence of radio-
metric transformation on the images obtained from UAV at a
relatively high altitude can overcome the problems with low
flight altitude [49], [50].

2.3. Analysis of root mean square errors
of cartographic image points and their
systematization by flight altitude

The purpose of this paper is to provide a review of the
previous research publications on the accuracy of cartograph-
ic images obtained using UAV in the form of RMSE of point
coordinates. The RMSE of point coordinates is used as a
criterion for assessing the accuracy of cartographic images
obtained using UAV.

Based on the previous studies, it has been revealed that
most often the analysis of digital surface model (DSM) accu-
racy is performed by ground control points, which are recog-
nized on the orthophotoplan to obtain X and Y coordinates,
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and the Z height is found by DSM. In some studies, RMSE
of point coordinates is determined as the difference between
the coordinates of ground control points measured on the
orthophotoplan and those measured in-situ using the ground
method, or as the difference between the referencing points
of the photogrammetric network on different images. As
previous studies have shown, the difference in the control
point coordinates obtained by traditional ground methods and
using aerial photographic survey from UAV does not exceed
1-3cm in plan and 10 cm in height [42]. The research re-
sults [46] have confirmed that the horizontal accuracy of
RMSE xy of point coordinates is not depend on the flight
altitude and terrain relief, and their accuracy increases with
an increase in the number of GCPs. The vertical accuracy of
RMSE z of a point is not depend on the relief, but the flight
altitude and the number of ground high-altitude GCPs have a
significant influence [30], [34], [48]. According to the re-
search results [42], the value of the vertical accuracy of the
digital elevation model (DEM) for flight altitude 300 m is
0.11 m, and for altitude 500 m — 0.15 m. Similar image accu-
racies have been obtained for high and low flight altitude due
to radiometric transformations [49], [50]. According to the
Instruction for Topographic Survey, the mean errors in the
position of GCPs (taking into account the recognition error
on the images) should not exceed 0.1 mm at a scale of the
developed map, and the maximum error should be 0.2 mm.
The maximum errors in determining the coordinates of the
planned GCPs in-situ should not exceed 0.14 mm on the map
scale, and in areas covered with forests or bushes, the maxi-
mum error is 0.30 mm. The mean errors in determining the
heights of GCPs (taking into account the recognition error on
the images) should not exceed 0.1 of the contour interval
height, and the maximum error should not exceed 0.2 of the
contour interval height.

A review of previous research publications on quantita-
tive accuracy has shown that the accuracy of the point posi-
tions for the same flight altitude is different, and the accuracy
of an individual research can differ significantly from the
other. Thus, for example, RMSE in studies [21] for a flight
altitude of 100 m in plan is 0.28 m, and for a flight altitude of
0.32 m, in studies [41], it is 0.02 and 0.04 m, respectively.
The discrepancies are 0.262 in plan and 0.284 m in height,
which do not meet the requirements for photogrammetric
works. In order to substantiate the reliable values of carto-
graphic images obtained from UAYV, it is necessary to have a
significant number of samples for assessing the accuracy of
previous studies. Taking into account the indicated previous
research publications, in particular [22], [34], the RMSE
have been supplemented with preliminary studies [51]-[55].

3. Results and discussion

In order to determine the actual accuracy of point coordi-
nates on cartographic images according to the scale, based on
preliminary studies, quantitative RMSE of point coordinates
and photographic survey parameters have been collected,
which are presented in Table 1. The quantitative RMSE
values and the flight altitude of previous studies have been
grouped to determine correlation dependence between them.
The value of the approximation authenticity (R? and the
correlation coefficient (r) are taken as indicators of statistical
relationship. The statistical studies performed according to
data in Table 1 have revealed that the correlation ratios be-
tween the quantitative horizontal RMSE (xy) and vertical
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RMSE (z) of point coordinates and flight altitude are
rvy =0.86 and r,=0.62, respectively. The correlation de-
pendence of vertical RMSE (z) is less, which can be related
to the number and accuracy of in-situ control points for high-
altitude georeferencing of the network (Fig. 4a, b).
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Figure 5a, b shows that there is no a correlation ratio be-
tween the quantitative accuracy of horizontal RMSE (xy) and
vertical RMSE (z) and resolution (GSD), as evidenced by (R?)
correlation coefficients of rxy = 0.44 and rz = 0.32. This means
that the accuracy of point coordinates is dependent on more
significant factors, such as: the accuracy of determining the
GCP coordinates in-situ and the image processing algorithm.
There is a closer ratio between GSD and flight altitude, the
correlation coefficient is respa) = 0.59 (Fig. 5¢), which is con-
firmed by a review of previous research publications. The
scattering diagram of the vertical accuracy of RMSE (z) rela-
tive to the number of GCPs shows that the results of previous
studies do not show closeness of the ratio (Fig. 5d).

Figure 6 presents a histogram of the relative frequency of
the vertical and horizontal distribution of RMSE obtained
from previous studies of the quantitative accuracy of carto-
graphic images. According to statistical analysis, the vertical
distribution of RMSE (z) for most of the previous studies
ranges from 0.02 to 0.07 m, the mean value of errors is
0.07 m, and the standard deviation (o) of these vertical errors
is 0,=0.05m. The horizontal distribution of RMSE (xy)
ranges from 0.01 to 0.10 m, but the mean value is 0.07 m and
the standard deviation is oxy =0.07 m. In both cases, the
mean values are 0.07, and the standard deviations differ
0, =0.05, and oy =0.07 m, that is, they are different. The
values of these indicators have been influenced by different
instability of RMSE in the sample.
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Table 1. The result of a review of previous studies on quantitative RMSE
of point coordinates of cartographic images obtained from UAV

Qverlapping Scale, height of
images, % Avg RMSE, m section of a relief
UAVs Camera GSD (px) r?elg;]tt’ Ngngk;er 01 :m:nM — References
Px m RMSE RMSE 0.2 mm M-
() @ 0.1-0.2h,m
Ptero E4 Ca”(‘;%ﬁ?,)SSD 0080 80 40 500 14 022 012  1:1000,h=1m [19]
. 0.008 50 12 0017  0.049
Rotary-wing  Canon550D 50e 75 g5 50 10 0056 0075  1:500,h=05m [30]
Octocopter (18MP) 0.008 50 21 0023 0.034
Rotary-wing Canon 550D . —nE
Octocopter (18MP) 0.006 40 24 0074 0062  1:500,h=05-1m [31]
) . Samsung ) _
Fixed-wing 700 oomp) 0025 118 0039 0044  1:500,h=0.5m [54]
60 30 40 10 0283  0.178
1:1000,h=1m
SonyAlpha 60 30 60 10 0.287 0.212 : o
BPLAY® NEXsN 0924 a0 30 g0 10 o284 o287 200007Im o (2]
60 30 100 10 0282 0324 N7
. . Canon IXUS . _
Fixed-wing A61mp) 0035 122 0.50 0.03 1:500,h=05m [55]
Agriculture 0,036 120 0.030  0.028 _ _
land Sony NEXSR 5045 150 0068 0070  -900,h=05m [35]
Supercam- Sony Alpha . &
o250 \Cesooo 0024 80 60 200 16 0077 0082  1:500,h=05-1m [42]
0.036 150 22 0.06 0.10 _ -
Lr)'{?sb'e Sony NEX5R  0.036 200 24 011 014 111588#—_ ool )
0.045 300 22 0.19 026 o nER
. . Canon550D _
Fixed-wing (1SMP) 0.024 120 0.132 0.203 1000, h=1m [38]
Trimble UX5  Sony NEX5R  0.040 100 0020 0040  1:500,h=05m [41]
Gravel quarry ~ Canon S100 0.024 80 0.020 0,020 1:500,h=05m [43]
Fixed-wing (12 MP) 0.050 160 0.040 0,080  1:1000,h=05-1m
Rotary-wing ~ DJI Phantom 3 . _
Ouadeopter Pro(12omp) 0020 15 20 50 0047  0.115 1:500,h=1m [29]
. 0.020 50 10 0053  0.049 _ _
Ejp'rghamom '\(“1'203 &1;))0 0020 80 60 120 15 0049 0070 11158(?#—_ gg{“m [44]
: 0,020 120 20 0047 0056 TV
Rotary-wing Nikon 3100 0,016 50 0.088 0.061 . —nE.
Octocopter (148MP)  0.035 100 0134 o041  +900,h=051m [45]
Rotary-wing Nikon 3100 0.023 90 0.024 0.046 . _
Octocopter (148 MP)  0.023 90 0015 0023  -900,h=05m [50]
Rotary-wing Nikon D3100 . _
Octocopter 14.2) 0037 70 35 120 0035 0048  1:500,h=0.5m [45]
Fixed-wing  Sony A6000  0.025 100 0101  0.087  1:500,h=05-1m [47]
Rotary-wing DJI Phantom ) —nE
Quadeopter 4 Pro (2ompy 0018 65 0040 0050  1:500,h=05-1m [52]
Fixed-wing IXCE-QX1  0.025 80 0013 0011  1:500,h=05-1m [9]
UAC-PPK- SLR (EOS  0.063 45 8 0023 0026 . e
Sfm Action (GoPro)  0.031 45 8 0013 0026 o00.h=051m — [3]
Rotary-wing  ~on005110 0035 100 0119 0129  1:500,h=05-1m [33]
Quadcopter
Fixed-wing 0.038 70 0.040  0.037
and Qcto- ILCE-QX1  0.027 120 0075 0052  1:500,h=05-1m [51]
copter 0.027 150 0.100 0.060
. 0.020 65 9 0025  0.055
?f)'rgha”tom N('lifglallgo 0.020 65 11 0028 0055  1:500,h=05-1m [46]
' 0.020 65 18 0.027  0.057
Rotary-wing ~ DJI Phantom 3 ) —nE
Quadoopter Standard 0012 80 60 28 15 0020 0040  1:500,h=05-1m [37]
. 0.040 300 18 0.24 011 .. o
Ricopter (20 MP) 0.030 500 18 0.28 015 1:1000, h =1.0-1.5m [48]

“For the overall analysis, these RMSES are not taken into account because their discrepancy with the others is out of tolerance limit
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Figure 5.

In addition, the quantitative RMSEs of point coordinates
relative to the UAV flight altitude have been systematized,
taking into account the requirements of the Instruction on the
accuracy of positions of cartographic image points (Table 2).
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Figure 6. Histograms of relative frequency of quantitative RMSE:
vertical (a); horizontal (b), constructed on the basis of
collected previous studies

From the statistical analysis of RMSE by UAV flight
altitude, it has been determined that for a flight altitude of
28-90 m, horizontal RMSE (xy) of 0.01-0.05m are most
common (mean value of errors X =0.03 m, standard devia-
tion oy, = 0.02 m) and correspond to the accuracy of a scale
of 1:500, vertical RMSE (z) are from 0.04 to 0.07m
(X =0.04, 6; =0.02 m) and contour interval — 0.5 and 1 m.

Based on statistical analysis, the vertical root mean
square error in most previous studies for a flight altitude of
100-120 m is most often in the range of 0.02-0.05 m, the
mean value of RMSE (z) — X =0.06 m, standard deviation
0, = 0.04, horizontal RMSE (xy) for most studies is 0.02-0.08 m,
X =0.06 and 6,=0.04 m. The standard deviations are the
same, so the values of these indicators are not dependent on
the variability of the data in the sample. The RMSE (xy)
values for a flight altitude of 150-200 m are 0.04-0.9,
X =0.08, 6;=0.03m, and for RMSE (z) — 0.06-0.10,
X =0.06 and 4,=0.03 m, corresponding to the accuracy of
topographic plans of scale 1:500-1:1000 and a contour inter-
val of 0.5 and 1 m. Based on these studies, it should be noted
that 150-200 m are the best flight altitudes for aerial photo-
graphic surveys using UAV.

The relative frequency of accuracy of horizontal
RMSE (xy) at a flight altitude of 300-500 m is 0.19-0.27 m
(X =0.23 and 6;=0.04 m), and the accuracy of vertical
RMSE (2) is from 0.11to 0.21 m, (X =0.16 and o, = 0.07 m),
which correspond to the scale accuracy of 1:2000 and con-
tour interval of 1 and 2 m.
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Table 2. Systematics of RMSE of point positions depending on flight altitude and scale of topographic images

RMSE (xy), m RMSE (2), m Contour interval height, m
. Specified
. Relative . Scale .
altli:tlulgte]t m frequency 0 icr%%alal ' m of topographic Rcelzi)tflvlsl\;rggug)]- Specified: 0.1 h
' of RMSE (xy) PR plans y Maximum: 0.2 h
Maximum: accuracy
accuracy 0.2 mm M. m
0.01-0.05 0.05m 0.04-0.07
30-90 X=0.03 Maximum: 1:500 X =0.04 l\h/la:x(i)r:r?unnqq" %0150’:]
Oy =0.02 0.10m Ty =0.02 e
9 02-0.08 0.05,0.10 m _0 02-0.05 h=05m,0.05m
100, 120 =0.06 Maximum:  1:500, 1:1000 x =0.06 h=1m,0.10m
Oyy =0.04 0.10,0.20 m Oyy = 0.04 Maximum: 0.10, 0.20 m
0.04-0.09 0.05,0.10 m 0.05-0.10 h=0.5m, 0.05 m
150, 200 x =0.08 Maximum:  1:500, 1:1000 x =0.06 h=1m,0.10m
oyy =0.03 0.10,0.20 m oyy =0.03 Maximum: 0.10, 0.20 m
0.19-0.27 0.20m 011021 h=1m,010m,
300, 500 =023 Maximum: 1:2000 x=0.16 h=2m,0.20m
oyy =0.04 0.40m oxy =0.07 Maximum: 0.20, 0.40 m

4, Conclusions

Based on a review of previous research publications, it has
been noted that the mapping of lands disturbed by surface
mining for their further land use is a topical issue for most
countries of the world. These publications analyze the methods
of land mapping, aerial photographic survey and the accuracy
of digital cartographic materials obtained from UAV data.

It has been determined that most of the previous studies
have focused on aerial photographic survey projects using
UAYV, photogrammetric equipment, and image processing
software. At the same time, there is a discussion in studies on
the availability of GCP. In some studies, it is recommended
to use GCP to determine the accuracy of cartographic imag-
es, in others, on the contrary, similar accuracy is achieved
without GCPs. In our opinion, this problem still requires a
thorough statistical analysis.

A review of previous research publications has shown that
quantitative assessments of accuracy vary slightly, and the
accuracy of each individual research differs from the other.
To determine a reliable assessment of the accuracy of point
coordinates from previous studies, a significant number (42)
of the RMSE of point coordinates and photogrammetric pa-
rameters have been collected. Based on this, the RMSEs of
point coordinates by the flight altitude have been systema-
tized. To do this, according to the relative frequency statistical
histograms, the RMSE values have been found, which are the
most common in the sample and taken as the actual RMSE.
On this basis, the accuracy of the topographic plan scale and
the contour interval height has been determined. The mean
values of X and standard deviations ¢ show the constancy or
different variability of RMSEs in the samples. Systematiza-
tion of RMSEs according to statistical analysis has revealed
that the best flight altitude of UAV is 150 and 200 m, for
which the root mean square errors are 0.05-0.09 m. We have
confirmed the statistical dependence of RMSE accuracy and
resolution on the UAV flight altitude, but it has not been
revealed between RMSE of point coordinates and resolution.

For mapping the forest lands and lands disturbed by sur-
face mining, for their further reclamation, decimeter-scale
accuracy can be taken and, therefore, there is no need to use
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expensive geodetic survey methods, aerial or ground-based
laser scanning, and project ground control points.

It is known that the accuracy of topographic plans, digital
surface models (DSM) and orthophotomaps depends on the
accuracy of ground point coordinates of the planned-high-
altitude geodetic network, which is the basis for the deve-
lopment of phototriangulation of an aerial photographic sur-
vey project. However, in view of previous studies, the accu-
racy of determining the coordinates of ground control points
is not classified as an influencing factor, which should be
taken into account in subsequent studies.

Given the variety of information obtained from land map-
ping using UAV and the varying accuracy reported in previous
studies, further research is needed to assess the accuracy of
materials obtained from UAV in geodetic programs.
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Metoau kaprorpagyBaHHs 3eMeJib, HOPYIIEHUX BUAO0YTKOM KOPUCHMX KONAJIMH,
i TouHicTh KapTOrpagiyanx 300paxenn, orpuManux 3 BIIJIA: oraspg

A. 3ycka, A. l'oituyk, B. Ps6uiii, B. Ps6uiit

Merta. AHaii3 HACHIAKIB MOPYLIEHb 3€Mellb, CIPUINHEHNX MMOBEPXHEBUM BHI00YTKOM KOPHUCHHX KOIANWH, 1 METOIIB KapTorpadyBaHHs
IIUX 3eMeJNb Ta JOCHIIKEHHSI TOYHOCTI KOOPJMHAT TOYOK IU(POBUX 300pakeHb, OTPUMAHHX 3a MaTepianamMu aepo(oTO3HOMKH 3 Oe3MiI0T-
Horo JyitansHoro anapaty (BI1JIA). BukonanHs KiTbKiCHOT OLIHKH cepeqHboi kBaapaTHaHoi moxuoku (RMSE) xoopanHaTt To4oK KapTorpa-
(iuHEX 300paskeHb 1 03HaUeHHs B3aeMo3B 513Ky Mik RMSE koopanHaT TO4OK i pOTOrpaMMETpHYHIMH ITapaMeTpaMH.

MeTtoaunka. Orysa HayKoBUX MyOuiKamiii onepeaHiX JOCTiPKeHb B paMKaX MPEICTaBICHO TeMH BUKOHAHO B HACTYIIHIH MOCIIiTOBHOC-
Ti: aHaNi3 MOPYIICHb EKOCHCTHMH BHACIIJOK ITOBEPXHEBOTO BUAOOYTKY KOPHCHHUX KOMAJIMH; 30ip, 32 MONEepeJHIMH TOCHIIKEHHIMH, TaHUX
KIUTBKICHOT OLIIHKM TOYHOCTI y BHIVIAAL cepeqHboi kBaapatudHoi moxubku (RMSE) koopanHat Touok kapTorpadiyHux 300pakeHb, OTpUMa-
HUX 3a Matepianamu aepodorositomku 3 BIIJIA; craTiuctiuune gocmimkeHHs B3aeMo3B’si3ky RMSE ta mapametpis ¢otorpadysanus.

PesyabTarn. [IpencrasiaeHo Metoau KapTorpadyBaHHS MOPYIICHUX 3€MENb A MOBEPHEHHS iX Y IPHPOAHUN CTaH MICIs HACTIIKIB IT0-
BEPXHEBOTO BHIOOYTKY KOPHCHUX KOIAJIHH Ha OCHOBI OTJISAY IMyOJIKaIliil MOMepeaHix MOCTIHKEeHb IOA0 TeMU poOoTH. 3a momnepeaHiMu
JOCIIUKEHHAMH crcTeMaTtn3oBaHo RMSE koopanHaT Todok kapTorpadiuHux 300pakeHb, Ha MiJICTaBl HFOTO BU3HAYCHO TOYHICTH TOIOTpa-
(ivHKEX MUIaHiB. BUKOHAHO CTATHCTHYHI JHOCHIDKEHHS B3a€EMO3B 13Ky KUTbKiCHOI orinku TouHocti RMSE (xy) i RMSE (2) BigHocHO mapame-
TpiB (oTOorpadyBaHHs, MPEACTABICHO JiarpaMy PO3CiIOBaHHS KOPEILILiHHOT 3aJIe)KHOCTI Ta MeXi BiHOCHOT yacToT RMSE.

HaykoBa HoBH3Ha. Ha mifcraBi KpUTHYHOTO aHaIi3y TONEPEIHIX JOCIIUKEHb 00 HeyperyIbOBAaHOCTI KiJbKiCHOT TOYHOCTI KapTor-
padiuHNX 300pakeHb, OTPIMAHHX 3a MaTepiaaMu aepodorositomkn 3 BITJIA, 3a ornsmgoM monepeaHix T0CiikeHb BHKOHAHO CHCTEMATHKY
RMSE 3a Bucororo ¢ororpadyBaHHs, Ha MiICTaBi HFOT0 BU3HAYCHO TOYHICTH TOMOTpadivyHIX IJIaHIB, BCTAHOBJIEHA BiTHOCHA YaCcTOTa TOPH-
30HTAIBHOTO Ta BEPTHKAIBLHOTO PO3IOLTY MOXUOOK, CEpEIHE 3HAYeHHs ( X ) Ta CepeTHE KBaJApaTHIHe BiIXUIEHHS (0).

IMpakTruna 3naynmicTh. Cucremaruka 3HaueHb RMSE koopauHaT To4ok kapTorpadiuHux 300paxkeHb Ui IIEBHUX MapaMeTpiB GpoTo-
rpadyBaHHa Ta MacmTaby TonorpadiuHuX 300pakeHb Ja€ MOMJIMBICTH BPaxXOBYBaTH Iie JUI NPOEKTyBaHHs aepodortosiiomku 3 BITJIA
3eMelb Pi3HOTO MPU3HAYEHHSIM, BHOMPATH BUCOTY TOJIBOTY Ta (oTorpadiuHe 0OaagHaHHS 3TiTHO HEOOXiJHOT TOYHOCT.

Knrouoei cnosa: nogepxresuii 6u0o0ymox, kapmoepaghiune 300padxcenns, aepogomosiiomxa 3 BIIIA, nazemui onopHi mouxu, cepeows
K8aopamuuHa noxuoxa, mouHicme opmopomoniana
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