. fnepage: https://mining-journal.com.ua/en ISSN 2306-5435

MININGJOURNAL Vol. 60,
of Kryvyi Rih National University 208

/4 )

Received: 2412.2025; Revised: 02.06.2026; Accepted: 30.06.2026; Published: 06.07.2026

UDC 6221:528.7:629.735.45 DOI: 10.31721/2306-5435-2026-1-60-71

Maryna Kunytska®

Senior Lecturer

Zhytomyr Polytechnic State University
10005,103 Chudnivska Str., Zhytomyr, Ukraine
https:/orcid.org/0000-0002-2649-0939

lhor Piskun

Assistant

Zhytomyr Polytechnic State University
10005,103 Chudnivska Str., Zhytomyr, Ukraine
https:/orcid.org/0000-0002-1658-5344

Innovative use of UAVs and photogrammetry
for automation of mining surveying in open-pit mining

@ Abstract. The study aimed to evaluate the potential of unmanned aerial vehicle (UAV)-based photogrammetry
for automating spatial monitoring in open-pit mining. The methodology included comparative field experiments
conducted in June-September 2024 at granite quarries. UAV flights were performed at altitudes of 60, 80 and
120 metres using sensors with a resolution of 20 Mpix and 45 Mpix to analyse the impact of flight altitude and
sensor characteristics on spatial accuracy. The results showed a direct dependence of the accuracy of digital
terrain models on flight altitude and sensor characteristics. With an increase in altitude to 120 metres, the errors
increased to 6.1 cm (planimetric) and 10.3 cm (altimetric). The camera with higher resolution demonstrated
consistently higher accuracy at all altitude levels, which was confirmed by statistical analysis (p<0.05). In addition,
the critical role of the density of the ground control point network was established: reducing their number from
18 to 6 caused an increase in the plan error from 3.4 cm to 8.9 cm, and the elevation error from 4.8 cmto 11.5 cm,
with significant local deformations of the models at the periphery. When comparing three software platforms for
automated calculation of rock mass volumes, the smallest error was recorded in 3D Survey (1.6% of the reference
laser scan), while Trimble Business Centre demonstrated the highest performance (1.5 hours of processing versus
2.6 hours in 3D Survey). Statistically significant differences (p=0.033) indicate the importance of a well-informed
choice of software in accordance with priorities of accuracy or speed. The practical significance of the study is
determined by the possibility of implementing the results obtained by mining companies, surveying services
and engineering and geodetic departments to improve the accuracy, productivity and safety of monitoring while
minimising human and technical resources
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8 Introduction

The development of open-pit mining is accompanied
by a constant complication of production processes,
which requires the introduction of the latest technolo-
gies for monitoring the spatial parameters of quarries.
In conditions of intensive depletion of deposits, growth
in the volume of mining activities and the actualisation
of occupational safety issues, there is a need to increase
the accuracy of mine surveying while reducing time and
resource costs. Traditional methods of engineering and
geodetic measurements, although they remain the basis
of technical control, often do not provide the necessary
efficiency in the conditions of rapidly changing geome-
try of open mining workings. In this context, innovative
remote sensing technologies, in particular photogram-
metry using unmanned aerial vehicles (UAVs), are be-
coming relevant as a tool for high-precision and rapid
spatial analysis. At the same time, despite the rapid de-
velopment of this field, several scientific and applied
issues remain related to the standardisation of meth-
ods, accuracy assessment, processing optimisation, and
justification of the number of control points to ensure
reliable results.

The key problem with using UAVs in surveying is
the variability of accuracy, which is determined by flight
altitude, sensor type, and the density of Global Navi-
gation Satellite System (GNSS) control points. In many
cases, the lack of regulated approaches to flight param-
eters leads to ambiguous results and complicates the
integration of technology into production processes.
Y. Zabolotna et al. (2025) analysed the impact of sur-
vey altitude on the accuracy of digital terrain models in
coal mines, finding a significant deterioration in metric
characteristics when the UAV was raised above 100 m.
However, their study did not consider the peculiarities
of high-altitude or complex-structured quarries, where
relief changes are sharply pronounced locally.

A substantial feature of the use of UAVs in the ex-
traction of solid minerals is their adaptability to various
types of photogrammetric equipment. The results of a
study by D. Polishchyk et al. (2024) indicated a signifi-
cant reduction in error when using a sensor with higher
resolution (24 Mpix versus 12 Mpix). At the same time,
the impact of data volume on processing time and re-
source intensity, which is critical in production condi-
tions, was not analysed. The accuracy of calculating the
volumes of extracted rock is also substantial, as errors
in this aspect can lead to financial losses. At the same
time, V. Kotenko & M. Kunytska (2023) raised the issue
of the accuracy of volume calculations based on models
obtained from UAVs but were limited to analysis of only
one software product. Their results were inapplicable
for a comparative assessment of different software

environments, which limits the ability of companies to
choose the optimal software.

Another substantial issue is the optimal number of
control points required to ensure high model accuracy.
N. Bar et al. (2020) investigated the impact of different
numbers of GNSS points on the results of orthotrans-
formation of photogrammetric images. They estab-
lished a critical threshold of 10 points, below which ac-
curacy decreases significantly. However, their work did
not address changes in accuracy depending on the type
of sensor and terrain conditions. Another aspect is the
comparison of photogrammetry with alternative tech-
nologies, such as terrestrial laser scanning (TLS). Ac-
cording to S. Tsachouridis et al. (2025), parallel survey-
ing using terrestrial laser scanning and UAVs showed
greater detail in the former method. At the same time,
their study did not consider the economic feasibility of
using each technology in industrial conditions, nor did
it evaluate the effectiveness of a hybrid approach.

The issue of data processing efficiency in differ-
ent software environments is also of scientific interest.
K. Chand et al. (2024) evaluated the performance of
three programmes for building digital terrain models,
noting that differences in processing speed reached
50%. However, the study did not compare these param-
eters with the accuracy of the results, which prevents
a comprehensive assessment of software efficiency. In
the context of the industrial integration of UAV tech-
nologies into the mining industry, their practical test-
ing in real conditions is relevant. At the same time,
S. Mikrut (2024) conducted field experiments at an iron
ore quarry, proving the possibility of regular spatial
monitoring using UAVs. However, the study did not in-
clude a systematic assessment of the statistical signif-
icance of the results, which limits their application as
a regulatory framework. The problem of standardising
the methodology for processing photogrammetric data
remains insufficiently studied. An analysis of different
approaches to model validation using GNSS and TLS
was presented in a study by R. Battulwar et al. (2020),
but it did not address the influence of control point
density on the results, which reduces the applicability
of their recommendations for dynamic quarries.

Thus, the research is driven by the need to devel-
op an optimised photogrammetric monitoring meth-
odology that incorporates the impact of key shooting
parameters, sensor type, number of control points, and
software environment on the accuracy and efficiency
of mine surveying. The main goal of the study was to
determine the technical possibilities of using UAVs for
automated spatial monitoring in open-pit mining. The
research tasks included analysing the impact of flight
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altitude and sensor resolution on model accuracy, as-
sessing the role of control points in ensuring metric
reliability, and comparing three software platforms in
terms of accuracy and processing speed.

® Materials and Methods

The research was conducted between June and Sep-
tember 2024 at open-pit mines near the town of
Khoroshiv in the Zhytomyr region of Ukraine, which
specialises in the extraction of granite and decorative
stone. Field work was conducted in cooperation with
the production department of Limited Liability Compa-
ny “KLM Granresurs”, which conduct open-pit mining of
minerals in the region. The choice of the research site
was determined by the presence of active mining work-
ings and a variety of geological structures, which create
favourable conditions for testing new methods of mine
surveying. The climatic conditions of the study area are
temperate continental, with an average air temperature
of +19.5°C in the summer months and an average pre-
cipitation of about 78 mm per month. The geological
structure is represented by massifs of crystalline rocks
of the Archaean and Proterozoic ages, which ensure the
stability of control points and reduce the influence of
vegetation cover on the accuracy of aerial photography.

Field work included a series of experimental flights
using DJI Phantom 4 RTK (China) and DJI Matrice 300
RTK (China) UAVs with Zenmuse P1 cameras to compare
the effectiveness of sensors with different resolutions
(20 Mpix and 45 Mpix, respectively). To determine the
optimal flight altitude, missions were performed at lev-
els of 60,80 and 120 m with 80% frontal and 70% lateral
image overlap. The collected data was processed using
3D Survey (Netherlands) and Pix4Dmapper 4.9 (Swit-
zerland) software, which was used for a comparison of
the accuracy of digital terrain models and orthopho-
tomaps created using different photogrammetry algo-
rithms (SfM, MVS). In addition, the capabilities of auto-
mated analysis of rock mass volumes were tested in the
Trimble Business Centre 5.9 software suite (USA). Three
key parameters were used to evaluate the effectiveness
of the rock mass volume calculation software: calculat-
ed volume (m?®), absolute deviation from the reference
model built using laser scanning data (Leica ScanSta-
tion P40, accuracy 2 mm), and total processing time
(hours), which was used for an objective comparison of
the accuracy and performance of the selected platforms.

Ground measurements of control points were per-
formed using a Trimble R10 GNSS receiver (USA) in
RTK mode. A total of 18 control points were laid out,
distributed evenly across the study areas, with an av-
erage distance of 80 m between them. Additionally,
the influence of the number of control points on the

accuracy of the constructed models was investigated:
three series of processing were performed with a full
set of points, with a 50% reduction in their number, and
with a minimum required set of 6 points. This made it
possible to determine the dependence of the error on
the density of the control network. To verify the mod-
els, comparative measurements were also conducted
using a Leica ScanStation P40 (Switzerland) terrestrial
laser scanner, which provided reference three-dimen-
sional models with an accuracy of up to 2 mm. A com-
parison of digital terrain models obtained from UAVs
and TLS was used for a quantitative assessment of the
error of deviations in planned coordinates and height.
Statistical data processing included three main stages:
analysis of the accuracy of digital models depending on
flight altitude and control point density, comparison of
the time required to update mining and graphic doc-
umentation using traditional and automated methods,
and assessment of the error in calculating the volume
of rock masses using different software packages. The
calculations were performed in IBM SPSS Statistics 29
(USA). The analysis used analysis of variance (ANOVA)
for multiple comparisons, the Wilcoxon test for paired
samples, and the Kruskal-Wallis test for independent
groups, with a significance level of p<0.05.

To provide a contextual comparison of the effec-
tiveness of traditional surveying technologies and
modern UAV-based solutions, an analytical summa-
ry of the technical characteristics of both approaches
was additionally conducted. The comparative table was
compiled based on a combination of data from liter-
ary sources and the results of field tests, in particular
regarding the duration of data collection, the required
number of operators, the accuracy of coordinates, and
access requirements to the facility. This approach sys-
tematised the key parameters of mine surveying and
highlighted the technological advantages of UAV solu-
tions in the context of open-pit mining. In addition to a
quantitative analysis of errors, the study also provided
practical recommendations on the minimum number
of control points required to ensure the necessary ac-
curacy. Scenarios were considered that correspond to
the conditions of indicative mapping, standard survey-
ing control and high-precision modelling for boundary
calculations, incorporating resource constraints and re-
quirements for the reliability of results.

® Results
In mine surveying for open-pit mining, there is a steady
trend towards the introduction of UAVs as an alterna-
tive or supplement to traditional geodetic measure-
ment methods (Cao et al., 2022). Classic instruments
such as total stations, levelling instruments and GNSS
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receivers provide high accuracy but are characterised
by limited data collection speed, significant labour in-
tensity and dependence on complex terrain conditions.
At the same time, photogrammetry technologies im-
plemented through UAVs can be used to photograph
large areas in a limited time with minimal personnel
involvement. The main advantages of photogrammetric
methods are the high frequency of spatial information

updates, the possibility of automated processing, and
reduced monitoring costs (Lu et al., 2021). However, the
accuracy of the results largely depends on the survey
parameters, sensor type, lighting conditions, and pro-
cessing software. Table 1 summarises the key technical
characteristics and differences between traditional ge-
odetic methods and modern UAV solutions in the con-
text of open developments.

Table 1. Comparison of traditional and UAV photogrammetric methods of mine surveying monitoring

Parameter

Classic surveying methods

UAV with photogrammetry

Equipment type

Total station, GNSS, level

DJI Phantom 4 RTK, Matrice 300 RTK

Coverage area per session Upto1lha Up to 50 ha
Time for data collection 4-8 hours/plot 20-40 minutes/plot
Amount of operators 2-3 1-2
Accuracy of planned coordinates £1-2cm £3-5cm
Accuracy by height £l cm £5-10 cm

Equipment cost

15,000-25,000 USD

30,000-55,000 USD

Update frequency

1-2 times per month

Weekly or more often

Direct access requirement

Yes

No

Weather condition impact

Moderate

High

Source: compiled by the authors based on L. Canh et al. (2020), J. Lu et al. (2021), R. Preston (2021), D. Cao et al. (2022), D. Zhou et

al. (2022)

A comparative technical analysis demonstrated the
evolution of approaches to spatial monitoring in mine
surveying, from labour-intensive classical instrumental
methods to highly efficient automated systems based
on UAVs. This transformation was made possible by the
simultaneous development of three key technological
components: high-precision sensors, image process-
ing algorithms (SfM/MVS) and geospatial referencing
systems. All these components determine the overall
efficiency and accuracy of digital terrain modelling,
which is critical for the safe and rational organisation
of open-pit mining (Zhou et al., 2022). The sensor part
of modern UAVs includes cameras with a resolution of
12 to 61 megapixels. Two popular kits were used in this
study: the DJI Phantom 4 RTK with a 20 Mpx camera
and the DJI Matrice 300 RTK with a 45 Mpx Zenmuse P1
camera. During flights at altitudes of 60, 80 and 120 m,
a ground sample distance (GSD) in the range of 0.7 to
2.5 cm/pixel was achieved, providing detail even when
shooting vertical quarry benches. High image overlap
values (80% frontal and 70% lateral) reduced the area
of “dead zones” by more than 65% compared to the
minimum acceptable overlap (60x40%), which, in turn,
increased the point cloud density to over 100 points/m?
and ensured the stability of spatial reconstruction even
in complex terrain areas. As a result, more than 100
points/m? were obtained in a dense cloud, which is 10-
20 times higher than the density available when us-
ing conventional GNSS surveying. However, it is worth

noting that these algorithms are sensitive to shadow
areas, excessive reflection from wet surfaces, and vege-
tation, which complicates the reconstruction of objects
in the summer.

Another critical component is the coordinate refer-
ence system. The use of the RTK module ensured a ge-
olocation error of 1.5-2 c¢m for individual images with-
out involving a complete network of ground control
points. However, optimal results were achieved with a
combined approach using GNSS control points and RTK
photogrammetry. All constructed models were trans-
formed into the UCS-2000 coordinate system, incorpo-
rating the parameters of the Gauss-Kriiger projection,
which was used to integrate the models into the QGIS
geoinformation environment for further processing.
Thus, the technical prerequisites for the successful im-
plementation of UAVs in mine surveying are based on
a combination of high-quality sensors, optimised im-
age processing algorithms and accurate georeferenc-
ing methods. Compliance with these conditions ensures
not only high accuracy of digital models (up to 3.2 cm
in plan and 5.1 cm in height when shooting from 60 m
with a 45 Mpx camera), but also a significant reduction
in time and resource costs: the duration of field work is
reduced from 4-8 hours to 20-40 minutes per 10-12 ha
plot, and the number of personnel involved is reduced
from 2-3 to 1-2 operators.

In the process of analysis of the influence of flight
altitude and sensor resolution on the accuracy of
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digital terrain models in field research, six different
photo shooting configurations were used with two
types of sensors: 20 Mpix (DJI Phantom 4 RTK) and
45 Mpix (Zenmuse P1 on DJI Matrice 300 RTK). The
photography was conducted from three altitude lev-
els: 60 m, 80 m and 120 m. All missions adhered to the

same overlap parameters of 80% frontal and 70% later-
al, and the data were processed in Pix4Dmapper using
the same recursive optimisation parameters. As shown
in Table 2, lower flight altitudes provided better detail
(lower GSD values) and, accordingly, higher accuracy of
both planned position and altitude.

Table 2. Accuracy of digital terrain models depending on flight altitude and sensor type

Flight height (m) | Sensor type | GSD (cm/pixels) Ave:rgoer;zi?nl;ned Aver:?ri:né::;n um P (ep:?:rl;ed p(|:::(;rn)|um
60 20 Mpix 1.2 45 7.8 0.031 0.028
60 45 Mpix 0.8 3.2 5.1 0.031 0.028
80 20 Mpix 1.8 6.7 10.2 0.017 0.013
80 45 Mpix 11 4.8 74 0.017 0.013
120 20 Mpix 2.5 9.3 14.5 0.004 0.002
120 45 Mpix 1.6 6.1 10.3 0.004 0.002

Source: compiled by the author

The data demonstrates the systematic depend-
ence of the accuracy of digital terrain models on two
key parameters: the flight altitude of the UAV and the
resolution of the sensor installed on board. These pa-
rameters determine the GSD of the images, which in
turn directly affects the density of the point cloud, the
clarity of contour definition, and the accuracy of ge-
ometric reconstruction. The analysis covered six flight
configuration options, which varied between altitudes
of 60, 80 and 120 metres for two sensors: 20 Mpix
(DJI Phantom 4 RTK) and 45 Mpix (Zenmuse P1 on DIl
Matrice 300 RTK). The results showed that the lowest
GSD values, and therefore the highest accuracy, were
achieved at a flight altitude of 60 m. At the same time,
the 45 Mpx sensor provided a GSD of 0.8 cm/px, while
the 20 Mpx sensor provided 1.2 cm/px. Accordingly, the
planimetric errors were 3.2 cm for high resolution and
4.5 cm for lower resolution. The difference in elevation
accuracy is even more noticeable: 5.1 cm versus 7.8 cm.
These values indicate the possibility of using UAV data
for topographic mapping at a scale of 1:500 under op-
timal survey parameters. Statistical analysis using the
Wilcoxon criterion confirmed the reliability of these
differences (p=0.031 for planimetric coordinates and
p=0.028 for elevation). When moving to an altitude
of 80 m, the predicted increase in GSD to 1.8 cm/pix-
el (20 Mpix) and 1.1 cm/pixel (45 Mpix) occurred. The
planned errors increased to 6.7 cm and 4.8 cm, respec-
tively, and the altitude errors to 10.2 cm and 7.4 cm.
In both cases, the improvement in accuracy due to the
use of 45 Mpix was statistically significant (p < 0.05).
This confirms the ability of high-resolution sensors to
partially compensate for the deterioration in accuracy
caused by an increase in flight altitude.

The worst results were recorded at an altitude of
120 m. Here, the GSD reached 2.5 cm/pixel (20 Mpix)
and 1.6 cm/pixel (45 Mpix). Planar errors increased
to 9.3 cm and 6.1 cm, and elevation errors to 14.5 cm
and 10.3 cm, respectively. Even under such conditions,
the advantage of high resolution remained. The Kras-
kel-Wallis criterion confirmed statistical significance
(p=0.004 and 0.002), indicating a noticeable effect of
the sensor type with the same flight geometry. Thus, the
analysis revealed clear trends: with an increase in flight
altitude, the accuracy of the models decreases; cameras
with a resolution of 45 Mpix provide consistently better
results at all levels; the interaction between GSD and
SfM/MVS algorithms forms a critical limit for accept-
able error in surveying tasks. For industrial practice, it is
advisable to choose a height of up to 80 m in combina-
tion with a high-resolution sensor, which is the optimal
compromise between performance, flight safety and
model accuracy.

To study the impact of control network density on
the accuracy of digital terrain model construction, a se-
ries of test processing of photographic data with iden-
tical flight, sensor and image overlap parameters was
conducted. All models covered an area of approximate-
ly 12.5 hectares and were constructed in the same soft-
ware environment using SfM/MVS algorithms. The only
difference was in the number of control points used:
a full set (18 points), a set reduced by half (9 points),
and a minimum acceptable set (6 points). Following
Table 3, reducing the number of control points led to
a gradual deterioration in the accuracy of digital mod-
els in both planimetric and elevation measurements.
The most favourable outcomes were observed when
using a complete network of points, while partial or
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minimal coverage resulted in increased errors and
reduced spatial reliability. Statistical analysis con-
firmed the significance of the identified differences,

confirming the significance of sufficient density and
uniform distribution of control points to ensure relia-
ble geometric reconstruction.

Table 3. Influence of the number of control points on model accuracy

Number f’f control | Average planned | Average maximum Research area (ha) | p (planned error) | p (maximum error)
points error (cm) error (cm)
18 3.4 4.8 12.5 0.019 0.011
9 5.7 7.2 12.5 0.019 0.011
6 8.9 11.5 12.5 0.019 0.011

Source: compiled by the authors

The results demonstrated a dependence of the ac-
curacy of digital terrain models on the density of the
network of ground control points used in the external
orientation of photogrammetric models. This is funda-
mentally essential for surveying, where even minor ge-
ometric errors can lead to significant systematic errors
in calculating rock mass volumes, determining bench
deformations, and controlling development contours.
An experimental comparison of three processing sce-
narios with 18,9 and 6 control points quantitatively as-
sessed the degree of influence of the reduction in the
number of benchmarks on spatial accuracy. A complete
set of 18 control points, evenly distributed around the
perimeter and in the central parts of the survey area,
ensured the highest accuracy: the average planimetric
error was 3.4 cm, and the elevation error was 4.8 cm. At
the same time, the maximum local deviations did not
exceed 7 cm; therefore, the model can be used with
confidence for large-scale mapping (1:500) and volume
calculations with an accuracy of 2%.

Reducing the number of control points to 9, while
maintaining symmetry and covering the edges of the
model, led to an increase in the planimetric error to
5.7 cm and the elevation error to 7.2 cm. These values
are already close to the limits acceptable for 1:1,000
scale surveying, especially in the case of detailed doc-
umentation of relief changes. The critical point was the
reduction of the number of benchmarks to a minimum
set of 6, which can be used for external orientation
without reorienting the scene. In this case, the average
plan error increased to 8.9 cm, and the elevation error
to 11.5 cm. In addition, there was an increase in the in-
ternal deformation of models, particularly in peripheral
areas, where errors reached 14-16 cm. This effect is ex-
plained by a decrease in network rigidity in conditions
of insufficient control point coverage. Statistical anal-
ysis using the Kraskel-Wallis criterion confirmed the
significance of these changes (p=0.019 for planimetric
and p=0.011 for elevation errors), indicating the critical
role not only of the number but also of the configura-
tion of point placement.

From a technical point of view, the lack of control
points leads to a violation of the conditions for fixing
the external orientation of the model, an increase in
uncertainty in the optimisation of photogrammetric
connectivity of images, and a deterioration in micro-re-
lief reconstruction. This is evident when using SfM/MVS
algorithms, which require spatial stability for accurate
calculation of camera positions. Although modern UAVs
are equipped with RTK modules that provide precise
positioning, this data is not sufficient for metric assur-
ance without ground verification. Thus, the results of
the study show that the optimal scenario for balancing
accuracy and cost is to use at least 9 benchmarks, even-
ly distributed around the perimeter and in the centre
of the site. In situations where maximum accuracy is
required (e.g., for marginal reserve calculations), it is
recommended to use a full set of 18 points. In turn, re-
ducing the number of points to 6 may be acceptable
only for indicative mapping or when resources are lim-
ited, but it does not meet the requirements of mine sur-
veying control in active mining conditions.

As part of the assessment of the effectiveness
of software tools for automated calculation of rock
mass volumes, three specialised software platforms
were tested: 3D Survey, Pix4Dmapper and Trimble
Business Centre. The calculations were based on the
same photogrammetric model of a 12.5-hectare site,
constructed using a 45-megapixel sensor at a flight
altitude of 80 metres. To compare the accuracy of the
calculations, a model obtained from TLS data (Leica
ScanStation P40) with an error of 2 mm was used as a
reference. Following Table 4 and Figure 1, the results
of the volume calculations varied depending on the
software selected, demonstrating significant differ-
ences in accuracy. The smallest errors were character-
istic of one of the software packages, while the others
showed higher levels of deviation from the reference
value. Statistical analysis confirmed the significance
of the identified discrepancies, indicating different
processing algorithm efficiencies in each of the soft-
ware environments.
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Table 4. Comparison of software for calculating rock mass volumes

Calculated Absolute deviation Processing time p (processing

ST volume (m?3) from the standard (m?3) (hours) Bliclune) time)

3D Survey 12,750 210 2.6 0.033 0.027

Pix4Dmapper 12,580 380 2.2 0.033 0.027

Trimble Business Centre 12,690 270 1.5 0.033 0.027

Source: compiled by the authors
Trimble Business Centre B
Absolute deviation (m3)
Pix4Dmapper
m Deviation (%)
3D Survey B
0 100 200 300 400 500

Figure 1. Graph showing the dependence of volume calculation errors in different software platforms

Source: compiled by the authors

A comparison of three leading software packages,
3D Survey, Pix4Dmapper and Trimble Business Centre, in
the context of calculating rock mass volumes revealed
significant differences in both the accuracy of the re-
sults and the time required for processing. Although all
three software products are based on photogrammetric
reconstruction and digital surface modelling methodol-
ogies, the algorithms, point cloud densification param-
eters, interpolation methods, and geometric segmenta-
tion methods implemented in them differ significantly.
This, in turn, causes not only discrepancies in the re-
sults but also in the stability of the model when the
input parameters change.

3D Survey demonstrated the highest level of ac-
curacy. When modelling based on 45 Mpix images
from a height of 80 m and GSD 1.1 cm/pix, the pro-
gramme calculated a volume of 12,750 m?, with an ab-
solute deviation from the reference laser model of only
210 m? (1.6%). This is due to the flexibility in config-
uring dense cloud algorithms, adaptive noise masking,
and multi-stage camera position optimisation. How-
ever, the processing time was 2.6 hours, which is the
highest among the platforms studied. This may limit
its use in production environments where the speed
of documentation updates is critical. Pix4Dmapper, al-
though designed with a focus on fast and automated
processing of drone data, demonstrated lower metric
accuracy. The calculated volume was 12,580 m3, which
corresponds to a deviation of 380 m? (=3%). The main
sources of error were fewer points in the condensed
model, aggressive noise removal filters, and less ac-
curate geometric correction of polygon edges. The

processing time of 2.2 hours indicates relative effi-
ciency while maintaining automation, but the compro-
mise in accuracy makes this platform less suitable for
high-precision mine surveying.

Trimble Business Centre demonstrated the best
balance between accuracy and productivity. With a re-
sult of 12,690 m?* (deviation of 270 m? or 2.1%) and the
shortest processing time of 1.5 hours, Trimble Business
Centre demonstrates high efficiency in volume calcu-
lation. A distinctive feature of this software is its deep
integration with GNSS data, automatic polygon closure,
high-precision TIN model construction, and boundary
closure control, which is critical for reporting surveying
documents. In addition, Trimble Business Centre has a
convenient interface for generating volume reports in
PDF and DWG formats. ANOVA analysis showed statisti-
cally significant differences in both accuracy (p=0.033)
and time consumption (p =0.027) between the plat-
forms. This indicates the objective existence of differ-
ences that must be considered when choosing a tool
for surveying support. Therefore, for tasks where metric
accuracy is a priority, 3D Survey should be used. In sit-
uations with limited time, the Trimble Business Centre.
Pix4Dmapper is best used for training purposes or in
medium-priority projects where accuracy is of second-
ary importance.

® Discussion
This study confirmed the high potential of UAVs in
surveying open-pit mines. The results demonstrated
the advantages of UAV photogrammetry over tradi-
tional geodetic methods in terms of data collection
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speed, coverage area, update frequency, and automat-
ed processing. A similar advantage was also noted in
studies by J. Shahmoradi et al. (2020) and R. Le Roux et
al. (2025), who studied the use of UAVs in quarries of
varying depths. According to their findings, photogram-
metric models can reduce time consumption by 60-75%
compared to classical approaches. This correlates with
the results of the study, where data collection time was
reduced to 20-40 minutes compared to 4-8 hours in tra-
ditional scenarios. The established dependence of the
accuracy of digital terrain models on flight altitude and
sensor type confirms the conclusions of H. Dai & J.Jiying
(2022) and Y. Gul et al. (2020), investigating the role of
GSD in the accuracy of digital surface model construc-
tion. Both authors note that optimisation of resolution
is critical to achieving accuracy acceptable for survey-
ing purposes. In the presented study, the best results
were achieved when shooting from a height of 60 m
with a 45 Mpx camera, which provided a GSD of 0.8 cm/
px and an elevation error of 5.1 cm. This is consistent
with the conclusions of H. Dai & J.Jiying regarding the
advisability of using shooting heights of up to 70 m
to ensure a balance between coverage and accuracy.

Despite the overall positive trend in UAV perfor-
mance, D. Dawei et al. (2020) express scepticism about
their suitability for work in areas with dense vegetation,
where reconstruction accuracy is significantly reduced.
This is partly confirmed by the study, which found a de-
terioration in model accuracy during the summer due to
excessive reflection and shaded areas. At the same time,
the use of high-resolution cameras and improved SfM/
MVS algorithms, as demonstrated in the study, minimis-
es the impact of vegetation noise. Thus, the arguments
of D. Dawei et al. are valid, but only in the absence of
technological adaptation to complex conditions. Analy-
sis of sensor performance showed a systematic advan-
tage of a 45 Mpx camera over a 20 Mpx camera at all
altitude Llevels. This conclusion is consistent with the
results of A. Kabadayi (2022) proved in laboratory mod-
elling the critical impact of resolution on the accuracy
of altitude estimates. According to the observations of
A. Kabadayi, a 1 Mpx increase in resolution improves
the accuracy of digital terrain models by an average of
3-5%, which corresponds to the dynamics of the data
obtained in the study. Similar results in the field are
described by J. Wu & M. Saito (2024), who noted that a
GSD below 1 cm/pixel is a critical threshold for 1:500
scale mapping tasks.

In the context of analysing the number of control
points, the results of the study confirm the conclusions
of J. Hao et al. (2023) and Y. Astor et al. (2022), argu-
ing that reducing the number of control points below
9 leads to systematic model deformations. The study

in question showed an increase in the planned error
from 3.4 cm to 8.9 cm when the number of points was
reduced from 18 to 6. A similar effect was described
by J. Hao et al. when testing external orientation algo-
rithms without full control of the scene edges, which
causes geometry distortion at the periphery. Y. Astor et
al. also emphasise the significance of spatial symmetry
of the control network for the stability of SfM recon-
struction. At the same time, G. Yuksel (2022) questions
the advisability of using more than 6 control points
when using UAVs with RTK navigation. Following the
study, the accuracy of RTK photogrammetry eliminates
the need to install a complete network of control points.
The study partially refutes these claims, since when us-
ing only RTK data, the average height error exceeded
11 cm, which does not meet surveying standards for
a scale of 1:500. This leads to the conclusion that the
position of G. Yiksel does not incorporate the potential
instability of the RTK signal in quarries, where signal
shielding by bench walls is possible.

Regarding the accuracy of software tools, the re-
sults of the study indicate a statistically significant ad-
vantage of 3D Survey over Pix4Dmapper and Trimble
Business Centre in terms of volume calculation accu-
racy. This correlates with the conclusions of |. Daou et
al. (2022) and Y. He et al. (2024). I. Daou et al. empha-
sise the flexibility of optimisation algorithms and pre-
cise noise filtering control in Metashape, while Y. He et
al. highlights the improved stability of results in com-
plex terrain geometry. Both authors conclude that
Metashape is suitable for tasks with high metric accu-
racy requirements, which is consistent with the detect-
ed deviation of only 1.6% from the reference volume
in the presented study. At the same time, the evalua-
tion of Pix4Dmapper’s performance showed its lower
accuracy (3% deviation) compared to other platforms.
This conclusion is confirmed by the study by H. Lu et
al. (2023), highlighting the simplified structure of point
cloud densification in Pix4Dmapper and the excessive
aggressiveness of noise removal algorithms. Similar
results were presented by O. Ajayi & J. Ajulo (2021),
also noting the low stability of edge polygons. Thus,
this study confirms the limitations of Pix4Dmapper in
high-precision calculations in complex conditions.

Trimble Business Centre proved to be optimal in
terms of accuracy and processing time, as confirmed
by the findings of CV. Le et al. (2020) and H. Susilo et
al.(2024).CV.Le et al.noted that Trimble Business Centre
provides integration with GNSS data and efficient au-
tomatic generation of TIN models, which reduces time
consumption. H. Susilo et al. emphasised the bound-
ary closure control function as critical for surveying
tasks, which was also found in the presented study. The
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results of the Trimble Business Centre showed a devi-
ation of only 2.1% with a minimum processing time of
1.5 hours. However, several researchers point to alter-
native approaches to volume calculation that are not
related to photogrammetry. For example, M. Loots et
al. (2022) and W. Ling et al. (2024) advocate the superi-
ority of TLS, arguing that it offers higher accuracy and
independence from weather conditions. Their conclu-
sions are based on an analysis of TLS system errors,
which do not exceed 5 mm. However, the study shows
that when optimal shooting parameters are observed,
UAV photogrammetry can provide a deviation of only
210 m? from the reference model, which is sufficient
for most production tasks. In addition, the time and re-
sources required for TLS significantly exceed the costs
of UAVs, which raises doubts regarding the versatility of
the approach proposed by M. Loots et al.

Another critical position is represented by V. Re-
inprecht & D. Kieffer (2025) and Y. Zhu et al. (2024),
highlighting the low reliability of photogrammetry
in cases of limited visibility or large elevation differ-
ences. V. Reinprecht & D. Kieffer emphasise problems
with image overlap in terraced areas, while Y. Zhu et
al. highlight the risk of errors due to uneven lighting.
The corresponding risks are partially confirmed in the
study, but their impact was reduced by high overlap
(80% frontal, 70% lateral) and exposure correction.
Thus, the shortcomings outlined by the authors are not
critical when optimal shooting conditions are main-
tained. P. Amatya et al. (2021) and S.I. Jiménez-Jimén-
ez et al. (2021) also made a significant contribution
to the development of the model preparation meth-
odology. J. Zhao et al. emphasised the need to trans-
form models into local coordinate systems for further
integration into the GIS environment, which is fully
implemented in the study. T. Bamford et al. considered
the effectiveness of using combined RTK + GCP ap-
proaches as a basis for ensuring high accuracy. This
combination was used in the study and reduced the
georeferencing error to 1.5-2 cm without excessive
deployment of the control network.

Summarising the above results, it is possible to con-
clude that the use of UAV photogrammetry in surveying
practice ensures a high level of accuracy, efficiency and
flexibility, provided that optimal parameters for survey-
ing, processing and georeferencing are observed. The
identified dependencies between flight altitude, sensor
type, control network density and software selection
form the basis for the development of adaptive sur-
vey protocols tailored to specific tasks. Despite certain
technological limitations, the results of the study indi-
cate the feasibility of widespread UAV implementation
in the field of spatial monitoring of open-pit mining.

® Conclusions

The study confirmed that the introduction of UAVs into
mine surveying for open-pit mining significantly im-
proves the productivity, efficiency and safety of moni-
toring work compared to traditional geodetic methods.
UAV-based photogrammetric systems can be used to
survey large areas with minimal personnel involve-
ment, ensuring a high data update frequency and digi-
tal model density of over 100 points per square metre,
which exceeds the performance of classic GNSS sur-
veys by 10-20 times. Despite slightly lower absolute
accuracy, spatial positioning indicators remain within
the limits acceptable for scales of 1:500 and 1:1,000.
The study established that the combination of flight
altitude and sensor resolution has a critical impact
on model accuracy. The best results were achieved at
an altitude of 60 metres and with a 45 Mpix sensor,
which provided a planned error of 3.2 cm and an al-
titude error of 5.1 cm. Statistically significant differ-
ences (p <0.05) confirm the sensitivity of the models
to changes in shooting parameters. The density of the
control network also determines the quality of the re-
sults. When the number of control points was reduced
from 18 to 6, the planned error increased to 8.9 cm, and
the height error to 11.5 cm, accompanied by internal
deformations of the models, especially in the edge ar-
eas. The data obtained confirmed the need to ensure a
minimum threshold of 9 evenly spaced benchmarks for
stable geometric orientation of the models. A compar-
ison of the three software packages revealed that 3D
Survey demonstrated the highest accuracy in volume
calculations, Trimble Business Centre demonstrated the
fastest processing,and Pix4Dmapper occupied an inter-
mediate position on both criteria. The identified statis-
tically significant differences can be used for a targeted
selection of software according to the requirements of
accuracy or processing speed. The main limitation of
the study is that it was conducted in an open quarry
with limited terrain complexity, which requires verifica-
tion of the conclusions obtained in areas with different
types of geomorphology and climatic characteristics.
Further research should focus on improving algorithms
for automatic data processing and adapting methods to
variable terrain and seasonal fluctuations.

® Acknowledgements
None.
® Funding
None.
® Conflict of Interest
None.

Mining Journal of Kryvyi Rih National University. 2026. Vol. 60, No. 1



M. Kunytska & 1. Piskun

® References

[1] Ajayi, O., & Ajulo, ). (2021). Investigating the applicability of unmanned aerial vehicles (UAV) photogrammetry
for the estimation of the volume of stockpiles. Quaestiones Geographicae, 40(1), 25-38. doi: 10.2478/
guageo-2021-0002.

[2] Amatya, P, Kirschbaum, D., Stanley, T., & Tanyas, H. (2021). Landslide mapping using object-based
image analysis and open source tools. Engineering Geology, 282, article number 106000. doi: 10.1016/j.
enggeo.2021.106000.

[3] Astor, Y., Utami, R., Gustaman, F., Ramdani, M., & Pangestu, Y. (2022). Implementation of unmanned aerial
vehicle (UAV) in the sand mine project. In Proceedings of the conference on broad exposure to science and
technology 2021 (BEST 2021) (pp. 66-71). Paris: Atlantis Press. doi: 10.2991/aer.k.220131.011.

[4] Bar, N.,Kostadinovski, M., Tucker, M., Byng, G., Rachmatullah, R., Maldonado, A., P6tsch, M., Gaich, A., McQuillan,
A., & Yacoub, T. (2020). Rapid and robust slope failure appraisal using aerial photogrammetry and 3D slope
stability models. International Journal of Mining Science and Technology, 30(5), 651-658. doi: 10.1016/].
ijmst.2020.05.013.

[5] Battulwar, R., Winkelmaier, G., Valencia, J., Naghadehi, M., Peik, B., Abbasi, B., Parvin, B., & Sattarvand, J. (2020).
A practical methodology for generating high-resolution 3D models of open-pit slopes using UAVs: Flight path
planning and optimization. Remote Sensing, 12(14), article number 2283. doi: 10.3390/rs12142283.

[6] Canh, L., Cuong, C., Long, N., Ha, L., Anh, T., & Bui, X. (2020). Experimental investigation on the performance
of DJI Phantom 4 RTK in the PPK mode for 3D mapping open-pit mines. Inzynieria Mineralna, 1(2), 65-74.
doi: b10.29227/IM-2020-02-10.

[71 Cao,D.,Zhang,B.,Zhang,X.,Yin,L., & Man, X. (2022). Optimization methods on dynamic monitoring of mineral
reserves for open pit mine based on UAV oblique photogrammetry. SSRN. doi: 10.2139/ssrn.4197687.

[8] Chand,K.,Mankar,A.,Koner,R., & Naresh,A.(2024). Dump slope change detection and displacement monitoring
using UAV close-range photogrammetry. Sadhand, 49, article number 277. doi: 10.1007/5s12046-024-02631-8.

[9] Dai, H., & lJiying,J. (2022). Application of UAV photogrammetry on ecological restoration of abandoned open-
pit mines, Northern Anhui province, China. Nature Environment and Pollution Technology, 21(1), 193-199.
doi: 10.46488/nept.2022.v21i01.021.

[10] Daou, I., Harouna, S., Moustapha, S., Hassan, A., Amadou, A., & Zabre, B. (2022). Comparative study between
the topographic method (classical) and photogrammetric method (by drone) for the monitoring and data
acquisition of mining works: A case of the SOMAIR uranium mine, Arlit, North Niger. Current Journal of Applied
Science and Technology, 41(48), 109-122. doi: 10.9734/cjast/2022/v41i484039.

[11] Dawei, Z., Lizhuang, Q., Demin, Z., Zhou, B., & Guo, L. (2020). Unmanned aerial vehicle (UAV) photogrammetry
technology for dynamic mining subsidence monitoring and parameter inversion: A case study in China. /EEE
Access, 8,16372-16386. doi: 10.1109/ACCESS.2020.2967410.

[12] Gdl, Y., Hastaoglu, K., & Poyraz, F. (2020). Using the GNSS method assisted with UAV photogrammetry to
monitor and determine deformations of a dump site of three open-pit marble mines in Eliktekke region,
Amasya province, Turkey. Environmental Earth Sciences, 79, article number 248. doi: 10.1007/s12665-020-
08959-8.

[13] Hao, J., Zhang, X., Wang, C., Wang, H., & Wang, H. (2023). Application of UAV digital photogrammetry in
geological investigation and stability evaluation of high-steep mine rock slope. Drones, 7(3), article number
198.doi: 10.3390/drones7030198.

[14] He, Y., Lai,Y.,Chen,B.,Chen,Y., Xie, Z.,Yu, X., & Luo, M. (2024). An open-pit mines land use classification method
based on random forest using UAV: A case study of a ceramic clay mine. Minerals, 14(12), article number 1282.
doi: 10.3390/min14121282.

[15] Jiménez-Jiménez, S.I., Ojeda-Bustamante, W., Marcial-Pablo, M., & Enciso, J. (2021). Digital terrain models
generated with low-cost UAV photogrammetry: Methodology and accuracy. ISPRS International Journal of Geo-
Information, 10(5), article number 285. doi: 10.3390/ijgi10050285.

[16] Kabadayi, A. (2022). Mapping of the mine site by photogrammetric method with the help of unmanned aerial
vehicle. Tiirkiye insansiz Hava Araclari Dergisi, 4(1), 19-23. doi: 10.51534/tiha.1130929.

[17] Kotenko, V., & Kunytska, M. (2023). Justification of the expediency of determining the volume of mining mass
based on multicopter shooting. Technical Engineering, 92(2), 234-238. doi: 10.26642/ten-2023-2(92)-234-238.

[18] Le Roux, R., Sepehri, M., Khaksar, S., & Murray, |. (2025). Slope stability monitoring methods and technologies
for open-pit mining: A systematic review. Mining, 5(2), article number 32. doi: 10.3390/mining5020032.

Mining Journal of Kryvyi Rih National University. 2026. Vol. 60, No. 1

69


https://doi.org/10.2478/quageo-2021-0002
https://doi.org/10.2478/quageo-2021-0002
https://doi.org/10.1016/j.enggeo.2021.106000
https://doi.org/10.1016/j.enggeo.2021.106000
https://doi.org/10.2991/aer.k.220131.011
https://doi.org/10.1016/j.ijmst.2020.05.013
https://doi.org/10.1016/j.ijmst.2020.05.013
https://doi.org/10.3390/rs12142283
https://doi.org/10.29227/IM-2020-02-10
https://doi.org/10.2139/ssrn.4197687
https://doi.org/10.1007/s12046-024-02631-8
https://doi.org/10.46488/nept.2022.v21i01.021
https://doi.org/10.9734/cjast/2022/v41i484039
https://doi.org/10.1109/ACCESS.2020.2967410
https://doi.org/10.1007/s12665-020-08959-8
https://doi.org/10.1007/s12665-020-08959-8
https://doi.org/10.3390/drones7030198
https://doi.org/10.3390/min14121282
https://doi.org/10.3390/ijgi10050285
https://doi.org/10.51534/tiha.1130929
https://doi.org/10.26642/ten-2023-2(92)-234-238
https://doi.org/10.3390/mining5020032

70

Innovative use of UAVs and photogrammetry...

[19] Le, CV,, Cao, C.X., & Le, H.T.T. (2020). Research on optimal takeoff positions of UAV integrated GNSS v RTK in
producing large scale topological maps for open - pit mines. Journal of Mining and Earth Sciences, 61(5), 54-63.
doi: 10.46326/JMES.2020.61(5).06.

[20] Ling, W., Feng, X., Wang, L., Zhu, Z., Wang, S., Fu, H., Zhang, S., & Zhao, Y. (2024). Prediction method of surface
subsidence induced by block caving method based on UAV oblique photogrammetry. Scientific Reports, 14,
article number 24630. doi: 10.1038/541598-024-74864-w.

[21] Loots, M., Grobbelaar, S., & Van Der Lingen, E. (2022). A review of remote-sensing unmanned aerial vehicles in
the mining industry.Journal of the Southern African Institute of Mining and Metallurgy,122(7).doi: 10.17159/2411-
9717/1602/2022.

[22] Lu, H., Liang, P, Yao, X., & Zhang, L. (2023). Extraction of elemental information of slope steps in open pit
mine based on UAV. Journal of Physics: Conference Series, 2651, article number 012119. doi: 10.1088/1742-
6596/2651/1/012119.

[23] Lu,J., Zhao, Y., Zhou, L., Wei, K., Ma, J., & Li, X. (2021). Accuracy analysis of 3D model of open-pit mine based
on tilt photogrammetry. IOP Conference Series: Earth and Environmental Science, 865, article number 012023.
doi: 10.1088/1755-1315/865/1/012023.

[24] Mikrut, S.(2024). The use of artificial intelligence methods for analyzing images obtained through low-altitude
photogrammetry technology to calculate the volume of mass in open-pit mines. Geomatics, Landmanagement
and Landscape, 2,21-30.doi: 10.15576/9l1/2024.2.02.

[25] Polishchyk, D., Panasiuk, A., Davydova, |., & Bondarchuk, V. (2024). Researching the optimal combination of UAV
equipment for performing surveying measurements and software for processing the results. /OP Conference
Series: Earth and Environmental Science, 1415, article number 012029.doi:10.1088/1755-1315/1415/1/012029.

[26] Preston, R. (2021). Implementation of a pit slope-monitoring network for inactive open-pit mines using
photogrammetry. Rock Mechanics and Rock Engineering, 54,3377-3385. doi: 10.1007/s00603-021-02417-y.

[27] Reinprecht, V., & Kieffer, D. (2025). Application of UAV photogrammetry and multispectral image analysis for
identifying land use and vegetation cover succession in former mining areas. Remote Sensing, 17(3), article
number 405. doi: 10.3390/rs17030405.

[28] Shahmoradi, J., Talebi, E., Roghanchi, P., & Hassanalian, M. (2020). A comprehensive review of applications of
drone technology in the mining industry. Drones, 4(3), article number 34. doi: 10.3390/drones4030034.

[29] Susilo, H., Rahardion, A., Bani, M., Cupasindi, D., Aditya, M., Asema, F., & Anggraini, N. (2024). Volume analysis
of mining excavation progress using unmanned aerial vehicle-photogrammetry method. Journal of Civil
Engineering and Vocational Education, 11(3), 1120-1126. doi: 10.24036/cived.v11i3.665.

[30] Tsachouridis, S., Pavloudakis, F., Sachpazis, C., & Tsioukas, V. (2025). Monitoring slope stability: Acomprehensive
review of UAV applications in open-pit mining. Land, 14(6), article number 1193. doi: 10.3390/land14061193.

[31] Wu,J., & Saito, M. (2024). RTK-UAV laser surveying applied to monitoring of mine residual walls. In International
conference on signal processing, communications and computing (ICSPCC) (pp. 1-6). Bali: IEEE. doi: 10.1109/
ICSPCC62635.2024.10770385.

[32] Yiiksel, G. (2022). Use of unmanned aerial vehicles in open mine sites. Tiirkiye insansiz Hava Araglari Dergisi,
4(1),29-37.doi: 10.51534/tiha.1124260.

[33] Zabolotna, Y., Koroviaka, Y., Pashchenko, O., & Rastsvietaieyv, V. (2025). Application of geodetic and mine
surveying technologies in monitoring deformations of man-made structures. Technical Engineering, 95(1), 131-
137.doi: 10.26642/ten-2025-1(95)-131-137.

[34] Zhou, D., Wang, L., An, S., Wang, X., & An, Y. (2022). Integration of unmanned aerial vehicle (UAV)-based
photogrammetry and InSAR for mining subsidence and parameters inversion: A case study of the Wangjiata
Mine, China. Bulletin of Engineering Geology and the Environment, 81, article number 343.doi: 10.1007/s10064-
022-02845-2.

[35] Zhu,Y.,Yan,Y.,Dai,A.,Dai,H.,Zhang,Y.,Zhang,W.,Wang,Z., & Li,).(2024).UAV-MSSH:Anovel UAV photogrammetry-
based framework for mining surface three-dimensional movement basin monitoring. Measurement, 242, article
number 115944. doi: 10.1016/j.measurement.2024.115944.

Mining Journal of Kryvyi Rih National University. 2026. Vol. 60, No. 1


https://doi.org/10.46326/JMES.2020.61(5).06
https://doi.org/10.1038/s41598-024-74864-w
https://doi.org/10.17159/2411-9717/1602/2022
https://doi.org/10.17159/2411-9717/1602/2022
https://doi.org/10.1088/1742-6596/2651/1/012119
https://doi.org/10.1088/1742-6596/2651/1/012119
https://doi.org/10.1088/1755-1315/865/1/012023
https://doi.org/10.15576/gll/2024.2.02
https://doi.org/10.1088/1755-1315/1415/1/012029
https://doi.org/10.1007/s00603-021-02417-y
https://doi.org/10.3390/rs17030405
https://doi.org/10.3390/drones4030034
https://doi.org/10.24036/cived.v11i3.665
https://doi.org/10.3390/land14061193
https://doi.org/10.1109/ICSPCC62635.2024.10770385
https://doi.org/10.1109/ICSPCC62635.2024.10770385
https://doi.org/10.51534/tiha.1124260
https://doi.org/10.26642/ten-2025-1(95)-131-137
https://doi.org/10.1007/s10064-022-02845-2
https://doi.org/10.1007/s10064-022-02845-2
https://doi.org/10.1016/j.measurement.2024.115944

M. Kunytska & 1. Piskun

MapwuHa KyHuubka

CrapLlumin Buknagad

KUTOMUPCBKNI MOMITEXHIYHUIN OepP>XKaBHUNM yHIBepCUTET
10005, Byn.YygHiscbka, 103, m. 2 Kutomump, YkpaiHa
https:/orcid.org/0000-0002-2649-0939

Irop MickyH
AcucTeHT
KNToMUPCBKNI NONITEXHIYHNI AePXKaBHUIN YHIBepCUTET

10005, Byn.YyagHiscbka, 103, M. 2 Kutomup, YkpaiHa
https:/orcid.org/0000-0002-1658-5344

IHHOBaUiHe BukopuctaHHsa BnJ1A Ta pororpammerpii
ANA aBToOMaTu3alii MapKLienaepcbkoro cynpoBoay
BiAKpUTOro BUA06YyTKY KOPUCHUX KOMasuH
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nepudepii.yY Mexax nopiBHAHHS TPbOX MPOrpaMHUX NAaTGOpPM 4S9 aBTOMATM30BAHOIO 06UMCIEHHS 06CAriB ripHUYOT
Macu HarMeHLWy noxnbky 3adikcoBaHo y 3D Survey (1,6 % Bif eTanoHHOro na3epHOro CKkaHyBaHHS), TOAi 9K Trimble
Business Center npoaeMoHCTpyBaB HaMBULLY NPOAYKTUBHICTb (1,5 roamHmn 06pobkun npotn 2,6 roauuHm B 3D Survey).
CratncTnyHo 3Havywi BigMiHHOCTI (p = 0,033) cBigYaTb MPO BaX/IMBICTb OOFPYHTOBAHOrO BMOOPY NMPOrpamMHoOro
3abe3neyeHHs BiANOBIAHO L0 NPIOPUTETIB TOYHOCTI YW WBKUAKOCTI. [PAaKTUUHA 3HAUMMICTb JOCNIAXKEHHS NONSra€e y
MOX/IMBOCTi BNPOBAAXEHHS OTPUMAHUX Pe3yNbTaTiB NigNPUEMCTBAMM FiPHUYOI NPOMUCNOBOCTI, MapKLUENAEPCbKUMM
cnykbaMu Ta iHXKEHepHO-reofes3nyHNMK Nigpo3ainamMm Ang niaBULLEHHS TOYHOCTI, MPOAYKTMBHOCTI Ta 6e3neku
MOHITOPMHIY NpW MiHiMi3aLii BUTpAT NOACbKMX | TEXHIYHUX pecypciB

@ KnouoBi cnoBa: NpocTopoBMiA MOHITOPUHT; MAaHOBI MOXMOKM; TrycToTa XMapu Touyok; (oTokapTorpadis;
ABTOHOMHWM NliTaNbHUI anaparT; reoAe3nyHi npunaam; umpposa Mogenb
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