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GROUND CONTROL POINTS AND THEIR INFLUENCES
ON THE PRECISION OF GENERATING A DIGITAL SURFACE MODEL
USING AN UNMANNED AERIAL VEHICLE

Purpose. To determine the optimal number and spatial distribution of Ground Control Points (GCPs) required to
achieve high-precision georeferencing in unmanned aerial vehicle (UAV) imagery, particularly for applications re-

quiring 1:1,000 scale mapping.

Methodology. Seven experimental scenarios were conducted, varying the number of GCPs from 4 to 30. For each
scenario, GCPs were arranged in seven different spatial configurations, including central, corner, edge, and evenly
distributed placements. The Root Mean Squared Error (RMSE) was calculated for each configuration to assess geo-

referencing accuracy.

Findings. The results showed that using only 4 GCPs produced the highest RMSE, indicating the lowest accuracy.
RMSE values decreased as the number of GCPs increased, with minimal improvement beyond 20 GCPs. Among all
distribution patterns, placing GCPs at the corners consistently resulted in the highest RMSE. The most accurate re-

sults were achieved with 20 evenly distributed GCPs.

Originality. This study provides a systematic evaluation of both the quantity and spatial arrangement of GCPs in
UAYV photogrammetry, offering empirical evidence to support optimal GCP deployment strategies.

Practical value. The findings offer practical guidance for UAV mapping professionals, suggesting that 20 evenly
distributed GCPs are sufficient to meet the accuracy standards for 1:1,000 scale maps. This helps optimize fieldwork

efficiency while ensuring data quality.
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Introduction. Nowadays, instead of using traditional
methods, many industries have used advanced technol-
ogy such as unmanned aerial vehicles (UAVs) or drones
for gathering, analyzing, and proceeding data of interest
[1]. In the mining industry, mining operations are usu-
ally performed in isolated and difficult-to-access areas.
As aresult, decision-making is delayed, and the obtained
data is insufficient. UAVs provide speedy, safe, and af-
fordable aerial surveys for data collection. This is espe-
cially helpful for industries like mining, which need con-
tinuous monitoring [2]. UAV technology can be widely
used in mining activities, such as topographical survey-
ing and mapping [3], monitoring of ground subsidence
and horizontal displacements [4], analyzing slope stabil-
ity [5], detecting erosion [6], monitoring mine waste
dump [7], creating a system for automatically controlling
of UAV movement in a mine’s restricted area [8], etc.

The majority of the aforementioned applications re-
quire a high-accuracy Digital Surface Model (DSM).
Although there are different approaches used to produce
DSM with high precision such as terrestrial laser scan-
ning systems, Airborne Light Detection and Ranging
(LiDAR) [9], satellite images [10], aerial photogram-
metry [11]; UAV photogrammetry is one of the most ef-
fective methods because it integrates the strengths of
airborne and close-range photogrammetry [12]. In
comparison with aerial photogrammetry, it ensures
cheaper data gathering and takes less time. In addition,
the combination of UAV photogrammetry and comput-
er systems yields data that is more precise [13]. There-
fore, the creation of UAV-based DSM in mining areas
and the assessment of its accuracy can be identified in
many studies [14]. It is difficult to assess the quality of

© Anh Tuan Luu, 2025

UAV-based photogrammetric products including DSM
because there are a lot of factors that need to be consid-
ered, such as the focal length of the camera [15], flight
altitude and orientation parameters [16], image quality
[17], dedicated software, image resolution, Unmanned
Aecrial System (UAS) system configuration, ground
sample distance [18], the number of ground control
point and their distribution, etc. Among all the param-
eters mentioned above, the number and distribution of
the GCPs are the criteria with the greatest impact on the
precision of the DSM [19]. Identifying the suitable
number of ground control points and their arrangement
is one of the most time-consuming works [ 12]. Although
it takes a lot of time, the GCPs can significantly improve
the precision of the three-dimensional (3D) data and
their determination is a crucial step in georeferencing
the UAV photo blocks. Furthermore, if a sub-decimeter
accuracy in elevation is required, the GCPs have to be
considered in the project design [20].

In recent years, researchers have been particularly
interested in determining the optimal number of GCPs
required for a UAV flight. Several studies have been car-
ried out to assess the precision of products derived from
UAV photos by altering the quantity and distribution of
GCPs [21]. Most studies have shown that, to improve
the accuracy of DSM generation, GCPs should be even-
ly distributed around the study area, and the more the
number of GCPs utilized, the higher the overall preci-
sion [20, 22]. However, among the previous research,
there have not been many studies applied in mining ar-
eas and the number of publications is very limited for
mining locations with complex terrain, small and me-
dium scales. According to [23], in open-pit mines, UAV
technology is used to generate DSM, and it is proven
that the more GCPs there are, the more precise the
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DSM will be. Therefore, to choose their appropriate
number and network configuration in the Long Son
quarry, they conducted the analysis of DSMs created
using 8 scenarios with 18 GCPs and five different net-
work forms for each case. Experiments indicated that a
higher number of GCPs improves DSM accuracy and
reduces reliance on the GCPs’ network configuration.
Similarly, in order to evaluate the precision of DSM of
an open pit mine using UAV images and the Structure
from motion (SfM) method, [24] tested 13 scenarios
with 177 GCPs and proposed to distribute 18 to 20 GCPs
uniformly throughout each image block to obtain the
best results. In addition, [25] has determined the opti-
mal configuration of GCPs to ensure the accuracy of
DSM in quarry sites. The obtained findings revealed
that the uniformly distributed GCP set is the optimal
configuration, and the more GCPs with an even distri-
bution that are employed, the more accurate the SfM-
based DSM is. Also, [26] performed numerous experi-
ments to evaluate the influence of GCPs’ distribution
on 3D model precision and identify the minimum num-
ber of GCPs that can be used in open-pit gravel mines.
They found that DSMs constructed with fewer GCPs
had lower accuracy than DSMs constructed with more
GCPs. At the same time, a system of evenly distributed
GCPs produced better quality DSMs than the others.

When using UAVs to build digital surface models of
open-pit mine shore areas, Dieu, et.al (2017) realized
that the accuracy of DEMs and DSMs changed when
the geometry and number of GCPs varied. This conclu-
sion was also confirmed by Long, et al. (2021) when
studying open-pit mines using UAV photography. The
results showed that the accuracy of DSM improved
when the number of GCPs increased, and the authors
also proposed that the number of GCPs was sufficient to
achieve an overall accuracy of less than 10 cm for small
and medium-sized open-pit mines with an area of about
36 hectares. In another study, the authors evaluated the
usability of the low-cost Phantom 4 Pro drone to build
DSM and map at 4 quarries with different terrain char-
acteristics. The results of this study show that when the
number of control points is evenly distributed on the
mine surface and the flight height is reasonable, the ac-
curacy in both the ground and height is sufficient to en-
sure the establishment of large-scale maps [27].

Thus, the influence of the number of GCPs and their
distribution on the results of DSM formation from UAV
images has been demonstrated in several studies. How-
ever, the number of relevant publications is still relative-
ly limited for mineral mining areas with complex terrain
and small areas. Therefore, this study was conducted to
analyze and confirm the influence of the above factors
on the accuracy of DSMs generated from UAV images
for areas with complicated topography, significant ele-
vation differences, and limited areas.

Study area. The study area is a mining and process-
ing site managed by Tan Tien Co., Ltd., located in Yen
Bai Province in the Northwest-Northeast region of
Vietnam (Fig. 1).

The experimental site covers approximately 19.1 ha
and is characterized by heterogeneous terrain and rela-
tively high elevation variation across a small area. Ac-
cording to the Digital Elevation Model (Fig. 2), ground
elevation within the study area ranges from 77 to 163 m

Fig. 1. The study area

above sea level, yielding a vertical relief of about 86 m.
Such a difference in elevation across a limited spatial ex-
tent results in a complex topography, including steep
slopes, benches, quarry pits, stockpiles, and fragmented
vegetation patches. Fig. 2 (DEM of the study area)
clearly illustrates the uneven distribution of elevation:
higher zones appear as small peaks and benches inter-
spersed with local depressions and drainage channels.
Elevation changes are not only lateral but also abrupt
along quarry boundaries and slope cuts.

This heterogeneity is highlighted in the cross-sec-
tional profiles presented in Figs. 3 and 4. Both profiles
demonstrate alternating steep segments (with sharp ele-
vation gains or drops over short distances) and nearly
flat sections, forming a discontinuous landform struc-
ture typical of active mining areas subjected to excava-
tion, leveling, and dumping activities.

Surface cover in the study area is diverse. Exposed
soil, bare rock, mud, and stockpiled mining material
dominate, interspersed with secondary vegetation
patches. This patchy cover generates strong spectral and
textural contrasts in UAV imagery, posing challenges for
feature detection and image matching during dense
point cloud generation. In addition, artificial structures
such as quarry benches, stockyards, and internal roads
introduce sharp edges and abrupt slope changes, which
may reduce the consistency of tie-point extraction in
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Fig. 2. DEM of study area
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Fig. 4. Terrain changes in cross-section direction 2

Structure-from-Motion (SfM) workflows. These topo-
graphic characteristics have two important implications
for UAV surveys and the production of high-quality
DSMs. First, the vertical relief of ~86 m across a com-
pact area increases the need for a sufficient number and
careful spatial distribution of Ground Control Points to
ensure accurate camera calibration and to minimize el-
evation errors. Rapid slope changes also require GCPs
to be placed across both high and low areas as well as
along quarry edges to adequately capture landform vari-
ations. Second, the fragmented surface structure (bare
ground, vegetation, mineral piles) necessitates careful
flight planning and camera parameter settings (e.g., high
forward and side overlap, appropriate flying altitude) to
reduce occlusion and increase the number of homolo-
gous points between overlapping images.

Selecting this experimental site in Yen Bai Province
provides high representativeness for UAV-based studies
in small- to medium-scale mining environments. The
area contains both anthropogenic landforms (quarry
benches, drainage ditches, waste piles) and natural top-
ographic features (slopes, depressions), making it par-
ticularly suitable for analyzing the influence of GCP
number and distribution on DSM accuracy.

The study area, despite its relatively small extent, ex-
hibits highly heterogeneous terrain with considerable
elevation relief and complex surface cover. This environ-
ment provides an ideal testbed for evaluating the impact
of GCP quantity and spatial distribution on DSM ac-
curacy. Observations from Figs. 1—4 confirm the neces-
sity of adopting rational GCP placement strategies (cov-
ering edges, corners, and central zones) and form the
practical basis for the experimental scenarios described
in the subsequent sections of this paper.

Materials and methods. The methodology used to
evaluate the precision of UAV based on the number of
control points and their distribution is shown in Fig. 5
including two primary stages.

The fieldwork, which included setting up the GCPs
and CPs on the land, taking the measurements, and
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conducting flight operations, is the first phase. Next, the
office work involved transferring the flight photographs
to a computer, data processing using photogrammetric
software, and creating point clouds, orthophoto maps,
and DSMs.

Data collection. Determination of the image control
points. Before conducting the flight, it is necessary to se-
lect image control points, some of which are used to
build the DSM model, and the remaining points are
used to evaluate the accuracy of the DSM model. The
number of control points in the research area includes
62 control points situated evenly throughout the study
area. Fig. 6 is an example of a selected control point in
the study area. Those points are measured to 02 national
coordinate origin points in the VN2000 coordinate sys-
tem. However, after checking, 01 point did not meet the
required accuracy, so it was removed and there were
only 61 GCPs points left (used for image correction and
check). The study used a Real Time Kinematic (RTK)
ComNav T300 receiver and the static measurement
method to measure the image control network. The
control points were marked with highly reflective mate-
rials to increase contrast.

UAV and camera. The experimental data were col-
lected using a GNSS device and a DJI Inspire 2 UAV.
The main components mounted on the fuselage include
four motors, four removable propellers, a 5-way colli-
sion avoidance sensor, and fixed landing legs under-
neath. In addition, the UAV is controlled by buttons on

Fig. 6. Ground control point markers
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Technical specifications of instruments used in the study

Table 1

DJI Inspire 2 Camera
Weigh, | Maximum speed Maximum Antenna Camera Focal length, | Pixel size
en, . peed, flight time, frequency, Resolution et > | Precalibrated
g miles/hour . model mm um
min GHz
4,250 58 27 2.4and 5.8 FC6510 | 5,472 x 3,648 8.8 2.41x2.41 No
(8.8 mm)

a remote controller that has two integrated antennas and
a port to connect to a tablet or smartphone, allowing for
setting parameters for taking photos or directly display-
ing images from the UAV. The UAV technical specifica-
tions used in this study are shown in Table 1.

Data collection. The study used the specialized soft-
ware Map Pilot to design flight routes integrated with
Google map background. The flight process was con-
ducted in safe mode, so the UAV could automatically
move according to the designed program. The parame-
ters related to the flight process were calculated to suit the
research terrain, with 10 flight bands, image coverage of
75—80 %, flight altitude of approximately 100 m, and
flight speed of approximately 5 m/s. In addition, the UAV
system and the space around the take-off and landing lo-
cations such as high-rise buildings, power lines, trees,
antenna poles, transmission stations, etc. were checked
before the flight to ensure safety and to obtain the best
GNSS signals. The flight was carried out by maintaining
the aircraft’s altitude throughout the flight. As a result, a
total of 411 images were taken covering an area of 19.1 ha,
these images were used to build the DSM.

Methodology. Data preparation. To analyze the influ-
ence of the number of GCPS on the accuracy of DSM,
7 cases were designed with the number of GCPs being 4,
5, 10, 15, 20, 25 points and the CPs being 57, 56, 51, 46,
41, 36, 31 as shown in Table 2.

After determining the appropriate number of GCPs,
their distribution is examined to assess the influence of
these points on the quality of the resulting DSM. The
study selected GCPs at different locations, such as con-
centrated in the center, upper left corner, upper right cor-
ner, lower left corner, lower right corner, evenly distrib-
uted, and at the edge of the study area as shown in Fig. 7.

Data processing. This study uses the Agisoft
Metashape Professional software version 1.5.2 Build
7838 (64-bit) to perform image matching, point cloud
generation, DSM construction, and image map estab-
lishment. This software with Multi-View 3D recon-
struction technology is one of the useful solutions in
creating high quality 3D images from static images,
working effectively in both controlled and uncontrolled
conditions. The image alignment and 3D model recon-
struction processes are fully automated in this software
[28]. There are two primary phases to the image process
including block orientation and DSM generation. The
primary aim of this study is to assess how the number of
GCPs affects the accuracy of DSM. Therefore, all pro-
cessing parameters remain consistent. The quality of
creating dense clouds and the precision of photo align-
ment accuracy were both assigned a medium [23]. There
are four steps in the SfM processing: 1) image align-
ment; 2) optimizing alignment including correcting for
a rolling shutter; 3) generating a dense cloud relying on

Table 2
Number of GCPs and CPs used for different cases
Case (I)\i”lz}mgli Name of GCPs I\élfnélt;zr Name of CPs

1 4 7, 30, 40, 53 57 2-3-4-5-6-8-9-10-11-12-13-14-15-16-17-18-19-20-21-22-23-
24-25-26-27-28-29-31-32-33-34-35-36-37-38-39-41-42-43-

44-45-46-47-48-50-51-52-54-55-56-57-58-59-60-61-62-63

2 5 7, 18, 30, 36, 40 56 2-3-4-5-6-8-9-10-11-12-13-14-15-16-17-19-20-21-22-23-24-
25-26-27-28-29-31-32-33-34-35-37-38-39-41-42-43-44-45-

46-47-48-50-51-52-53-54-55-56-57-58-59-60-61-62-63
3 10 3,7, 12, 18, 30, 36, 38, 40, 43, 59 51 2-4-5-6-8-9-10-11-13-14-15-16-17-19-20-21-22-23-24-25-26-
27-28-29-31-32-33-34-35-37-39-41-42-44-45-46-47-48-50-
51-52-53-54-55-56-57-58-60-61-62-63
4 15 3,7, 12, 18, 30, 36, 38, 40, 43, 59 46 2-4-5-6-8-9-10-11-13-14-15-16-17-19-20-21-22-23-24-25-26-
27-28-29-31-32-33-34-35-37-39-41-42-44-45-46-47-48-50-
51-52-53-54-55-56-57-58-60-61-62-63
5 20 2,10, 13, 16, 17, 18, 20, 21, 23, 30, 41 2-3-4-5-6-7-8-9-10-11-12-13-14-15-16-17-18-19-20-21-22-
35, 37,40, 42, 45, 47, 48, 52, 56, 59 23-24-25-26-27-28-29-30-31-32-33-34-35-36-37-38-39-40-
41-42-43-44-45-46-47-48-50-51-52-53-54-55-56-57-58-59-
60-61-62-63
6 25 2,10, 13, 15, 16, 17,18, 20, 21, 22, 36 3-4-5-6-7-8-9-11-12-14-19-24-26-27-28-29-32-33-34-36-39-
23, 25, 30, 31, 35, 37, 38, 40, 42, 41-43-44-46-50-51-53-54-55-57-58-60-61-62-63
45,47, 48, 52, 56, 59
7 30 2,6,10,13, 15, 16,17,18, 19, 20,21, 31 3-4-5-7-8-9-11-12-14-24-26-27-29-32-33-34-36-39-41-43-
22,23, 25,28, 30, 31, 35,37, 38, 44-50-53-54-55-57-58-60-61-62-63
40,42,45, 46, 47,48, 51, 52,56,59
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Fig. 7. Distribution of image control points in the area:
a — edge; b — upper left corner; c — lower left corner; d —
upper right corner; e — lower right corner; f — center; g —
entire study area

medium quality and disabling depth filtering; 4) export-
ing point coordinates along with their normal and colors
from the dense cloud in TXT file.

Accuracy assessment. This is a necessary and important
step when establishing DSM from UAV images. In this
study, the accuracy of DSM is evaluated by comparing the
control points on the DSM model with the corresponding
points on the ground (the coordinates of these points are
determined by the GNSS method). These points are not
corporated in the image processing and their coordinates
and altitude have been determined. The following formu-
las are used to assess the accuracy of DSM

AX; = Xpsui — Xaswnis
AY;= Ypsmi = Yaswnis
AZ; = Zpsmi — Zesnnis

— | . =

RMSE, = ||| = [S°AX2 |;
X HJ; i

— : . =

RMSE, = ||| — |SAY? [;
Y nj,Z] i

— | ; =

RMSE, = ||| —|YAZ2 |,
zZ n); i

RMSE v = J@i[w J#Yf];

i=1

RMSE,,, :\/[%jzn:[ug FAY? +AZ? ]

i=l

where (Xgnssi» Yonssis Zanssy) and (Xpsais Ypsuis Zpsui)
are the 3D coordinates of the i CP that were acquired

Table 3
Standards for positional error of a point
on topographic maps

Scale RMSEyy, cm
1: 1,000 <10.0

RMSE,, cm
<25.0

utilizing GNSS survey, and corresponding coordinates
on the creating DSM, respectively; AX;, AY,, AZ; are co-
ordinate component difference values; RMSEy, RMSEy,
RMSE}yyare Root Mean Square Error in the horizontal;
MSE, is Root Mean Square Error in the vertical;
RMSE}yy, is Root Mean Square Error in the horizontal
and the vertical; # is the number of the CPs

The obtained RMSE needs to meet the requirements
of the standard for establishing a 1:1,000 scale map in
the mining area. Table 3 displays the regulations for po-
sition error of points on topographic maps at a scale of
1:1,000 [29].

Results and discussion. From the errors obtained in
each case, using the formulas from (1—8), the RMSE in
the horizontal, the vertical, and the total error of the
corresponding image control points and checkpoints
will be determined. The detailed errors are shown in
Tables 4 and 5.

The obtained results show that the number of GCPs
and CPs significantly affects the RMSE of GCPs and
CPs as well as the accuracy of DSM. On an area of
19.1 ha of complex terrain with large elevation differ-
ences like the research area, when the number of GCPs
increases (CPs decrease), their errors in the vertical,
horizontal, and combined errors decrease, indicating
the accuracy of DSM will increase. The analysis of Ta-
ble 3 revealed that the highest RMSEs occurred in the
study area with 4 GCPs, whereas the smallest values
were observed with 30 GCPs. When four GCPs were
used, their highest RMSE was 9.9 cm in the vertical,
14.8 cm in the horizontal, and 17.9 cm (the total), re-
spectively. Accordingly, the errors of the CPs are also
the largest in this case, with 20.3 cm for altitude, 15.8 cm
for horizontal, and 25.9 cm for total. Thus, if only four
GCPs are used to generate DSM, the RMSE of the
GCPs and CPs obtained is 14.8 and 15.8 cm, respec-
tively, which does not meet the accuracy standard for
establishing 1:1,000 scale maps for mining projects as
specified in Table 2. However, with the addition of just
one GCP, the error of those points is significantly im-
proved, reducing from 9.9 cm (RMSEz), 14.8 cm (RM-
SExy), and 17.9 cm (RMSExyz) in the case of 4 points
to 9.0, 8.4, and 12.4 cm for the 5-point case, respec-
tively. In particular, the RMSE obtained in the case of 5
GCPs shows that this number of points fully meets the
accuracy requirements for creating a DSM for mapping
in mineral exploitation areas at a scale of 1:1,000.

Additionally, the obtained results also show that the
RMSEs decrease as the number of GCPs increases to
10, 15, 20, 25, and 30 points (Fig. 8). This means that,
when establishing DSM from UAYV images in the study
area, except for the first case using 4 GCPs giving large
RMSE results, all the remaining 6 options give results
with the required accuracy. However, the RMSEs of
these GCPs did not change much in the cases using 20,
25, and 30 points (Fig. 8) (RMSE_: 5.8—6.0 cm; RMSE, :
5.8—=5.9 cm; and RMSE,,: 8.2—8.4 cm). Even for CPs

yz*

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N2 6 183



Table 4

RMSEs of GCPs for 7 cases
Number of GCPs | Cases | RMSE, | RMSE,, | RMSE,,, | Number of GCPs | Cases | RMSE, | RMSE,, | RMSE,,

4 4 1 7.3 14.6 16.3 20 201 5.9 5.7 8.2
42 11.0 15.1 18.6 20 2 6.4 6.3 9.0

43 12.4 14.8 19.3 20 3 6.6 6.3 9.1

4 4 12.6 14.9 19.5 20 4 6.3 6.4 9.0

45 11.5 15.0 18.9 205 6.5 6.4 9.1

4 6 8.5 14.2 16.5 20 6 6.6 6.0 8.9

47 6.1 14.0 15.2 20 7 3.9 4.2 5.7

Average 9.9 14.8 17.9 Average 6.0 5.9 8.4

5 51 7.7 8.1 11.2 25 251 5.9 5.6 8.1
52 10.6 8.6 13.6 25 2 6.2 6.4 8.9

53 10.9 8.5 13.9 253 6.2 6.3 8.8

54 10.5 8.7 13.7 25 4 6.5 6.4 9.1

55 10.2 8.9 13.5 255 6.3 6.3 8.9

56 9.0 8.4 12.3 25 6 6.1 6.0 8.6

57 5.0 7.8 9.3 25 7 3.8 3.8 5.4

Average 9.0 8.4 12.4 Average 5.8 5.8 8.2

10 10_1 8.1 7.2 10.9 30 30 1 5.5 5.8 8.0
10 2 8.2 7.8 11.6 30 2 6.8 6.3 9.3

10_3 8.2 7.9 11.4 30_3 6.8 6.2 9.2

10 4 8.5 7.8 11.5 30 4 6.1 6.1 8.6

10_5 8.9 7.7 11.8 305 6.3 6.1 8.8

10_6 8.5 7.4 11.2 30 6 6.2 5.9 8.6

10_7 4.6 6.8 8.2 30 7 3.9 3.9 5.5

Average 7.8 7.5 10.9 Average 5.9 5.8 8.3

15 15_1 7.0 6.6 9.6 — — — — —
152 7.8 7.1 10.5 — — — — —

153 9.0 6.9 113 - - - - -

15 4 8.3 7.0 10.9 — — — — —

155 8.6 6.9 11.1 — — — — —

15_6 7.1 6.8 9.8 - — - — —

157 4.2 6.2 7.5 — — — — —

Average 7.4 6.8 10.3 — — — — —

(Fig. 9), the variation of RMSE is insignificant and fluc-
tuates around 15.7 £ 0.1 cm (RMSE)), 7.0 £ 0.1 cm
(RMSE,;), and 17.3 £ 0.1 cm (RMSE,,). Therefore, it
will be Wasteful to increase the number of points too
much while the accuracy is not improved, which means
that increasing the number of points beyond 20 points is
unnecessary. Therefore, for the study area of the paper,
the number of GCPs that can be used to satisfy the re-
quired accuracy is at least 5 points, but the optimal

20 4
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mz mxy = mxyz

Root mean squared error
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Fig. 8 Change in RMSE of GCPs with increasing GCPs
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number of GCPs to construct a high-accuracy DSM
suitable for 1:1,000 scale mapping in mining projects is
20 points.

The results in Tables 3 and 4 show that not only does
the number of GCPs affect the accuracy of DSM, but
the location of these points also significantly influences
the quality of the established model. The study selected
GCPs at different locations such as: in the center, upper
left corner, upper right corner, lower left corner, and
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Fig. 9. Change in the RMSE of CPs with increasing GCPs
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RMSEs of CPs for 7 cases
Number of GCPs | Cases | RMSE, | RMSE,, | RMSE,,, | Number of GCPs| Cases | RMSE, | RMSE,, | RMSE,,
4 4 1 14.5 15.8 21.5 20 20 1 10.8 5.9 12.3
42 23.9 16.3 28.9 20 2 17.4 8.7 19.6
43 25.1 16.0 29.8 20 3 18.6 8.6 20.5
4 4 24.7 16.1 29.5 20 4 22.1 7.2 23.3
45 24.5 15.9 29.2 20 5 21.2 8.3 22.8
4 6 17.3 16.2 23.8 20 6 14.9 6.7 16.3
4.7 11.9 14.4 18.7 207 5.3 4.5 6.9
Average 20.3 15.8 25.9 Average 15.8 7.1 17.4
5 51 15.2 8.9 17.6 25 25 1 11.2 5.8 12.6
52 23.8 9.9 25.8 25 2 18.0 8.3 19.8
53 23.0 9.7 24.9 253 18.4 8.2 20.2
5 4 23.5 9.8 25.5 25 4 21.1 8.0 22.6
55 23.3 9.6 25.2 255 20.8 7.8 22.2
56 17.2 9.2 19.5 25 6 14.9 6.6 16.2
57 8.8 8.4 12.2 257 5.1 4.4 6.7
Average 19.3 9.4 21.5 Average 15.6 7.0 17.3
10 10_1 13.1 7.9 15.3 30 30_1 11.3 6.0 12.8
10 2 23.2 8.6 24.8 30 2 17.6 8.0 19.4
10 3 22.3 8.7 23.9 30_3 18.7 8.3 20.5
10 4 22.5 8.6 24.1 30 4 21.5 7.1 22.7
105 22.2 8.7 23.5 305 20.8 8.1 22.4
10_6 16.5 8.4 18.6 30 6 14.7 6.5 16.1
10_7 5.1 7.1 8.7 30 7 5.3 4.3 6.8
Average 17.8 8.3 19.8 Average 15.7 6.9 17.2
15 151 12.1 7.8 14.4 — — — — —
152 17.8 8.7 19.8 — — — — —
153 21.9 8.5 23.5 — — — — —
15 4 21.2 8.6 22.8 — — — — —
155 21.5 8.5 23.1 — — — — —
15 6 15.5 8.1 17.5 — — — — —
157 11.3 6.3 10.5 — — — — —
Average 17.3 8.0 18.8 — - — — -

lower right corner, evenly distributed, and at the edge of
the measurement area as shown in Fig. 7. The selection
of the location of these control points was applied to all
7 cases with the number of GCPs from 4 to 30. The re-
sults showed that, with any number of GCPs, the case
where the selected points are concentrated at the cor-
ners of the study area has the largest error result (Figs.
10—12). The largest error is where only 4 control points
are arranged in the upper left corner of the measuring
area with an RMSExy of 15.1 cm. With the points focus-
ing on the lower left, upper right, and lower right cor-
ners, the RMSExy are 14.8, 14.9, and 15.0 cm respec-
tively. Since the points are concentrated at only one
corner of the measurement area, the CPs in this case
have a relatively large RMSExy of 15.9—16.3 cm. Simi-
larly, the altitude error of the GCPs in these cases is also
up to 11.1-12.6 cm.

The accuracy can be increased if these points are dis-
tributed in the center. Compared with the case of GCPs
arranged in the corner, the RMSExy of GCPs has de-
creased from 0.3 to 0.9 cm. Specifically, from 15.1 to
14.2 cm (with 4 points), from 8.9 to 8.4 cm (with 5 points),
from 7.9 to 7.4 cm (with 10 points), from 7.1 to 6.8 cm
(with 15 points), from 6.4 to 6.0 cm (with 20, 25 points),
from 6.4 to 5.9 cm (with 30 points). In addition, the error
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of the CPs in these cases is reduced by 2 cm for the cases
of 20 GCPs (from 8.7 to 6.7 cm), 25 GCPs (from 8.6 to
6.6 cm), and 30 GCPs (from 8.6 to 6.5 cm).

In addition, compared with the above 5 cases, the ac-
curacy of the GCPs will be improved when they are placed
at the edge of the measurement area. The RMSEXxy of the
GCPs can be decreased by 0.8 cm (for 5 GCPs), 0.7 cm (for
20, 25, 30 GCPs), and 0.5 cm (for 15 GCPs) in comparison
to the case of points at the study area’s corner. Similarly, the
RMSEz of GCPs is reduced by 0.7—1.3 cm (case of 20, 25,
30 GCPs). In addition, the accuracy of GCPs in this case
can be increased by 0.5 cm (25 GCPs) as compared to the
points chosen in the center. For the control points, the dis-
tribution of GCPs at the edge of the study area also signifi-
cantly improves their errors. The comparison results with
RMSE of the case of GCPs distribution at the corner of the
measurement area show that choosing the image control
points at the edge of the measurement area helps the RM-
SExy of the CPs to decrease up to 2.8 cm (20 points) while
their height error can be reduced by the most to 11.3 cm
(20 GCPs) and the least to 8.6 cm (5 GCPs).

The results in Tables 4 and 5 also show that, with any
number of GCPs, the RMSE of both GCPs and CPs
obtained is the smallest in the case where the GCPs are
evenly distributed in the study area. In particular, the
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Fig. 12. Comparison of RMSE values obtained with (a) 4
GCPs and (b) 5 GCPs

RMSEz of GCPs decreased significantly compared to
the case where these points were selected at the corner
of the study area, specifically decreasing by 6.5 cm
(4 GCPs), 5.9 cm (5 GCPs), 4.3 cm (10 GCPs), 5.8 cm
(15 GCPs), 2.7 cm (20 GCPs), 3.1 cm (25 GCPs),
2.9 cm (30 GCPs). In the last three cases, due to the
dense arrangement of GCPs, the accuracy of the eleva-
tion did not increase much compared to the other cases.
In addition, the arrangement of GCPs evenly in the re-
search region caused the RMSExy of GCPs to decrease
from 1 to 2.5 cm. Accordingly, the accuracy of CPs in all
cases also increased, increasing the most by 4.3 cm
(30 GCPs) and increasing the least by 1.5 cm (5 GCPs).

The results obtained indicate that, to achieve both hor-
izontal and vertical accuracy ensuring the precision of
mapping at a scale of 1:1,000 in mining areas, the number
of GCPs can be selected from 5 to 30 points. However,
20 GCPs are determined to be the optimal number for ar-
eas with the same area and terrain as the study area be-

186 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N° 6



cause this number of points gives the smallest RMSExy,
RMSEz, and RMSExyz results. In addition, GCPs dis-
tributed evenly throughout the study area are recommend-
ed so that the DSM obtained has the highest accuracy.

Limitations and future work. A primary limitation of
this study, as acknowledged in the background litera-
ture, is the focused exclusion of drone operational and
camera parameters from the experimental analysis.
While the study meticulously isolated the effect of
GCPs, the final DSM accuracy remains intrinsically
linked to flight conditions and settings that were held
constant; however, the choice of these values directly
dictates the Ground Sample Distance, which in turn
limits the achievable geometric precision. Furthermore,
the varied surface cover (bare rock, vegetation, stock-
piles) inevitably introduces challenges related to image
texture contrast and occlusion on steep slopes. These
factors, along with potential variations in camera focal
length or image quality due to weather, act as confound-
ing variables that place an upper bound on the final
DSM accuracy, regardless of the optimal GCP distribu-
tion. Future studies must systematically vary these flight
and sensor parameters to fully decouple their individual
influence from the geometric control provided by GCPs.

The empirical findings regarding the optimal deploy-
ment of 20 evenly distributed GCPs to achieve high-ac-
curacy DSMs are highly relevant far beyond the mining
industry, enhancing the generalizability of this research.
In Land Management, the guidelines directly inform the
establishment of precise topographic maps for cadastral
surveying, urban planning, and volume change monitor-
ing for regulatory purposes. For Environmental Moni-
toring, the ability to achieve consistent centimeter-level
vertical accuracy is critical for reliably quantifying subtle
changes, such as early-stage soil erosion, coastal dynam-
ics, and ground subsidence. In Infrastructure Develop-
ment, these principles ensure that construction projects
including roads, pipelines, and large buildings are based
on high-precision elevation data, minimizing errors in
cut-and-fill estimates. Finally, Precision Farming can
utilize these accurate DSMs to derive reliable topo-
graphical metrics like slope and aspect, essential for op-
timizing smart irrigation systems and managing within-
field micro-topography variations to improve crop yield.

Moving forward, the research should be developed
in several key directions to address the identified limita-
tions and advance UAV photogrammetry practice. First,
a dedicated investigation is needed to quantify the influ-
ence of flight altitude and image overlap variations on
the resulting DSM RMSE across different terrain com-
plexity levels. Second, it is crucial to evaluate the perfor-
mance of Direct Georeferencing methods, specifically
those leveraging high-accuracy Real-Time Kinematic or
Post-Processed Kinematic systems onboard the UAV.
Comparing the cost-effectiveness and accuracy of the
optimal 20-GCP strategy against RTK/PPK flights with
minimal or no GCPs will provide practical guidance for
survey professionals seeking to further reduce fieldwork
time and operational costs. Finally, the optimal configu-
ration should be tested across a wider array of complex
surface types such as areas with dense canopy, tall struc-
tures, or open water bodies to challenge the model’s ro-
bustness and enhance the universal applicability of the
proposed GCP deployment guidelines.

Conclusion. The study analyzed the influence of the
number of image control points and their distribution on
the accuracy of DSMs formed from UAV images. The
results show that the number and distribution of GCPs
have a significant impact on the precision of UAV-based
DSMs. In addition, the study also revealed that the more
control points, the higher the accuracy. However, de-
pending on the area and terrain of the survey area, the
number of GCPs should only increase to a certain limit.

For areas with small areas, characteristics, and complex
terrain like the study area, 5 points are the minimum num-
ber of GCPs needed to ensure the accuracy of creating a
1:1,000 scale map. To reduce field survey work and ensure
high accuracy, 20 GCPs are the optimal number for this
study area. However, control points should be arranged
evenly in the survey area to achieve the highest accuracy.

The research offers valuable insights for profession-
als utilizing UAV technology in topographic mapping
and resource management. It emphasizes the critical
role of carefully planning both the quantity and spatial
distribution of ground control points to achieve high-
accuracy digital surface models. These guidelines help
optimize field survey efforts and reduce operational
costs without compromising data quality. The findings
are especially relevant for surveying areas with complex
terrain, supporting decision-making in mining, land
management, environmental monitoring, infrastructure
development, and precision agriculture. By applying the
principles identified in this study, practitioners can en-
sure more reliable mapping outcomes, improve project
efficiency, and contribute to better management of nat-
ural and built environments.
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Merta. BuzHaueHHSI onTUMAaJIbHOI KiJIBKOCTI i IMpo-
CTOPOBOTO PO3TallyBaHHSI onopHUX MyHKTiB (GCPs),
HEOOXiTHUX Ui [OCATHEHHSI BUCOKOI TOYHOCTI
reoIpUB’I3KN 300pakeHb, OTPUMAHUX i3 0€3MiJI0THO-
ro JitansHoro amnapaty (BITJIA), 3okpema mist KapTo-
rpadyBaHHS y MacmTabi 1:1 000.

Metomuka. CTBOpeHi CiM eKCIEepUMEHTATbHUX
CLIeHapiiB, Y SSIKUX KUJIbKiCTh OMIOPHUX MYHKTiB Bapito-
Basacs Bim 4 mo 30. [ KOXHOTO CLIeHapilo OMOpPHi
MMyHKTH PO3MIIILyBaJKCs 32 CiMOMa Pi3HUMU CXEMaMU:
y LEHTpi, MO KyTax, Mo Kpasix i piBHOMipHO IO TJIOLI.
JI1s1 OLiHKM TOYHOCTI T€OTNpPUB’ I3KU JJ151 KOKHOT KOH-

dirypaliii  po3paxoByBajiocsl cepelHbOKBaApaTUIHE
BinxuneHus (RMSE).
Pesyabratn. BcTaHOBIEHO, 1110 BUKOPUCTAHHS

nuiie 4 ONMOpHUX MyHKTiB TPU3BOAUTH 10 HAWBUIIIOTO
3HaueHH1 RMSE, To6To HaitHMK40i TOUYHOCTI. 3Ha-
yeHHsI RMSE 3MeHIITyI0ThCS 3i 301TBIIEHHSIM KiJTbKOC-
Ti OMOPHMX MYHKTiB, MPOTe MOKpaileHHs Tmiciag 20
MYHKTIB € He3HaYHUM. Cepell yCix BapiaHTiB po3Tallly-
BaHH# HaliBulli 3HaYueHHs: RMSE crnioctepiranucs npu
PO3MIlIEHHI OMMOPHUX MYHKTIB Mo KyTax. HailTouHinuri
pe3yabTaTu OTpUMaHi MpU PiBHOMIPHOMY pO3Tally-
BaHHi 20 OMOPHUX MyHKTIB.

HaykoBa HoBH3HA. Y po0OOTi Briepiiie 3ilicCHeHa curc-
TeMHa OLliHKa K KiJIbKOCTi, TaK i IPOCTOPOBOIO pO3-
MiIlIEeHHSI OITOPHUX MMYHKTIB Y (pOTOTpaMMETPii i3 BUKO-
puctanHsM BITJIA, 1o Hamae emmipuyHe OOIpYHTY-
BaHHST ONTUMAJIBHUX CTPATETIli IX pO3TalTyBaHHSI.

IMpakTnyna 3naunmicts. OTpuUMaHi pe3yibTaT Ma-
IOTh TIPAKTAYHY LiHHICTB WIS (paxiBLiB y cdepi KapTo-
rpacdyBaHHs 3a formoMoroto BITJIA, amxe cBimyaTh, 1110
IJIST NOCSITHEHHSI TOYHOCTi, HEOOXimHOi1 Mg KapT
Maciutady 1:1 000, noctatHbo BukopuctaHHs 20 piB-
HOMIpHO pO3MillleHUX OMTOPHUX MYHKTIiB. Lle 103B0IsIE
MiIBUILIUTU €(EeKTUBHICTh MOJBLOBUX POOIT i 3a0e3me-
YUTHU BUCOKY SIKICTh JAHUX.

KmouoBi cioBa: onopri nynkmu, uugposa modens
noeepxti, beaninomHuil AimanrvHUil anapam
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