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ABSTRACT

The aim of this study was to analyze how the distance between ground control points (GCPs) affects the accuracy
of orthophotomaps and elevation data generated from unmanned aerial vehicle (UAV) imagery. Unlike most pre-
vious research focused on small areas or GCP density per unit area, this study examines a large area of 3027 ha
and introduces a spacing-based approach to define GCP distribution. A total of 48,000 images and 216 GCPs were
used, with seven data processing variants differing in minimum GCP spacing (0-2500 m) and control-check point
configurations. The results show that increasing GCP spacing does not significantly affect horizontal accuracy (X,
Y) but significantly reduces elevation accuracy (Z) and overall spatial accuracy (XYZ). Moreover, once a spacing
threshold of about 1000 m is exceeded, further increases have little effect on data quality. The findings highlight
the possibility of optimizing the number and placement of GCPs without substantial loss of accuracy, which can

greatly reduce the cost and duration of UAV mapping over large areas.
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INTRODUCTION

Photogrammetry is one of the key technolo-
gies used for acquiring precise spatial data. Its
development in recent decades has significantly
influenced the improvement of mapping accuracy
and 3D surface reconstruction (Kovanié¢, 2023,
Remondino et al., 2012), which is of great im-
portance in such fields as land surveying (El Me-
ouche et al., 2016), civil engineering (Tka¢ and
Meésaros, 2019), or archaeology (Marin-Buzoén et
al. 2021). The use of this technology allows for
the generation of orthophotomaps, digital ter-
rain models (DTM), and digital surface models
(DSM), which are essential in spatial analyses and
decision-making processes (Geng et al., 2018).

Traditional photogrammetric studies were
carried out using aerial photographs taken from
manned aircraft. Although effective, these methods
were costly and required complex logistics, which
limited their availability in many applications.
However, with the development of unmanned

aerial vehicle (UAV) technology, new opportuni-
ties have emerged in the field of photogrammetric
data acquisition. UAVs offer not only greater oper-
ational flexibility and the possibility of carrying out
missions in difficult-to-access areas, but also lower
implementation costs and the ability to acquire im-
ages with very high spatial resolution (Remondino
et al., 2012). The use of UAVs in photogrammetry
significantly reduces the influence of atmospheric
conditions and allows for the rapid execution of
photogrammetric missions, even over small areas
(Fras et al., 2020). This makes the technology in-
creasingly widespread.

However, the quality of the images alone is
not sufficient — equally important as resolution is
the accuracy of the final product, understood as
achieving the smallest possible positional errors
of photographed terrain features. From this point
of view, a key aspect in the process of generat-
ing an orthophotomap or 3D model is the correct
configuration of the set of ground control points
(GCP) (Aietal., 2015, Zietara, 2017). Such points
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are used in the process of image orientation and
georeferencing of 3D models and orthophoto-
maps (Grayson et al., 2018). They are an essential
element of every precise terrain reconstruction,
enabling correct representation of the real geom-
etry of the photographed area (Martinez-Carri-
condo et al., 2018). Proper configuration of the
set of GCPs allows for the reduction of geometric
errors resulting from optical imperfections, irreg-
ular terrain topography, and non-uniform lighting
conditions during UAV flights (Ai et al., 2015,
Yang et al., 2022). The use of GCPs ensures high
accuracy of object positioning in the image rela-
tive to the real coordinate system. They also al-
low for correct alignment of the photo mosaic and
elimination of external orientation errors, which
may lead to deformations of the orthophotomap.
It should be mentioned that photogrammetric
studies may also be carried out without the use
of GCPs, either to optimize costs or due to the
characteristics of the study area, e.g. its difficult
accessibility (Liu et al., 2021).

GCPs can be natural or artificial. Natural
control points are characteristic landscape fea-
tures such as road intersections, building corners,
curbs, shorelines, or other distinct elements of
existing infrastructure, which are easy to identify
in aerial and UAV images (Rabins et al., 2023).
Their advantage is the lack of necessity for ad-
ditional marking in the field, but they may be less
accurate, especially if their position is not clearly
defined. Artificial control points are specially pre-
pared markers placed in the field before carrying
out a UAV mission. They are clearly visible in the
images and have precisely determined geodetic
coordinates, which makes them more reliable in
the context of precise georeferencing.

One of the important issues in UAV photo-
grammetry is determining the optimal number
and distribution of GCPs, which will ensure the
highest accuracy of the orthophotomap or digital
terrain model (Seo et al., 2024). For this reason,
this problem has been the subject of many stud-
ies (Zhang et al., 2022; Ferrer-Gonzalez et al.,
2020, Gindraux et al., 2017; Sanz-Ablanedo et al.,
2018, Yu et al., 2020, James et al., 2017, Liu et al.,
2022, Shu et al., 2023, Villanueva et al., 2019).
Too few control points may result in inaccurate
image registration, deformations in the orthomo-
saic, and errors in terrain model reconstruction.
This may lead to georeferencing shifts, incorrect
elevation representation, and inconsistencies with
real-world terrain coordinates. On the other hand,
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excessive density of GCPs, although it improves
model accuracy, increases the time consumption
and operational costs of the entire process (Ferrer-
Gonzalez et al., 2020; Zhao et al., 2024). Each ad-
ditional point requires precise geodetic measure-
ment, which involves the use of high-accuracy
GNSS receivers and additional work. In the case
of large areas, an excessive number of GCPs may
significantly extend UAV survey preparation time.
Typical problems resulting from improper
GCP configuration include edge deformations
caused by the absence of control points near the
boundaries of the surveyed area, leading to mis-
aligned images. Another common issue is geo-
referencing shifts, which create inconsistencies
between the orthophotomap and the real coor-
dinate system and can have serious implications
in precise surveying applications. Improper GCP
placement may also cause disturbances in eleva-
tion reconstruction, resulting in inaccurate ter-
rain relief representation, particularly in areas
with significant topographic variation. To achieve
optimal results, it is necessary to find a compro-
mise between the resulting mapping accuracy and
operational efficiency. In practice, the number of
GCPs should be adjusted to two most important
aspects. The first is terrain characteristics — in flat
areas it is possible to use a sparser configuration
of GCPs, while in mountainous and urbanized ar-
eas higher density is required. The second is ac-
curacy requirements — in surveying applications,
centimeter-level precision requires a dense set of
GCPs, whereas in environmental and agricultural
analyses lower density may be acceptable.
Proper planning of the number and distribution
is therefore crucial for obtaining high-quality pho-
togrammetric products. Planning includes not only
determining the appropriate number and placement
of points, but also their geodetic measurements us-
ing precise GNSS receivers. Combined with ap-
propriate data processing methods, a well-planned
GCP configuration allows for obtaining highly ac-
curate and reliable results in the process of creating
an orthophotomap and 3D terrain models.
Research results clearly indicate that the use
of GCPs improves the accuracy of UAV survey re-
sults both in terms of the resulting orthophotomap
and elevation models (Agiiera-Vega et al., 2017).
However, the time- and cost-intensity of this stage
of work, related to the distribution and measure-
ment of the set of GCPs, poses major challenges
(Dharshan Shylesh et al., 2023) and may be sig-
nificantly higher than the stage of acquiring and
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processing aerial images itself. For this reason, re-
search on the optimization of the number of GCPs
is valuable, as significant research gaps can still be
identified among existing results. One of the ob-
served gaps is the lack of studies on GCP density,
understood as finding the relationship between the
distance between individual GCPs and the accu-
racy of the obtained results. Importantly, the vast
majority of existing studies have been carried out
for areas of small size.

The aim of this study is to analyze how GCP
distribution density, particularly the minimum
distance between points, affects the accuracy of
UAV-derived orthomosaics and elevation data.
The analysis was conducted over a large area of
3,027 ha and included several GCP spacing sce-
narios. The results provide valuable insights for
optimizing photogrammetric processes in engi-
neering, surveying, and environmental applica-
tions. It is expected that the findings will help iden-
tify the optimal number of control points required
to maintain high mapping accuracy while improv-
ing operational efficiency and reveal a threshold
beyond which additional GCPs no longer enhance
accuracy but only increase time and cost.

STUDY AREA

The study area covered eight localities located
in the Charsznica commune: Szarkoéwka, Podle-
sice, Uniejow-Kolonia, Swojczany, Charsznica,
Witowice, Dabrowiec, and Ciszowice. The total
surface area of the analyzed region was 3,027.38
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ha. This area is situated in Miechow County,
Lesser Poland Voivodeship, in southern Poland.
The land is predominantly agricultural, character-
ized by individual farms and a highly fragmented
ownership structure. The choice of location was
directly related to preparatory work for a land
consolidation project, where precise spatial data
are essential for designing new parcel boundaries
and improving land management efficiency.

Although the analyses had a planning back-
ground, the key factor in selecting this area for
research was its complex morphology. The ter-
rain features significant elevation differences,
numerous ravines, valleys, and hills, which pose
major challenges in generating accurate digi-
tal orthomosaics from UAV data, particularly
regarding the influence of GCP distribution on
product accuracy.

The main objective of the study was to assess
the precision of the digital orthomosaic as a func-
tion of the number and distribution of GCPs. Due
to its diverse relief and height variations, the area
provided an ideal testing ground for evaluating how
GCP configuration affects the accuracy of UAV-de-
rived photogrammetric products (Figure 1).

METHODOLOGY

The objective of the presented methodology
was to examine the impact of GCP density on the
accuracy of models created using unmanned aer-
ial vehicles. In order to investigate the influence
of GCP density on the accuracy of the resulting
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Figure 1. Location of the study area on the background of the orthophotomap and the digital terrain model
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orthomosaic, it was first necessary to define the
method of identifying this density. One alterna-
tive is to determine the number of control points
per unit of area. Another possible approach is to
define the minimum distance between control
points. The second option was chosen, particu-
larly since this type of approach (analysis of dif-
ferent spacing values between GCPs) has not yet
been addressed in any of the existing studies.
The methodology consisted of three stages:
data acquisition, processing, and analysis. The first
stage involved data acquisition using a Wingtra-
One GEN II VTOL UAV, equipped with a Sony
RX1R II camera, capturing vertical (nadir) images.
A total of 48,000 photographs were collected, cov-
ering an area of 26.185 km?, with missions planned
so that the ground sampling distance ranged from
0.02 to 0.03 m, and with 65% side and forward
overlap. Flights were conducted at an altitude of
100—120 m. Within the study area, 216 GCPs were
established. The points were marked using target
plates with white crosses placed on hardened sur-
faces. At each GCP, geodetic measurements were
carried out using the RTK technique with a Trim-
ble R2 GNSS receiver, achieving an accuracy of
0.03 m for horizontal coordinates and 0.06 m for
elevation. The UAV recorded GNSS corrections,
saving the coordinates of image projection centers
for the acquired photographs. The data were col-
lected over the course of 32 missions (Figure 2).
The second stage involved data processing in
Agisoft Metashape software. In the first step, all
images were imported into a single “Chunk,” and
then accuracy parameters were defined for the
acquired data: camera accuracy was set to 0.1 m
for horizontal coordinates and 0.2 m for vertical
coordinates, and the accuracies for markers corre-
sponded to the values obtained from the Trimble
R2 GNSS receiver. In the “Image Coordinates Ac-
curacy” settings, marker accuracy was set to 1 pix-
el, while tie point accuracy was set to 2 pixels. In
the “Reference Settings” section, the “capture dis-
tance” parameter was set to 120 m, corresponding
to the typical flight altitude. Additionally, the proj-
ect’s coordinate system was defined in accordance
with the PL-2000 system (EPSG:2178), trans-
forming the projection center coordinates from the
WGS 84 system (EPSG:4326) into PL-2000 using
the Convert tool available in Agisoft Metashape.
The next step consisted of importing the GCP
dataset and calculating the Quality parameter,
which enabled the exclusion from processing of
images with low quality (coefficient below 0.8).
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Then, the prepared “Chunk” was duplicated six
times, each one characterized by a different con-
figuration of parameters affecting the number of
GCPs used. In the first case, all 216 available GCPs
were included for adjustment (Variant “ALL”). In
the second, assuming a distance between points not
greater than 500 m (Variant “500”), 83 GCPs were
selected. In the third, with a minimum spacing of
1000 m (Variant “1000”’), 28 GCPs were obtained.
Similarly, for a minimum spacing of 1500 m, the
number of control points was 17 (Variant “15007).
In the next chunk, a minimum spacing of 2000 m
was assumed, which resulted in the use of 10 GCPs
(Variant “2000”). In the following step (Variant
“2500), only 7 control points were used. In the
final variant (“OFF”), all 216 points were treated
as checkpoints for which accuracy verification was
carried out, while the number of GCPs was 0.

For the prepared Chunks, the photo alignment
process (Align Photos) was performed, with Ac-
curacy set to High, Key point limit to 10.000, and
Tie point limit to 4.000. The Generic preselection
option was also enabled. After photo alignment,
camera parameters (f, k1, k2, k3, cx, cy, pl, p2)
were optimized, excluding from the process those
images with a Quality coefficient below 0.8. After
optimization, the photo alignment process (Align
Photos) was repeated, reintroducing the previous-
ly excluded images. The results obtained in this
way (estimated coordinates for the used GCPs
and the set of checkpoints) for each variant were
exported to text files and analyzed.

To ensure comparability across all test vari-
ants, the same set of 216 points was used as check-
points in each case. Although an alternative ap-
proach — using a variable number of checkpoints
defined as n = 216 — number of GCPs used — was
possible, it was not adopted for two main reasons.

First, this method would exclude the “ALL”
configuration from comparative analysis, since in
that case no checkpoints would remain. Second, it
would lead to inconsistent sample sizes between
variants, making direct comparison of accuracy
metrics difficult. Therefore, using a constant set
of 216 checkpoints provided uniform statistical
conditions for evaluating differences among the
tested GCP configurations.

RESULTS

For each of the seven GCP distribution vari-
ants, positional accuracies were calculated for
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Figure 2. GCP configuration variations considered in the study

216 checkpoints in five categories: X, Y, Z, XY,
and XYZ. The basic statistics of this dataset are
presented in Tables 1 and 2.

The variability of the obtained accuracies for
individual points in each category is clearly visi-
ble in the form of scatter plots. However, the high
density of points, even when using an appropri-
ate color scale, makes such plots difficult to read.
For this reason, it was decided to visualize two
categories most distant from each other in terms
of obtained accuracies: ALL and OFF, that is, the
variant in which all 216 points were used as GCPs
compared to the variant in which the data were
processed without the use of any GCPs. For the
X, Y, Z, and XY categories, these plots are shown
in Figure 3. The most important plot of this series,
presenting the differences in point coordinate ac-
curacy in the XYZ variant, is shown in Figure 4.

The final form of presenting the most impor-
tant results of study is the linear relationship be-
tween the distance between GCPs (including also
the two extreme configurations: ALL (XX m) and
OFF (no GCPs)) and the average magnitude of a
given type of error, presented in Figure 5.

To better assess the impact of changes in GCP
distribution density on the obtained results, they
were also presented as line charts after first order-
ing the points according to the obtained positional
error values. Similarly to before, in the first visu-
alization (Figure 6) the variability of the obtained

errors of individual coordinates (X, Y, Z) and the
positional error in the plane (XY') was presented.

The last category (positional error in three-
dimensional space, XYZ) was presented in the
form of two figures. The first one (analogous to
Figure 3) takes the form of a line chart of data
sorted according to the error value (Figure 6 and
7). The second shows histograms of XYZ error
magnitudes for individual GCP configurations
(densities) (Figure 8).

DISCUSSION

The obtained results constitute another signif-
icant contribution to the knowledge on the influ-
ence of GCP set parameters used in the process-
ing of UAV-acquired imagery — in this case, the
positional accuracy of points in several categories
X, Y, Z, XY, XYZ) was analyzed as a function
of GCP density defined by the minimum distance
between individual GCPs.

Three of the most important observed relation-
ships can be identified. The first is the practical
lack of observed influence of the number of GCPs
on planar coordinate errors (X, Y, and XY) (Fig-
ure 8). The reason in this case may be the favor-
able weather conditions during the flight combined
with high-quality GNSS signals and good-quality
receivers. The second observation is the significant
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Table 1. Basic characteristics of positional errors of checkpoints for individual error categories and GCP

configurations (horizontal errors)

GCP cr?;lliuratlon Error category Min [m] Max [m] Mean [m] Median [m] Std. dev. [m]
X_error 0.00 0.08 0.02 0.01 0.01
ALL Y_error 0.00 0.09 0.02 0.02 0.02
XY _error 0.00 0.09 0.03 0.03 0.02
X_error 0.00 0.10 0.02 0.02 0.02
500 Y_error 0.00 0.09 0.02 0.01 0.02
XY _error 0.00 0.12 0.03 0.03 0.02
X_error 0.00 0.10 0.02 0.02 0.02
1000 Y_error 0.00 0.09 0.02 0.02 0.02
XY _error 0.00 0.11 0.03 0.03 0.02
X_error 0.00 0.14 0.02 0.02 0.02
1500 Y_error 0.00 0.09 0.02 0.02 0.02
XY_error 0.00 0.14 0.03 0.03 0.02
X_error 0.00 0.14 0.02 0.02 0.02
2000 Y_error 0.00 0.09 0.02 0.02 0.02
XY _error 0.00 0.14 0.03 0.03 0.02
X_error 0.00 0.14 0.02 0.02 0.02
2500 Y_error 0.00 0.09 0.02 0.02 0.02
XY_error 0.00 0.14 0.03 0.03 0.02
X_error 0.00 0.14 0.02 0.02 0.02
OFF Y_error 0.00 0.09 0.02 0.02 0.02
XY _error 0.00 0.14 0.03 0.03 0.02

Table 2. Basic characteristics of positional errors of checkpoints for individual error categories and GCP

configurations (vertical errors)

GeP cr?;lrf;%uratlon Error category Min [m] Max [m] Mean [m] Median [m] Std. dev. [m]

ALL Z_error 0.00 0.21 0.10 0.10 0.05
XYZ_error 0.01 0.21 0.10 0.1 0.05

Z_error 0.00 0.24 0.12 0.14 0.06

500 XYZ_error 0.01 0.24 0.13 0.14 0.06
1000 Z_error 0.00 0.27 0.14 0.16 0.07
XYZ_error 0.01 0.27 0.15 0.17 0.07

1500 Z_error 0.00 0.28 0.15 0.17 0.07
XYZ_error 0.01 0.28 0.15 0.18 0.07

2000 Z_error 0.00 0.28 0.15 0.17 0.07
XYZ_error 0.01 0.28 0.16 0.18 0.07

Z_error 0.00 0.28 0.15 0.18 0.07

2500 XYZ_error 0.01 0.28 0.16 0.18 0.07
OFF Z_error 0.00 0.28 0.15 0.18 0.07
XYZ_error 0.01 0.29 0.16 0.19 0.07

influence of the number of GCPs on the accuracy
of the Z coordinate of the determined points (and
consequently also on the total positional error of
the point in three-dimensional space, XYZ). The
cause can be attributed to the large elevation differ-
ences in the analyzed area, exceeding 100 meters
(Figure 1 or as part of the first figure). This at the
same time indicates the absolute necessity of using
GCPs in areas with highly diverse terrain relief.
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The third important observation is the nonlin-
ear relationship between changes in the distance
between GCPs and changes in the average mag-
nitude of errors in a given category (Figure 8). In
practice (as can be clearly seen in Figure 8, XYZ
error), significant differences in accuracy are vis-
ible between the ALL and 500 modes, as well as
between the 500 and 1000 modes. Further increas-
ing the distance does not result in a significant
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Figure 7. Error magnitudes at checkpoints in the XYZ category — line chart with data sorted by error values
(ALL: all GCPs used, OFF: no GCPs used)

deterioration of accuracy (though this note still
applies to the accuracy of the Z and XYZ param-
eters). It is definitely worthwhile to use a dense
network of GCPs in all cases where high accuracy
of elevation data is required and at the same time
the area features large elevation differences.
Reference should be made here to other stud-
ies that have attempted to determine the relation-
ships associated with the influence of GCP con-
figuration on the accuracy of the resulting ortho-
photomap or elevation data. In studies conducted
over a small area of the Pennsylvania State Uni-
versity campus (Bolkas, 2019), the optimal sepa-
ration distance between GCPs was determined to
be 105 m in order to obtain elevation accuracy at
the level of 1-2 cm. In studies on the influence of
GCP configuration over glaciated areas (Gindraux
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et al., 2017), the optimal GCP density was deter-
mined to be about 10 GCPs per km?, above which
the accuracy of the results no longer increased.
The analyzed OFF variant, meaning data pro-
cessing without the use of GCPs, shows that such
products can be created with accuracy accept-
able (depending on the purpose of the product)
even without the use of GCPs (Liu et al., 2021;
Szyputa, 2024, Tiirk et al., 2022; Hugenholtz et
al., 2016). The observations of this study are con-
sistent with the results of other authors (Liu et al.,
2022; Mallinis et al., 2017) and indicate the pos-
sibility of using this mode in areas with limited
accessibility or when the budget for GCP coordi-
nate surveying in the field is restricted. However,
in such a case, the quality of the GNSS receivers
on UAV systems plays an important role, and in
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the case of low-quality receivers, including GCPs
can improve the accuracy of the 3D model from a
level of two meters to just a few centimeters.

Previous studies have emphasized the impor-
tance of adequate GCP density for minimizing el-
evation errors, though recommended values vary
depending on the study scale and methodology.
For smaller areas, a relatively high GCP density
is advised (e.g., about 1 GCP per 200 m?; Oniga et
al., 2018), while research on larger sites suggests
that fewer, well-distributed points are sufficient to
maintain accuracy. For instance, Martinez-Carri-
condo et al. (2018) recommend a general density
of 0.5-1 GCP x ha!, and Yu et al. (2020) found
that 12 to 18 GCPs were adequate for areas rang-
ing from 7 to 342 ha.

The obtained results may be applied wherever
a compromise must be considered between the ac-
curacy of results and the effort required to prepare
(distribute and measure) an appropriate number of
GCPs for projects covering relatively large areas
for UAV surveying. In the case analyzed in this
manuscript, this involved the preparation of an or-
thophotomap and DEM data for land consolidation
projects, but in practice these may be any products
covering areas of several hundred or several thou-
sand hectares. In such cases, the considered dis-
tances between GCPs (in multiples of 500 m) are
worth considering in order to eliminate excessive
numbers of GCP coordinate measurements as well
as the process of setting them up in the field. For
an area of 1000 ha, the densities recommended in
other studies, at the level of 1 to 5 points/ha, would
mean as many as 5000 GCPs, which seems eco-
nomically unjustified. In such cases, an approach

based on average distances between individual
GCPs in the range of 500—2000 m (which of course
can be converted into average GCP density per unit
area) may represent a good compromise between
the cost of the product and its accuracy.

It is also worth mentioning the weaknesses
of this study, but at the same time the opportu-
nities for further research in this field. The data
were acquired at only one flight altitude and with
one software package, which does not allow for
evaluation of the influence of these factors on the
accuracy of the output data, as was done, for ex-
ample, in two studies (Oniga et al., 2018; Bolkas,
2019), although in those cases the study area was
relatively small. Another weakness (though at the
same time also an advantage) is the execution of
the flight at a constant altitude relative to the take-
off point, despite relatively large elevation differ-
ences in the study area. It would be valuable to
compare the obtained results with those derived
from maintaining a constant altitude relative to the
terrain during the entire flight. These limitations of
the study also point to opportunities for conduct-
ing more in-depth analyses in the future, which
could provide answers to such research questions.

CONCLUSIONS

In this study, the relationship between GCP
density and the accuracy of spatial data acquired
from UAVs was analyzed. The focus was placed
on the effect of the minimum distance between
GCPs on the quality of the orthophotomap and
the elevation model. The results clearly show that
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GCP density has the greatest influence on the el-
evation coordinate (Z), and consequently on the
overall spatial error (XYZ). For horizontal coor-
dinates (X, Y), this influence was minor, indicat-
ing high stability of the reference system provid-
ed by high-quality GNSS sensors and favorable
weather conditions.

A key practical finding is the identification of
a saturation point, beyond which increasing GCP
density yields no significant accuracy improve-
ment. In this study, a spacing of approximately
1000 m between GCPs maintained acceptable el-
evation accuracy while substantially reducing the
time and cost of fieldwork.

The analysis of the OFF variant (with-
out GCPs) produced surprisingly good results,
though with lower elevation accuracy. This sug-
gests that, for applications such as environmental
analyses, general inventories, or preliminary ter-
rain assessments, the use of traditional GCPs may
be optional if the UAV is equipped with a precise
GNSS receiver. However, for tasks requiring high
precision (e.g., land consolidation, infrastructure
design, surveying), a well-planned GCP configu-
ration remains essential.

The presented methodology is scalable and
can be applied in both local and regional projects,
where economic efficiency and data quality are
equally important. Future research should explic-
itly explore different UAV platforms, various ter-
rain types, and the potential integration of direct
georeferencing methods to further refine the rela-
tionship between GCP density and data accuracy.
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