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Abstract: Unmanned aerial vehicles (UAVs) have been employed to perform aerial surveys in
many industries owing to their versatility, relatively low cost, and efficiency. Ground control points
(GCPs) are used for georeferencing to ensure orthophoto geolocation/positioning accuracy. In
this study, we investigate the impact of the number and distribution of GCPs on the accuracy of
orthophoto production based on images acquired by UAVs. A test site was selected based on
regulatory requirements, and several scenarios were developed considering the specifications of the
UAVs used in this study. The locations of GCPs were varied to obtain the results. Based on the results
obtained for different numbers of GCPs per unit area and distribution of GCPs, it is shown that
UAV-based platforms can be more extensively utilized in a range of applications. The findings of this
study will significantly impact the development process of GCP automation algorithms and enable a
more cost-effective approach when determining target sites for UAV-based orthophoto production.

Keywords: ground control points; unmanned aerial photogrammetry; unmanned aerial vehicle;
orthophoto; digital elevation model

1. Introduction

In recent years, the development of various types of unmanned aerial vehicles (UAVs)
has led to the active use of UAV-based platforms or systems across various industrial
sectors. In particular, there has been a significantly increased interest in the use of UAVs
to acquire low-altitude images [1,2]. UAV-based aerial photogrammetry has emerged as a
relatively low-cost alternative to the traditional manned aerial photogrammetry, enabling
fast and efficient data acquisition and processing for surveying, even for locations that are
difficult for humans to access or over large areas.

The versatility and advantages of UAV platforms have attracted continuous research
interest owing to their potential in a wide range of applications [3]. The use of UAVs
provides a rapid, cost-effective, and efficient method for the generation of high-resolution
datasets, including digital elevation models (DEMs) and orthophotos [4,5].

When creating DEMs or producing orthophotos based on UAVs, images and altitude
data should be properly aligned with the Earth’s surface to obtain accurate positioning
information. This is essential for ensuring accuracy in mapping, geospatial analysis, and
integration of UAV data with data from other geomatic systems [6]. When used properly,
UAV-based systems enable the production of orthophotos and DEMs with a sufficient
level of accuracy and quality; however, the quality of these resulting models or photos
largely depends on how the mission and surveys are optimally performed to achieve the
highest possible accuracy under given settings [7]. For applications including surveying
or mapping, the acquisition of geospatial information with minimal error is essential to
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obtaining accurate measurements. A high positional accuracy ensures the reliability of
information about distances, areas, and volumes calculated from the data acquired with
UAVs, which is useful in a variety of applications including construction, agriculture, and
environmental monitoring.

To achieve a practical degree of positional accuracy for orthophotos produced based
on the structure from motion (SFM) algorithm by acquiring aerial photos, an appropriate
georeferencing strategy needs to be adopted [8]. This step is critical to ensuring the accuracy
of these images for various purposes including mapping, surveying, and environmental
monitoring. Accurate georeferencing allows the reliable comparison of heterogeneous
datasets acquired at different times. It also plays an important role in monitoring changes
over time, including the tracking of vegetation growth, evaluation of land use changes, and
detection of changes in surface topography.

In the UAV-based image mapping stage, ground control points (GCPs) are usually
used for georeferencing to ensure orthophoto geolocation/positioning accuracy [9]. A
GCP is an artificial or natural point on the Earth’s surface with defined coordinates. This
refers to the point of observation by installing a target signboard for aerial surveying on
the ground for geometric correction of the acquired photo. In some cases, other objects
such as crosswalk signs, manholes, or braille blocks are used instead of installing target
signboards. To use something other than the target signboards as a GCP, requirements
that must be considered consist of the following: first, the location of the pixels, enabling
the clear identification of a point; second, locations with a clear difference in brightness;
and third, points invariant to the time at which photos are taken and changes in time.
After determining the GCPs, devices used for stereo matching, such as a global positioning
system (GPS), are used to obtain values of the stereo corresponding with the applicable
points [10].

Without GCPs, orthophotos are at risk of experiencing distortions and errors from
factors such as GPS inaccuracy, sensor drift, and topographic changes. GCPs help to
minimize these errors and improve the overall quality of orthophotos. If orthophotos or
DEMs are produced in units of cities of districts without GCPs or other control points,
significant geolocation errors may occur. In order to minimize such errors, an analysis
from a previous study [11] reported that GCPs could be installed to guarantee a certain
degree of precision and reduce the error rate. In summary, GCPs play an important role in
ensuring the accuracy, precision, and reliability of orthophotos produced with UAV-based
platforms, providing the necessary references for georeferencing and contributing to the
overall quality of mapping or surveying results.

With a growing demand for accurate and up-to-date geospatial information/data,
there is a clear need to establish a standardized methodology for UAV-based orthophoto
production. An important challenge is to identify the ideal density, spatial distribution,
and optimal number of GCPs considering changes in topography, land cover, and charac-
teristics of the UAV used and the target site. Georeferencing involves assigning real-world
coordinates to digital data (usually images or maps). A GCP functions as a key player in
this process by providing a known reference location. The geolocation of GCPs is measured
using surveying techniques that provide accurate and known coordinates for a specific
point on the Earth’s surface. Commonly used methods include real-time kinematic (RTK)
GPS, high-precision global navigation satellite system (GNSS) receivers, and terrestrial light
detection and ranging (LiDAR) [12]. Among these methods, RTK GPS is often considered
one of the most reliable methods for achieving high positioning accuracy. RTK GPS uses
satellite signals for the real-time determination of the exact location of a GPS receiver. By
using a base station with known coordinates to transmit corrected data to the rover (GPS
receiver of a GCP), centimeter-level resolution/accuracy can be achieved.

The absence of clear guidelines in general regulations/specifications about measuring
geolocations of GCPs for georeferencing may result in suboptimal georeferencing, affecting
the overall quality of the resulting orthophoto.
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According to the current version of the Guideline for Public Survey Using Unmanned
Aerial Vehicles in Korea, the requirements for the installation of the target signboard for
aerial surveying and the number of GCPs are set as nine points per km2 in principle.
However, it can be verified that a larger than necessary number of GCPs against the
size of the target site or inefficient placement of GCPs would result in wasted time and
manpower. Therefore, in this study, we aim to achieve improved accuracy by adjusting the
number and placement of GCPs to increase their process efficiency and speed. However,
considering the previous studies conducted to date, although there has been a range of
comparative evaluations or analyses on the impact of having no GCPs or GCPs on the X
and Y coordinates, few studies have investigated the impact of the number and distribution
of GCPs on the accuracy of the resulting orthophoto. Therefore, considering the potential
for utilization in practical applications, more in-depth research is needed on the impact of
the number and distribution of GCPs.

Against this backdrop, in this study, we aim to analyze the impact of the number and
distribution of GCPs on the accuracy of orthophoto production based on images acquired
by UAVs, to understand the impact on the quality of the survey results. In addition,
based on the results, we propose the optimal number per unit area and distribution of
GCPs. If the findings of this study can contribute to an improved accuracy in UAV-based
photogrammetry, it is expected that UAV-based platforms can be more extensively utilized
in a range of applications such as process control at construction sites or facility inspection,
as well as surveying, building status surveys, and investigations of unauthorized buildings.

2. Related Work

Unmanned aerial photogrammetry with UAV-based systems is a relatively low-cost
method compared to traditional manned aerial photogrammetry and is capable of fast
and efficient data acquisition and processing for surveying, even for places for which
human access is difficult or over large areas. The distinctive advantages of UAV platforms
have attracted continuous research interest such as producing orthophotos with UAV
imagery over a wide range of applications. An orthophoto refers to an image from which
image displacement caused by terrain relief and camera orientation at the time of taking
the image has been removed. Upon the process of correction, an image is expressed as
a vertically looking-down image. Orthophotography can be utilized for the inspection
of buildings/facilities, analysis of land cover/land use, etc., and the anticipated effects
include cost saving from reducing the number of field surveys to the facilitation of visual
and geospatial analyses in construction projects such as in the case of urban planning.

According to previous research, orthophoto production in units of cities or districts
without GCPs often generates many errors. The installation of GCPs helps to guarantee
a certain degree of precision and minimize the occurrence of errors. Furthermore, the
efficient placement of GCPs against the entire area of the target site, which plays a key
role in orthophoto production, is expected to reduce the time involved and increase cost-
effectiveness.

In Korea, according to the current version of the Guideline for Public Survey Using
Unmanned Aerial Vehicles, the requirements on the installation of the target signboards for
aerial surveying and the number of GCPs are set as nine points per km2 in principle. The
placement or arrangement of GCPs is also described in the provision in the Guidelines, but
in this study, we aim to achieve efficiency in obtaining the results with high accuracy using
a small number of GCPs by modifying the number and distribution of GCPs specified in
the Guidelines. Considering the previous studies to date [13,14], although there have been
comparative evaluations or analyses on the impact of having no GCPs or GCPs on the
RMSE values of X, Y, and Z coordinates, few studies have investigated the impact of the
number and distribution of GCPs on the accuracy of the resulting orthophoto. Therefore,
to facilitate active utilization in practical applications, more in-depth research is needed on
the impact of the number and distribution of GCPs.
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Thus, in this study, we aim to analyze the impact of the number and distribution of
GCPs on the accuracy of UAV-based orthophoto production, ultimately explaining the
impact on the quality of the survey results. In addition, based on the results obtained, we
propose the optimal number per unit area and the optimal distribution of GCPs. Realizing
an increased accuracy in UAV-based photogrammetry will enable UAV-based platforms to
be more extensively utilized in diverse applications such as process control at construction
sites or during facility inspection, surveying, building status surveys, and investigations of
unauthorized buildings.

First, for a brief overview of previous studies related to GCPs in UAV photogrammetry,
Lee et al. [15] reported the installation of nine GCPs at points per 1 km2 in accordance with
the regulations of Korea. Yoo et al. [16] installed three GCPs in the test site of approximately
0.2 km2, and the orthophoto and DSM results were within the margin of error. Kim et al. [17]
proposed a method of automatically creating a building model using a UAV-based point
cloud and reported that the method can be applied not only to update two-dimensional (2D)
data such as digital maps, but also for the three-dimensional (3D) modeling of buildings
based on 2D data.

Benassi F. et al. [18] conducted experiments using eBee-RTK (SenseFly), which is a
survey-grade fixed-wing drone, and installed 12 GCPs in the test site over an area of about
0.2 km2. The number density of GCPs was about 5.4 times higher than that of GCPs in
Korea. In [19], the authors used Phantom 4 Pro, which is a fixed-wing drone, and by
conducting tests with varying numbers of GCPs from 4 to 24, a trend of a decreasing error
rate with an increasing number of GCPs was confirmed. In [20], the authors conducted a
survey without using GCPs, and their results showed that the error of the Z-axis coordinate
value was larger than other values. In [21], a rotary-wing drone was used and the number
of GCPs was 9, 19, and 33, while the RMSE values of the X, Y, and Z coordinates were
compared. In addition, analyses of how different physical properties of GCPs affect the
identification of GCPs from orthophotos [22] helped to improve the understanding of the
actual impact of GCPs; the results confirmed that the color, material, size, and shape of
GCPs can affect their accurate identification in orthophotos [23].

The study by James et al. [24] analyzed the effects of the number and distribution of
GCPs, as well as bundle adjustment, on the accuracy of SfM-based UAV surveys. This study
showed that while increasing the number of GCPs improves accuracy, the improvement
effect becomes insignificant above a certain level. Additionally, it confirmed that the spatial
distribution of GCPs can greatly influence accuracy, and the bundle adjustment process
also contributes to improving accuracy.

In the study by Stott et al. [25], they used an RTK-GNSS UAV and SfM techniques to
perform large-scale topographic mapping and proposed a GCP distribution strategy for
this purpose. They experimentally analyzed the influence of GCP number and placement
on terrain accuracy. The study found that an even the distribution of GCPs plays a crucial
role in improving accuracy. In particular, a GCP arrangement spanning the entire area was
shown to be important.

Synthesizing the findings from these prior studies, optimizing both the number and
spatial distribution of GCPs is critical for maximizing the accuracy of UAV-based orthopho-
tos and terrain models. It is efficient to devise a placement strategy that can satisfy the
required accuracy with a minimum number of GCPs, considering the scale and terrain
characteristics of the target area.

Based on these previous studies on GCPs, we can see that GCPs play an important
role in improving geolocation/positioning accuracy in various applications of mapping
and surveying, especially in applications related to aerial or satellite imagery. Furthermore,
to achieve a high degree of positioning/geolocation accuracy when building geospatial
datasets of a specific target site, it is believed that by adjusting the number and distribution
of GCPs, the desired level of accuracy can be achieved when a minimum number of GCPs
is installed relative to the area of the target site.
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3. Methodology
3.1. Overview of Test Sites and UAVs

From the regulations related to aerial photogrammetry with UAV, the workflow is
the following: 1. Establishment of a plan/process; 2. Installation of target signboards
for aerial surveying and surveying of GCPs; 3. Unmanned aerial photography; 4. Aerial
triangulation; 5. Creation of a digital surface model (DSM), etc.; 6. Orthophoto production;
7. Description of topography (with topographical features); 8. Production of a digital
topographic map; and 9. Quality control and evaluation/summary. In this study, the values
of the geolocation RMSE of an orthophoto were analyzed through the workflow, up to
No. 6.

Considering the current regulatory requirements and applying the required standards
to the target area of this study, because the study site was a flat, low-lying area, the appro-
priate percentages of overlap (65%) and sidelap (60%) were determined for performing
unmanned photogrammetry with UAVs. In addition, the modeling and analysis results
indicated that the values of the root mean square error (RMSE) needed to be within ±0.5
based on the map scale of 1/500 to 1/600.

With respect to the selection of a study site, the “ultralight vehicle flight areas” as
prescribed by the relevant regulations were considered as the top priority. In addition,
an area of at least 500 m × 500 m needed to be be secured, and the site could not have
restrictions on the installation of GCPs. Considering these considerations, an area in
Gyeongsan-si, Gyeongsangbuk-do Province, in Korea, was selected, as depicted in Figure 1
for conducting the activities of UAV photogrammetry and research, and the area of the
study site was approximately 1,000,000 m2 (~1 km2). The specifications of the UAV used in
the experiments of this study are presented in Table 1.

Table 1. Specifications of the UAV used in this study.

Weight
(Battery and props included) 1391 g

Diagonal size
(Battery and props excluded) 350 mm

Maximum ascent speed Automatic flight mode: 6 m/s
Manual control mode: 5 m/s

Maximum descent speed 3 m/s

Overview of test sites and UAV 58 km/h (A mode)
50 km/h (P mode)

Field of view (FOV) Front/Back: 60◦ (horizontality), ±27◦ (perpendicular)
Downward: 70◦ (front/back), 50◦ (left/right)

GNSS GPS + BeiDou + Galileo

Hovering accuracy range Perpendicular: ±0.1 m (vision) ± 0.5 m (GNSS)
Horizontality: ±0.3 m (vision) ± 1.5 m (GNSS)

3.2. Establishment of Experimental Scenarios

The experiment involves planning for aerial photography with the UAV, the actual
photography, alignment of photos, and geospatial data construction. In this study, Phantom
4 RTK (DJI), which is a rotary-wing drone, was used, and the study site was the area around
Hayang-eup. The settings for the aerial photography with the drone were the following:
average altitude of 100 m, flight speed of 7.9 m/s, camera angle of −90◦ (vertical), horizontal
overlap of 65%, and vertical overlap of 60%. In addition, the area of the drone-mapping
zone was approximately 650,000 m2, with a flight time of approximately 40 min. A total of
473 photos were acquired. After completion of the photography process, VRS-RTK was
used to measure the geolocation for four GCPs and five checkpoints (CPs) within the study
site, as shown in Figure 1. Based on the image data acquired through the UAV photography,
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scenarios for experimental analysis were developed. Based on the four GCPs installed,
Scenarios 1 to 5 were created with different numbers of GCPs, including the case without
any GCP. For scenarios with multiple GCPs, the total number of all possible cases that
could be created by varying the GCP placement could be obtained using the following:
∑4

x=0 4Cx = 16;. Therefore, the final number of models was 16, and PIX4D Mapper v4.5.6
(professional photogrammetry software) was used for modeling to generate an orthophoto;
the RMSE values were analyzed through the derived data.
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3.3. Development of Scenarios

Scenarios were developed for experimental analysis based on the data acquired from
the aerial photography in the previous stage. The locations of the GCPs and CPs within the
study site are shown in Figure 2.
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Based on the image data acquired through the drone photography, the scenarios
required for experimental analysis were developed. Based on the four GCPs that were
installed, Scenarios 1 to 5 were set as shown in Table 2 by varying the number of selected
GCPs in each scenario. Additional scenarios were created by changing the placement of
GCPs included in each scenario. The number of all possible cases that could be generated
was ∑4

x=0 4Cx = 16; a total of 16 cases were generated, as shown in Table 3. Therefore, the
final number of models is 16.

Table 2. GCP locations for Scenarios 1–5.

GCP Location

Scenario 1
No GCP – – – – – –

Scenario 2
1 GCP 1 2 3 4 – –

Scenario 3
2 GCPs 1, 2 1, 3 1, 4 2, 3 2, 4 3, 4

Scenario 4
3 GCPs 1, 2, 3 1, 2, 4 1, 3, 4 2, 3, 4 – –

Scenario 5
4 GCPs 1, 2, 3, 4 – – – – –

Table 3. RMSE values calculated for each scenario in the study site.

Scenario Geolocation RMSE X [m] Geolocation RMSE Y [m]

S1 0.161024 0.120645

S2-1 0.072354 0.093217

S2-2 0.07112 0.091593

S2-3 0.073097 0.084644

S2-4 0.089338 0.100365

S3-1 0.059623 0.071285

S3-2 0.065001 0.091031

S3-3 0.066761 0.081339

S3-4 0.03989 0.050022

S3-5 0.051569 0.0809

S3-6 0.041449 0.054192
S4-1 0.024585 0.031112
S4-2 0.017019 0.033018
S4-3 0.021665 0.030613
S4-4 0.010256 0.030092
S5 0.008412 0.011855

Based on the formulated scenarios, the selected GCPs were placed as shown in Figure 2
and modeling was performed with PIX4D Mapper. An orthophoto was created, the
resulting values for the geolocation of GCPs were produced, and the data were analyzed.

4. Analysis of Experimental Data
4.1. Analysis of Modeling Results

Modeling was performed according to the steps of the process, as shown in Figure 3.
First, the images were aligned by analyzing the position of the camera for each image,
and after entering the measured GCPs for geometric correction, the Align Photos step was
performed to extract tie points from the overlapping area in the image. In the Build Dense
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Point Cloud step, depth information was calculated from individual images based on the
point cloud model built during the Align Photos step to create a denser point cloud model.
In the Build Mesh step, a polygon mesh model was created using the mesh-building process
based on the dense point cloud model. Finally, in the Build Texture step, which was a step
that involved creating texture based on the original image and mapping the texture to the
polygon mesh model, a 2D orthophoto was produced.
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4.2. Analysis and Validation of Orthoimage RMSE

Based on the images acquired from the Phantom4 RTK camera, an orthophoto was
produced with PIX4D Mapper. As shown in the first step of Figure 3, an orthophoto
was built using the method of a point cloud model. First, the images were aligned by
analyzing the position of the camera for each image, and after entering the measured GCPs
for geometric correction, the Align Photos step was performed to extract tie points from
the overlapping area in the image.

Through the Build Dense Point Cloud step, depth information was calculated from
individual images based on the point cloud model built in the Align Photos step, to create
a denser point cloud model as can be seen in the second step of Figure 3.

Next, through the Build Mesh step, a polygon mesh model was created through the
mesh-building process based on the dense point cloud model. Finally, through the Build
Texture step, a step involving creating texture based on the original image and mapping
the texture to the polygon mesh model, a 2D orthophoto was produced, as shown in the
last step in Figure 4.

Appl. Sci. 2024, 14, x FOR PEER REVIEW  9  of  13 
 

Based on the image data taken with the UAV from an altitude of 100 m, which was 

an altitude expected to be commonly used in the field, the product acquired using Pix4D 

Mapper was analyzed. Figure 4 shows the orthophoto produced from the acquired data. 

 

Figure 4. Orthophoto of the study site created using UAV data. 

To evaluate the accuracy of the image data captured, the RMSE value, which was the 

standard metric  for  the  evaluation of  accuracy  for  each of  the 16  scenarios developed 

based on the four GCPs, was calculated using software. The results derived through this 

process are presented in Table 3. 

In Scenario 1, the X- and Y-coordinate values of the RMSE were the following: (RMSE 

X, RMSE Y) = (0.161024 m, 0.120645 m); for Scenario 2, (RMSE X, RMSE Y) = (0.076477 m, 

0.092455 m); for Scenario 3, (RMSE X, RMSE Y) = (0.054049 m, 0.081462 m); for Scenario 4, 

(RMSE X, RMSE Y) = (0.018381 m, 0.031209 m); and for Scenario 5, (RMSE X, RMSE Y) = 

(0.008412 m, 0.011855 m). 

Figure 5  shows a plot of  the analysis  results of  the RMSE values of  the X and Y 

coordinates for each scenario for images taken at an altitude of 100 m. According to the 

Aerial Photogrammetry Work Regulations of Korea, which were discussed in a previous 

study, the margin of error for 2D GCP is specified to be within ±0.05 m based on map scales 

from 1/500 to 1/600. 

 

Figure 5. RMSE by scenario. 

Figure 4. Orthophoto of the study site created using UAV data.

Based on the image data taken with the UAV from an altitude of 100 m, which was
an altitude expected to be commonly used in the field, the product acquired using Pix4D
Mapper was analyzed. Figure 4 shows the orthophoto produced from the acquired data.

To evaluate the accuracy of the image data captured, the RMSE value, which was the
standard metric for the evaluation of accuracy for each of the 16 scenarios developed based
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on the four GCPs, was calculated using software. The results derived through this process
are presented in Table 3.

In Scenario 1, the X- and Y-coordinate values of the RMSE were the following: (RMSE
X, RMSE Y) = (0.161024 m, 0.120645 m); for Scenario 2, (RMSE X, RMSE Y) = (0.076477 m,
0.092455 m); for Scenario 3, (RMSE X, RMSE Y) = (0.054049 m, 0.081462 m); for Scenario 4,
(RMSE X, RMSE Y) = (0.018381 m, 0.031209 m); and for Scenario 5, (RMSE X, RMSE Y) =
(0.008412 m, 0.011855 m).

Figure 5 shows a plot of the analysis results of the RMSE values of the X and Y
coordinates for each scenario for images taken at an altitude of 100 m. According to the
Aerial Photogrammetry Work Regulations of Korea, which were discussed in a previous
study, the margin of error for 2D GCP is specified to be within ±0.05 m based on map
scales from 1/500 to 1/600.
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To further validate the accuracy of the orthophotos produced in each scenario, an
additional analysis was conducted using checkpoints independent from the GCPs. Five
checkpoints were separately measured within the study area, in addition to the four
GCPs. For each scenario, the coordinates of the checkpoints on the modeled orthophotos
were compared with the actual measured coordinates of the checkpoints, and the RMSE
values were calculated to evaluate their accuracy. The RMSE values obtained from the
checkpoint analysis corroborated the findings derived from the GCP analysis, providing
further confidence in the reliability of the results. This additional validation step strengthens
the conclusions drawn from the experimental analysis regarding the optimal number and
distribution of GCPs required to achieve the desired accuracy for UAV-based orthophoto
production in urban areas. Based on this validation, optimizing the number and placement
of GCPs can not only improve accuracy but also provide benefits such as reducing field
work time, saving labor costs, and increasing overall cost savings.

5. Discussion

In this study, the impact of GCPs on the accuracy of UAV photogrammetry was
examined, and the results indicated that at least three GCPs were needed for the optimal
improvement in the image accuracy. This finding contrasts with the result reported by
Yu et al. [26], who proposed that eight to nine GCPs were required for a similar level
of accuracy for a target area of 342 ha. The methodology presented in this study, which
focuses on various types of topographic features, proposes a more efficient approach in
terms of GCP placement without compromising quality. The results of this study indicate
that the new GCP configuration that was tested can significantly improve the efficiency and
accuracy in the practice of UAV photogrammetry. This study focused on cost-effective and
rapid map production by achieving the desired level of geolocation/positioning accuracy
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through the installation of a minimal number of GCPs. The GCP installation standards
were set based on the Aerial Photogrammetry Work Regulations of Korea. Contrary to the
findings obtained from a previous study by Kim and Hong (2020) [27], which emphasized
the placement of GCPs over the number of GCPs, our findings indicate that the strategic
placement of GCPs can reduce the need for the installation of more GCPs, resulting in the
provision of a cost-effective solution for UAV photogrammetry. In addition, the findings of
this study underline the importance of the balance between the number of GCPs and their
strategic placement, presenting a new perspective on the optimization of photogrammetry
projects. In this study, we analyzed the influence of the number and distribution of GCPs on
the accuracy of UAV-based orthoimages. The experimental results showed that a minimum
of three GCPs could achieve the desired level of accuracy. Future research could further
optimize the GCP placement strategy by considering various factors such as terrain and
feature characteristics, flight altitude, and overlap ratios. Employing machine learning
techniques to automatically explore optimal GCP locations could also be explored.

This finding is consistent with the results of Ozgur Hastaoglu et al. (2022) [28]. In their
study, they experimentally analyzed the impact of GCP height differences and geometric
distribution on the positional accuracy of UAV point cloud data. They found that larger
height differences between GCPs and clustered GCP configurations led to lower positional
accuracy of the point cloud data. These results suggest that an appropriate vertical and
horizontal distribution of GCPs is crucial for improving accuracy. In our study, we were
able to obtain accurate results by evenly distributing GCPs throughout the entire study area.
The findings of Ozgur Hastaoglu et al. (2022) provide practical guidelines for establishing
an optimal GCP distribution strategy.

However, according to other previous research (James et al., 2017 [24]), accuracy
improvement diminishes when the number of GCPs increases beyond a certain level. In
our study, the accuracy improvement was not significant when more than four GCPs
were used. Therefore, it is important to develop a distribution strategy that achieves the
target accuracy with the minimum number of GCPs, considering the size and topographic
characteristics of the study area.

In conclusion, by synthesizing the results of our study and several previous studies,
it is evident that both the vertical/horizontal distribution and the total number of GCPs
influence accuracy. The most efficient approach for producing UAV-based orthoimages
would be to establish a distribution strategy that satisfies the accuracy requirements with
the minimum number of GCPs, taking into account the characteristics of the study area.

6. Conclusions

In this study, we performed a comparative analysis of the accuracy of orthophoto
production with UAVs by setting different scenarios according to the number of GCPs
and their distribution. Furthermore, we presented the optimal number and distribution of
GCPs in urban areas. The findings of this study can be summarized as follows.

First, through an analysis of previous studies, the margin of error for the geolocation
of 2D GCPs based on a map scale from 1/500 to 1/600 was analyzed according to the Aerial
Photogrammetry Work Regulations of Korea. For a comparative evaluation of accuracy
according to the number and distribution of GCPs, the area around Gyeongsangbuk-do
Province in South Korea was selected as the study site, UAV-based aerial photography was
performed, and 473 photos were collected as image data. Using the acquired aerial imagery
data, 3D modeling was performed for each scenario based on a point cloud model, and an
orthophoto was produced.

To meet the margin of error specified in the Aerial Photogrammetry Work Regulations
for an area of approximately 1,000,000 m2 and an average altitude of 100 m, the optimal
strategy was found to be installing a minimum of three GCPs and distributing them evenly
across the entire study area. This configuration allowed the desired accuracy requirements
to be satisfied while minimizing the number of GCPs needed. However, it is important to
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note that the optimal number and spatial arrangement of GCPs may vary depending on the
characteristics of the target site, such as its size, terrain complexity, and land cover features.

Regardless of the GCP distribution status, the analyses showed that at least three GCPs
would be needed to secure the desired accuracy. The optimal number and distribution of
GCPs may vary depending on the nature of the project, characteristics of the target site,
and techniques used. However, to establish an optimal strategy that satisfies the goals of
individual projects, it is necessary to determine the optimal number of GCPs and develop a
strategy for efficient placement.

This study provides important insights into the optimal number and placement strat-
egy of GCPs for UAV-based orthophoto production. Through system validation, we were
able to determine the minimum required number of GCPs to maximize the accuracy of
orthophotos. Furthermore, the discussion on the generalization capability of the system
to various applications demonstrates the potential for widespread applicability of this
technology in real-world scenarios.

In conclusion, this study offers practical guidelines for the efficient utilization of
GCPs in UAV-based orthophoto production. These findings will prove valuable for both
researchers and practitioners in the field. We anticipate that this study will contribute to
the advancement of UAV-based surveying and related domains.
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