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Abstract: The generation of digital aerial photogrammetry products using unmanned aerial
vehicle-digital aerial photogrammetry (UAV-DAP) has become an essential task due to
the increasing use of UAVs in the world of geomatics, thanks to their low cost and spatial
resolution. Therefore, it is relevant to explore the performance of new digital cameras
equipped in UAVs using electronic rolling shutters instead of ideal mechanical or global
shutter cameras to achieve accurate and reliable photogrammetric products, if possible,
while minimizing workload, especially for their application in projects that require a high
level of detail. In this paper, we analyse performance using oblique images along the
perimeter (3D perimeter) on a flat area, i.e., with slopes of less than 3%. The area was
photogrammetrically surveyed with a DJI (Dà-Jiāng Innovations) Inspire 2 multirotor UAV
equipped with a Zenmuse X5S rolling shutter camera. The photogrammetric survey was
accompanied by a Global Navigation Satellite System (GNSS) survey, in which dual fre-
quency receivers were used to determine the ground control points (GCPs) and checkpoints
(CPs). The study analysed different scenarios, including the combination of forward and
transversal strips and oblique images. After examining the ideal scenario with the least
root mean square error (RMSE), six different combinations were analysed to find the best
location for the GCPs. The most significant results indicate that the optimal calibration of
the camera is obtained in scenarios including oblique images, which outperform the rest
of the scenarios for achieving the lowest RMSE (2.5x the GSD in Z and 3.0x the GSD in
XYZ) with optimum GCPs layout; with non-ideal GCPs layout, unacceptable errors can be
achieved (11.4x the GSD in XYZ), even with ideal block geometry. The UAV-DAP rolling
shutter effect can only be minimised in the scenario that uses oblique images and GCPs at
the edges of the overlapping zones and the perimeter.
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1. Introduction
UAV-based digital aerial photogrammetry (UAV-DAP) has become common world-

wide due to its easy operation, time saved in data capture, low cost of data acquisition, and
high spatial and temporal resolution compared to other photogrammetric techniques [1].
This technique uses SfM (Structure from Motion) algorithms that have been extensively
tested and included in user-friendly programmes [2]. SfM is based on the sequential ac-
quisition of 2D images to reconstruct 3D scene geometry [3]. When a point is visible in
two or more images, correspondences are sought between the observations of this point
in the different images. These represent the projection of the same 3D point in different
images. Collinearity equations are solved by this technique without the addition of GCPs,
considering that these equations can be solved in an arbitrary coordinate system. Therefore,
flight conditions, overlapping images, different flight heights, or camera angles can modify
processing and results [4].

UAV-DAP is used in various areas of geomatics, such as mapping or land surveying.
This technique is more economical and straightforward in comparison with airborne laser
scanning (ALS) [5] and superior to surveying methods in terms of data acquisition and
time-saving in fieldwork [6,7]. UAV-DAP can reach places that are difficult to access and
terrains with a significant variation in slope, as the flight height can be changed to achieve
greater spatial resolution [8,9]. Another of the main advantages of using UAV-DAP is that
by simply equipping it with a RGB (Red, Green, Blue) camera, it is possible to obtain pho-
togrammetric products such as 3D point clouds, digital elevation models (DEMs), digital
terrain models (DTMs) [10], orthomosaics, and 3D restitutions. In this sense, DTMs are one
of the most essential resources for generating derived maps such as contours [11], hydrolog-
ical analyses [12–16], visual basins [17], landslides [18–20], subsidence analysis [21,22], and
longitudinal profiles [23]. Also, with multispectral cameras, it is possible to classify species
of trees and shrubs in forests [24,25]. Due to the inherent relevance of UAV-DAP-derived
products, obtaining high accuracy in some critical works is of great significance.

UAVs can be classified as fixed-wing or multirotor, depending on their structure. Fixed-
wing UAVs have more extended flight autonomy (over one hour with a single battery [26])
and require high flight altitudes and flight speeds due to aerodynamics, and usually, lower
spatial resolution deliverables are obtained and can cover a greater area, but this equipment
is costly, and some problems might arise in case of emergency situations. Multirotor UAVs
usually yield higher spatial resolution due to lower altitude and slower speed, can be easily
operated in narrow areas, and are less expensive, but at the cost of reduced flight time,
as most of these devices have a battery duration of 15 to 30 min [27]. This is a limiting
factor for covering large areas, and optimal flight planning is required to cover these areas
with the lowest possible battery consumption without compromising the photogrammetric
outputs’ resolution.

Several aspects must be considered when planning flights, influencing the accuracy of
the products obtained from UAV measurement:

• Flight planning parameters, including: (1) flight height: this determines the spatial
resolution of the registered images and the number of images per unit area [28]; the
greater the height, the lower the spatial resolution, but the larger the area that can be
covered. When detailed models are required, low flight heights are recommended [29];
(2) speed: high speed may capture blurry images and affect the UAV’s stability and
manoeuvrability; (3) Ground Sample distance (GSD): this indicates the size represented
by a pixel on the terrain [30] and is directly related to height, as the GSD is higher at
greater heights, leading to lower spatial resolution; and (4) overlap: this is the partial
superposition between two photographs in a frontal and lateral way. Increasing the
percentage of overlapping provides better accuracy and optimises the object’s shape.
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Photogrammetric software, such as PIX4D [31] and Agisoft Metashape [32], suggests
that images be acquired with a forward overlap > 75% and lateral overlap equal to
60%. However, when an overlap of 90% is exceeded, the stereoscopic vision is lost in
the photogrammetric reconstruction [28], increasing the processing time.

• Georeferencing involves aligning spatial data or images with a specific geographic
location using a coordinate reference system. This can be achieved through two main
methods: direct and indirect georeferencing.
Direct georeferencing is performed using a UAV equipped with an RTK (Real-Time
Kinematic) system, which relies on a Global Navigation Satellite System (GNSS). In
this method, the camera shutter is synchronised with the GNSS receiver, allowing each
image to be geotagged at the moment of capture.
Alternatively, the indirect method incorporates Ground Control Points (GCPs) for
georeferencing and Checkpoints (CPs) for quality control [8]. Both GCPs and CPs can
be measured using GNSS receivers or total stations. When high-precision instruments
are used, this approach significantly reduces systematic errors in the final output. It is
crucial to place GCPs and CPs at different locations, as the 3D model is optimised to
the GCPs, resulting in minimal residual errors at those specific points [28].
To ensure optimal accuracy, a topographic survey should be conducted, with GCPs
and CPs strategically distributed throughout the study area;

• There is the adoption of cameras equipped with mechanical rolling shutters or global
shutters, which are ideal for photogrammetry, instead of electronic rolling shut-
ters [33,34]. In UAV applications, electronic shutters are widely used due to their
higher burst shooting speeds, which enable rapid image capture in fast-moving sce-
narios, and their lack of mechanical wear ensures durability and reliability in high-
vibration environments. These characteristics make electronic shutters particularly
suitable for tasks such as video recording, documentation, and non-metric surveys.
Despite their advantages, electronic shutters can suffer from rolling shutter distor-
tion, causing skewing or artifacts during fast UAV movements or when capturing
fast-moving objects [35]. Most cameras equipped on low-to-mid-range UAVs have a
rotating shutter (this type of shutter currently occupies the UAV camera market). This
makes them more affordable because they have a lower cost compared to UAVs with
a mechanical shutter.
The disadvantage of this type of shutter is that, when taking images, the image sen-
sor is exposed line by line, which can introduce additional distortions in the image
space, as the UAV navigates at a relatively high speed during aerial acquisitions. This
implies that the electronic shutters have a small delay between the top and bottom of
the image.
Since version 2.1, Pix4Dmapper Pro has implemented a rotating shutter correction
model that corrects for this offset. It must be corrected when the vertical offset is
greater than 2 pixels. Other photogrammetric software also has this type of correction,
such as Agisoft metashape and MicMac [34].
The correction model takes into account the movement of the camera positions. These
different camera positions for each row are approximated by applying a linear interpo-
lation between the two camera positions at the beginning and at the end of the image
reading. They work best on quadcopter-type UAVs;

• Another aspect is including oblique images along the perimeter. These images can
play a dual role: first, aiding in the accurate calibration of the camera (e.g., when
combined with orthogonal images [29,36]), and second, enhancing accuracy results.
Using oblique images with a zigzag flight pattern five-camera UAV (five directions of
photography: vertical, forward, left, right, and backwards, according to a certain angle)
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in an urban area with buildings resulted in a 30% improvement in precision compared
to traditional flights [37]. The angle of the camera inclination may affect the results
when oblique images are incorporated [38]. Oblique images with an angle of 30◦ are
used to minimise the systematic error and the doming effect for 1 to 2 magnitudes
without using GCPs. Table 1 presents several studies conducted in flat areas using
nadir, nadir, and oblique images where presented values of horizontal RMSE between
1 and 3 times (x) the GSD (mean and median of 1.7x) and a vertical RMSE between 1
and 4.5x the GSD (mean of 2.3x and median of 2.0x) have been reported; the last three
columns represent the accuracy achieved related to GSD.

Table 1. Comparative overall results obtained vs. related research in flat terrain using nadir and
oblique images, N/A is not applicable.

Ref.
Area
(km2)

Image
Type

Flight
Height (m)

Camera
Model

Shutter
Model

Focal
Length
(mm)

Overlap
(for-ward-
lateral) (%)

GCPs–
CPs

GSD
(cm/pix)

RMSE/GSD

XY Z 3D

[9] 0.006 Nadir 25-50-120 Sony Exmor
R BSI 1/2. 3 Electronic 20 95–95 15–35 4.8 2.2 1.9 3

[39] 0.017 Nadir 45 Phantom 4
Pro Mechanic 24 85–75 5–19 0.75 2.6 4.3 5.1

[40] 0.09
Nadir
and

oblique
50 Canon EOS

550D Mechanic 25 90–90 18–5 1 2 2 2.9

[36] 0.09
Nadir
and

oblique
60 Canon

IXUS160 Electronic 28 90–45 6–41 1.4 0.9 2.6 2.8

[41] 0.25 Nadir 140 Sony NEX 5 Electronic 35 80–40 35–101 4 1.6 1.1 2
[42] 0.370 Nadir 92 Sony NEX-7 dual 16 75–75 11–12 2 1.8 3 3.5

[43] 0.40 Nadir 65 Phantom 4
Pro Mechanic 24 80–60 18–29 1.75 1.6 3.2 3.5

[8] 0.024
Nadir
and

oblique
75–100 Phantom 4

RTK Mechanic 24 70–10 N/A 2.7 0.7 1.8 1.9

[44] 1
Nadir
and

oblique
53 Sony Exmor

R BSI 1/2. 3 Electronic 20 80–80 30–15 1.9 N/A N/A 4.2

[37] 2.1
Nadir
and

oblique
100 DSC-QX100 Electronic 37.1 80–75 6–7 2 1.5 1.8 2.3

[45] * 0.19 Nadir 120 FC 300X Electronic 20 80–75 4–2 5.18 2.4 1 2.6
Mean 1.7 2.3 3.1

Median 1.7 2 2.9

Minimum 0.7 1.1 1.9

exp Maximum 2.6 4.3 5.1

* Scenario A, Block 1 was selected.

Remarkably, very few studies currently verify whether oblique perimeter images in
corridor flight improve the precision of photogrammetric models on flat areas using cam-
eras equipped with electronic rolling shutters. For this reason, the authors assess the effects
of using oblique images on flat terrains, as this is offered by some flight planning software
such as Drone Deploy mobile version 5.48.0 [46]. This software recently incorporated a
“crosshatch mode” in flight planning, which joins oblique images as a grid over the whole
block, combining this image with a 3D perimeter to [46] improve the edges. Therefore, this
paper presents the independent work behind the results presented in [45] for flat areas,
using nadiral images and analysing up to four flight scenarios, despite it being the same
working area. The project planning is new and incorporates oblique images and addi-
tional GCPs/CPs, data acquisition with nadiral and oblique images, and complementary
GCPs-CPs observations, and the photogrammetric block is processed as a single project for
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0.8 km2, instead of four 20 ha photogrammetric subblocks eventually integrated into one
larger one summing 0.8 km2.

Considering the aspects mentioned above, this study aims to evaluate the impact
of employing a camera equipped with an electronic rolling shutter with different flight
strategies by modifying key parameters in flight planning, such as including transverse
strips with different flight heights or oblique perimeter imagery. The following scenarios
were studied: (A) forward strips (commonly used); (B) forward strips combined with a strip
along the whole perimeter of the block with the camera at 65◦ (oblique images); (C) forward
strips combined with cross strips on the edges of each block at different heights; and (D)
forward strips plus cross strips on the edges plus a strip around the whole perimeter with
the camera at 65◦. In addition, six configurations were made to select the best location for
the GCPs and ultimately ensure the generation of reliable photogrammetric products.

2. Materials and Methods
The study zone is located in Lorca (Murcia, Spain) (Figure 1),with the geographic

coordinates 37◦39′5.4′′ N, 1◦39′38.8′′ W, and an average altitude of 298 m above sea level.
The photogrammetric survey was projected for an area of 0.8 km2 and was carried out
on 15 May 2022, in the hours around midday to avoid shadows. The weather conditions
were characterised by a mean temperature of 22 ◦C, clear skies, an average wind speed of
1.1 km/h, and an average relative humidity of 42% [47]. The study area is flat and has a less
than 3% gradient, as shown in Figure 1. For this research, the photogrammetric software
used was PIX4Dmapper version 4.9.0 for image processing. Additionally, the DroneDeploy
application was used for flight scheduling. The following is a description of the stages that
constitute the data collection and data processing campaigns.
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Figure 1. (A) Location of the study area in southeast Spain and location in the municipality of Lorca
(green area) in the region of Murcia (yellow area); (B) location of the study area in the municipality of
Lorca; (C) DTM obtained from ALS data downloaded from the IGN (National Geographic Institute)
for 2016 [48]; (D) detailed location of the study area in Lorca along the road to Puente Alto, defined
by the yellow rectangle. The geodetic reference system coordinates UTM 30N ETRS89.
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2.1. GNSS Campaign

On May 16 and 17, 2022, a GNSS data collection campaign was carried out, con-
secutively to the UAV campaign. The primary aim of this campaign was to obtain the
coordinates of the GCPs and CPs using the GNSS geodetic positioning technique. The
georeferencing of these points follows the methodology described by [45,49,50]. The
GCPs were located on the edges of the block, and the CPs were distributed in the central
part as in Arévalo-Verjel et al’s study. [45]. Prior flights, GCPs, and CPs were marked
with a 60 × 60 cm template using reflective white paint (Figure 2C,E). The centre was
marked with a survey nail, which will be reused in future campaigns. The observations
were made using Topcon Hiper dual frequency GNSS receivers (GPS (Global Positioning
System) + GLONASS (Global’naya Navigatsionnaya Sputnikovaya Sistema), having a
nominal precision of 3 mm + 0.1 ppm horizontally and 3.5 mm + 0.4 ppm vertically in
post-processing static (PPS) GNSS relative mode. The antenna was mounted on a tripod,
and centred and levelled on the mark on the point (Figure 2D). A total of ten GCPs and nine
CPs were measured. The observation time at each point was 15–20 min per session, with a
double session observation at each exchanging receiver between both sessions in order to
avoid any bias associated with antennas or receivers. The observation method used was
the relative static method by carrier phase differences. The choice of this GNSS observation
method, although much more laborious both in the field and in the laboratory than RTK
methods, allowed us to obtain a level of precision one order greater than that of the points
to be compared. Special care was taken to ensure that the GCPs were on the edges of each
block and that the CPs were distributed in the central part. The meteorological conditions
during the GNSS campaign were as follows: the average temperature was 22 ◦C, with no
precipitation on either day. The average wind speed was 1.5 km/h, and the average relative
humidity was 48%.
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GNSS Processing

To ensure greater precision in the results, precise geodetic models of antenna cali-
brations and ionosphere correction were downloaded from the CODE (Centre for Orbit
Determination in Europe). In addition, precise ephemerides from the IGS (International
GNSS Service) for the GPS and GLONASS constellations were used, as these two constella-
tions were the ones used by the receivers in the campaign. With these GNSS data recorded
in the field, data were also processed adding 22 continuous stations in the southeast of
the Iberian Peninsula belonging to the regional networks in the Murcia Region (REGAM
and ME-RISTEMUM) and ERGNSS-IGN (National Geographic Institute), with 24-h of
observation forming 30 vectors during fifteen days. This was performed to tie the local
measurements to a stable regional reference framework. This group of reference stations
includes the continuous stations ALHA, LRCA, and MAZA. These three CORS (Continuous
Operating Reference Station) are between 3.8 km and 31.3 km from our area. The choice of
three permanent stations allows us to have greater repeatability of the solutions in case one
of them malfunctions in future campaigns. Of course, in the adjustment of the network,
the different weighting of the baselines based on the distances and the variances in the
determinations of the baselines were taken into account.

The final adjustment of the network was loosely constrained, taking into account the
regional velocity field developed previously in the study by Fernandez et al. [49].

The GNSS vectors were processed with the Leica Infinity (V3) software [51], using
absolute antenna calibration models and VMF (Vienna Mapping Functions) [52]. The
coordinates of the points on the network in the ETRS 89 geodetic system were adjusted
with the Geolab PX5 software [50,53].

2.2. Image Acquisition

To avoid the inclusion of errors due to weather conditions, the UAV and GNSS field
campaigns were conducted under optimal conditions. In the case of GNSS observations,
atmospheric conditions, such as ionospheric and tropospheric disturbances, can introduce
errors in satellite signal propagation, affecting positional accuracy [54]. To minimise these
errors, data acquisition was performed under clear skies and stable atmospheric conditions.
For UAV photogrammetry campaigns, weather factors like wind, the presence of clouds,
or rain play crucial roles [55]. Adequate lighting is essential for capturing high-quality
images; poor lighting conditions, such as overcast skies or low sun angles, can result
in shadows and low-contrast images that hinder photogrammetric analysis. Wind can
also significantly impact UAV operations; strong winds can destabilise the UAV, making it
difficult to maintain a consistent flight path and potentially leading to blurred or misaligned
images. Additionally, rain can adversely affect UAV flights in several ways: it can obscure
camera lenses, causing blurry images; can compromise the UAV’s electronic systems
through moisture infiltration; and can create reflective surfaces on the ground that distort
the data. These weather factors collectively influence the overall quality and accuracy of
the data collected during UAV photogrammetry missions, making it necessary to choose
optimal weather conditions for conducting these surveys.

The images were acquired using a DJI (Dà-Jiāng Innovations Science and Technology
Co., Ltd. Shenzhen, China) Inspire 2 multirotor UAV (Figure 2B) equipped with a Zenmuse
X5S camera. This camera features a 4/3 sensor with dimensions of 17.3 × 13 mm and a
resolution of 5280 × 3956 pixels, resulting in a pixel size of approximately 3.28 × 3.28 µm.
The X5S is equipped with an electronic rolling shutter with speeds ranging from 8 s to
1/8000 s. The flight was planned using the DroneDeploy application [46], which divided
the area into four blocks of 0.2 km2 to optimise battery use. In addition, the 3D perimeter
was activated in all the blocks in the flight plan. The DroneDeploy app offers an option
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to capture images with an angle of 65◦ (Figure 2F). The flight was conducted in a visual
line of sight (VLOS) scenario using different flight heights with a maximum of 120 m, as
specified by Spanish regulation [56], and a flight speed of 14.5 m·s−1.

The recommendations of specific studies [57–60] were followed for the flight planning,
adding cross strips on the edges of each block.

Table 2 contains the parameters used in the configuration of the blocks, including the
forward and side overlap, height flight, area of each block, GSD, and number of images.
Therefore, it can be seen that the forward overlap was programmed at 80% and the lateral
overlap at 60%, following the recommendations of the Pix4D photogrammetric software.
The cross strips were shared in the adjacent blocks with a height of 110 m to combine the
images with different heights.

Table 2. Area in hectares for each block studied. hf refers to the forward flight height, and hc refers to
the cross-flight height.

Block Strip Type Area
(km2)

Forward
Overlap

Lateral
Overlap

Flight Height
(m)

GSD
(cm/pix)

No of
Images

Block 1 Forward strips 0.19 80% 60% hf = 120 2.6 191
Block 1 Cross strip 1 0.019 80% 60% hc = 110 2.4 19
Block 1 Perimeter 3D 80% 60% hf = 120 2.6 74

Blocks 1 and 2 Cross strip 2 0.019 80% 60% hc = 110 2.4 19
Block 2 Forward strips 0.19 80% 60% hf = 120 2.6 179

Blocks 2 and 3 Cross strip 3 0.019 80% 60% hc = 110 2.4 19
Block 2 Perimeter 3D 80% 60% hf = 120 2.6 69
Block 3 Forward strips 0.23 80% 60% hf = 120 2.6 215

Blocks 3 and 4 Cross strip 4 0.019 80% 60% hc = 110 2.4 19
Block 3 Perimeter 3D 80% 60% hf = 120 2.6 78
Block 4 Forward strips 0.19 80% 60% hf = 120 2.6 177
Block 4 Cross strip 5 0.019 80% 60% hc = 110 2.4 19
Block 4 Perimeter 3D 80% 60% hf = 120 2.6 68

Total 0.8 1106

2.3. Photogrammetric Processing

The images were processed using the PIX4Dmapper software version 4.9.0 (Pix4D S.A,
Prilly, Switzerland). The hardware has the following specifications: CPU: Intel(R) Core
(TM) i7-4770 @ 3.40GHz, RAM: 16GB, GPU: NVIDIA GeForce GTX 1650, operating system
Windows 10 Pro, 64-bit.

The images corresponding to each scenario were processed in a single project config-
ured as follows in Figure 3:

SCENARIO A: This comprised forward strips (hf) at a height of 120 m, using corridor
flight, used in most flight application software (Figure 3A);

SCENARIO B: This comprised forward strips combined with oblique perimeter images
in each block (Figure 3B);

SCENARIO C: This comprised forward strips combined with cross strips on the edges
of each block at the height of 110 m (hc, cross-flight height) (Figure 3C), as proposed by the
authors of [58,59];

SCENARIO D: This comprised forward strips combined with oblique perimeter im-
ages and a cross strip on the edges of each block — Scenarios B + C (Figure 3D).

The parameters used in the adjustment were similar to those used in [60,61];



Appl. Sci. 2025, 15, 5035 9 of 25

• Key image scale: this was adjusted in total (as recommended in [31] because it estab-
lishes the full-scale image and gives better results), making it possible to define the
size of the image where the key points were extracted in the initial comparison with
the images [62];

• Matching image pairs: the aerial grid or corridor optimised the coincidence of pairs
for the flight paths on the aerial grid;

• Targeted number key points: these were automatic, allowing the automatic selection
of the key points to be extracted;

• Calibration: to evaluate the influence of rolling shutter compensation, calibration was
performed both with the compensation enabled and using the “Fast readout” mode,
which does not apply it;

• Rematch: this was automatic, allowing more coincidences to be added and improving
the reconstruction quality [31].

Camera outer orientation was performed after the internal orientation in order to
calculate the coordinates and determine the position of the cameras concerning the refer-
ence system of terrestrial coordinates [34]. This process was carried out through indirect
georeferencing using GCPs.

The GCPs were used to improve the orientation of the images and to transform
the coordinates of the block into absolute coordinates. The CPs were used to assess the
geometric accuracy. The internal calibration parameters of the cameras were reviewed to
verify if an improvement in accuracy was achieved by adding oblique images to the model.
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2.4. Camera Calibration Parameters

Photogrammetric calibration is an important process for metric reconstruction in
UAV flights because it guarantees the precision and quality of the images in short-range
photogrammetric measurements [63]. The strips at different heights aid in the correct
calibration of the camera [37]. This calibration uses image functions to determine the
parameters’ values for the camera’s internal orientation. Pix4Dmapper takes the metadata
of each image to obtain the camera’s internal parameters, which define the geometry of the
camera’s lens and sensor. The correlation between these parameters describes how closely
they are related [31]. Optimally, these parameters should be independent, especially when
characterising the interior orientation of a new camera. However, the correlation between
these parameters helps detect problems occurring in the project. The self-calibration process
is based on self-consistency functions over several views of a 3D scene [34].

The following parameters were considered during the autocalibration process carried
out by PIX4Dmapper [31]:

• f : Calibrated principal or focal distance (in pixels);
• R1, R2, R3: Radial distortion coefficients (dimensionless), generally shallow values;
• cx, cy: Principal point coordinates, that is, coordinates of lens optical axis interception

with the sensor plane (in pixels);
• T1, T2: Lens tangential distortion coefficients generally have a lesser degree of magni-

tude than radial distortion (dimensionless).

Pix4Dmapper uses the initial camera calibration to adjust internal parameters such as
focal length, principal point, and radial and tangential distortions, and external parameters
such as camera position and orientation. A calibration model must be within 5% of
the optimised value [31]. These parameters were calculated separately for each studied
scenario, in order to analyse the incidence of the oblique perimeter images in the process
of camera self-calibration. Once these parameters are obtained, indirect georeferencing is
applied by adding the GCPs to the project.

Worth noticing is that a substantial improvement in the photogrammetric adjust-
ment would have been achieved by employing 10 internal parameters (10-parameter
camera model with 2 affine factors) instead of the 8-parameter model used herein, and an
even better improvement would have been achieved by applying the two-step approach
presented in [64], depending on the block geometry. In addition, as stated previously, to
mitigate potential distortions caused by the rolling shutter effect during image acquisi-
tion, Pix4D’s rolling shutter correction algorithm was tested. This algorithm models the
camera’s motion during image capture, assuming constant translational and rotational
velocity [35].

2.5. Accuracy of the Results

To calculate the a priori horizontal error of a block with 10 GCPs at the edges of Sce-
nario A, Equation (1) proposed by [58] (p. 265) can be used. This equation was conceived
for aerial photographs measured with analytical stereoplotters and precision stereocom-
parators with 8 GCPs at the edges of the block.

The accuracy of the results using UAV-DAP depends on the images’ side lap and end
lap, the distribution of the GCPs, and the distribution of the block.

σB,L mean = (0.83 + 0.05ns) ·σM,L (1)
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where

σB,L mean is the estimated horizontal accuracy of the block (L = XY);
ns is the number of forward strips in the block, and
σM,L is the accuracy in a single model (estimated horizontal accuracy of a single model),
and is the parameter described in Equation (2):

σM,L = ±6µ· mb (2)

where 6µ = 0.0006, and mb is the denominator of the photo scale.

mb =
h
c

(3)

where h is the flying height above ground and c is the focal length.
The a priori vertical error of a block with 10 GCPs at the edges of Scenario A can be

calculated with Equation (4).
σz = ±6%·h (4)

where σz is the height error.
Equation (1) can be rewritten for digital photogrammetry with digital sensors as

follows in Equation (5):
σB,L mean = µxy · σM,L (5)

where µxy denotes the weight coefficients depending on the layout of the GCP and the
image network after flight planning.

For the calculation of the vertical accuracy a priori, we can use the following
Equation (6):

σBZ = µZ · σZ (6)

where µz denotes the vertical weight coefficients.
The root mean square error (RMSE) Equation (7) is calculated from the differences

between the coordinates of the points measured on the ground with GNSS equipment and
the coordinates obtained in the photogrammetric adjustment [65].

RMSE =

√
∑n

i=1 ei2

n
(7)

where ei is the difference of each point for the given direction (original position—
computed position).

3. Results
3.1. Results of the Point Coordinate Processing in the Field with GNSS Receivers

Table 3 shows the coordinates and the standard deviations obtained from the GCPs
and CPs, in addition to the coordinates of the three continuous stations closest to the
study zone. All available stations in the Region of Murcia were processed, including those
of the IGN in Alicante, Almería, Albacete, and Cartagena. Information from 15 days of
observations in 24 h periods was used for 300 h of observation. The external network
utilised is composed of 17 permanent stations.
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Table 3. Coordinates of the GCPs, CPs, and the three continuous stations (ALHA, LRCA, and MAZA)
for the observation period used for the adjustment using Microsearch GeoLab software (MicroSearch
Corporation, Boston, MA, USA) and their standard deviations (Geodetic reference system ETRS89,
UTM 30N). Values in meters.

Point Coordinates Std. Deviation

Northing Easting Height Northing Easting Height

1 GCP 4,167,120.872 619,065.846 290.896 0.004 0.003 0.011

2 GCP 4,167,301.180 619,251.921 291.062 0.004 0.003 0.010

3 GCP 4,167,441.058 618,678.165 293.067 0.020 0.017 0.055

4 GCP 4,167,651.253 618,800.408 293.272 0.006 0.005 0.016

5 GCP 4,168,020.890 618,440.211 295.557 0.006 0.005 0.012

6 GCP 4,167,885.738 618,252.823 296.378 0.006 0.006 0.014

7 GCP 4,168,445.382 617,870.494 301.173 0.005 0.004 0.012

8 GCP 4,168,275.535 617,743.737 301.277 0.006 0.003 0.011

9 GCP 4,168,820.872 617,556.983 306.673 0.007 0.007 0.019

10 GCP 4,168,643.303 617,372.606 305.973 0.014 0.010 0.026

11 CP 4,168,139.300 617,949.391 299.751 0.009 0.008 0.018

12 CP 4,167,644.991 618,565.766 294.184 0.005 0.004 0.013

13 CP 4,168,465.150 617,639.596 303.453 0.006 0.005 0.012

14 CP 4,168,587.195 617,782.779 301.789 0.003 0.003 0.010

15 CP 4,168,564.801 617,496.087 305.331 0.007 0.005 0.014

16 CP 4,168,060.373 618,259.190 296.853 0.005 0.005 0.011

17 CP 4,167,871.156 618,528.526 294.304 0.006 0.004 0.010

18 CP 4,167,325.170 618,839.696 292.306 0.006 0.006 0.021

19 CP 4,167,568.703 618,805.363 293.155 0.005 0.004 0.010

ALHA 4,185,231.011 636,738.932 201.797 0.001 0.001 0.002

LRCA 4,168,655.115 614,704.901 332.215 0.001 0.000 0.001

MAZA 4,162,049.758 649,154.772 55.072 0.000 0.000 0.001

3.2. Results of the Photogrammetric Flight

The following elements were processed to cover the study area:
868 photographs for Scenario A, where the GCPs were marked on a minimum of 3

and a maximum of 8 photos; 1105 photos for Scenario B, where the GCPs were marked on
a minimum of 3 and a maximum of 12 photos; 968 photos for Scenario C where the GCPs
were marked on a minimum of 3 and a maximum of 8 photos; and 1205 photos for Scenario
D where the GCPs were marked on a minimum of 3 and a maximum of 13 photos.

In order to evaluate the effectiveness of the rolling shutter correction model, calibration
processes were performed with both compensations enabled and disabled. Table 4 presents
the RMSE values for the X, Y, and Z coordinates of the CPs across the four scenarios
analysed. The results demonstrate the effectiveness of the rolling shutter correction model
implemented in Pix4Dmapper. A comparison of the RMSE values across the scenarios
reveals a substantial reduction in error when the rolling shutter correction is applied. For
instance, in Scenario A, the RMSE decreased from 40 cm to 1.7 cm in the X direction and
from 49 cm to 10.7 cm in the Z direction. Similar improvements were observed in the
remaining scenarios.
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Table 4. Comparison of RMSE values for checkpoints (CPs) with and without rolling shutter compen-
sation in Pix4Dmapper across the four analysed scenarios. Values in centimetres.

Shutter Type Scenario RMSE x RMSE y RMSE z

Fast Readout

A 40 33 49
B 38 38 38
C 39 31 28
D 30 33 32

Rolling shutter
lineal

A 1.7 4.4 10.7
B 2.9 3.4 6.7
C 1.8 4.2 9.9
D 3.2 4.1 10.9

The single error results for the GCPs and CPs for each point in the four scenarios after
applying the rolling shutter compensation are shown in Figure 4.
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The RMSE was calculated using Equation (7), through which the difference between
the most accurately measured points (GNSS) and the coordinates of these same points
obtained from photogrammetric adjustment was calculated.
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Figure 5. Distribution of the Root Mean Square Error (RMSE) for the Ground Control Points (GCPs)
and checkpoints (CPs) and Ground Sampling Distance (GSD) in the four studied scenarios.

After obtaining the RMSE of the GCPs and CPs separately, as in Figure 4, the RMSE
was calculated for each scenario. The results are shown in Figure 5. The maximum and
minimum RMSE for the GCPs were found in Scenarios B and C with the values of 2.43 cm
and 1.01 cm, respectively, and for the CPs in Scenarios A and B with the values of 11.73 cm
and 8.16 cm. The GSD value was the same for all of the scenarios because all the flights
were scheduled at the same altitude.

3.3. Internal Camera Parameters

The camera’s internal parameters define the geometries of the camera’s lens and
sensor. These parameters allow users to correct distortion and to obtain more precise
information about the geometry of the captured images. Table 5 shows the results of
the camera’s internal parameters’ optimisation according to the camera model for the
four scenarios. The relative difference between the initial and optimised internal camera
parameters obtained for each scenario is as follows: 3.56% for Scenario A, 0.34% for Scenario
B, 3.3% for Scenario C, and 0.16% for Scenario D. For the Perspective Lens, it is calculated
as the percentage difference between the initial and optimised focal length. This is the first
parameter that the Pix4Dmapper software calculates during camera optimisation. If the
difference between the estimated value and the initial value of the focal length exceeds
5%, it is considered an indicator of optimisation error, as it could result in an inaccurate
geometric reconstruction. This may result in a curved or deformed model, negatively
affecting the accuracy of the final project.

Table 5. Pix4Dmapper quality report on the internal camera parameters for Scenarios A–D; R1, R2,
R3: Radial distortion coefficients; and T1, T2: Lens tangential distortion coefficients (dimensionless).

Scenario Parameters
Focal

Length
[pix]

Principal
Point x

[pix]

Principal
Point y

[pix]
R1 R2 R3 T1 T2 Result 1

A

Initial Values 4564.399 2698.159 1910.765 −0.004 −0.043 0.087 −0.003 0.004

3.56%
Optimised Values 4741.210 2639.595 1942.754 −0.006 0.014 −0.015 −0.001 0.001

Uncertainties
(Sigma) 15.865 0.541 1.503 0.000 0.000 0.001 0.000 0.000



Appl. Sci. 2025, 15, 5035 15 of 25

Table 5. Cont.

Scenario Parameters
Focal

Length
[pix]

Principal
Point x

[pix]

Principal
Point y

[pix]
R1 R2 R3 T1 T2 Result 1

B

Initial Values 4559.840 2643.290 1912.470 −0.005 0.009 −0.008 −0.001 0.004

0.34%
Optimised Values 4554.479 2640.732 1916.975 −0.005 0.01 −0.009 −0.001 0.001

Uncertainties
(Sigma) 0.718 0.111 0.745 0.000 0.000 0.000 0.000 0.000

C

Initial Values 4564.399 2698.159 1910.765 −0.004 −0.043 0.087 −0.003 0.004

3.30%
Optimised Values 4725.975 2638.960 1945.875 −0.006 0.014 −0.015 −0.001 0.001

Uncertainties
(Sigma) 14.225 0.484 1.421 0.000 0.000 0.001 0.000 0.000

D

Initial Values 4564.399 2698.159 1910.765 −0.004 −0.043 0.087 −0.003 0.004

0.16%
Optimised Values 4560.586 2642.156 1910.781 −0.005 0.007 −0.005 −0.001 0.001

Uncertainties
(Sigma) 0.714 0.116 0.752 0.000 0.000 0.000 0.000 0.000

1 Relative difference between initial and adjusted internal camera parameters.

The uncertainties (σ) of the camera’s internal parameters are calculated from the
covariance matrix derived from the photogrammetry optimisation process. The software
relies on the quantity and quality of the images and the available 3D points (or control
points) to adjust the photogrammetric model.

3.4. Calculating the a Priori Accuracy Parameters for the Block

The RMSE was calculated separately for the GCPs and CPs to evaluate the results’
horizontal and vertical accuracy. Table 6 shows the values obtained in processing the four
scenarios, the GSD, and the reprojection error.

Table 6. Parameters of the RMSE GCPs and CPs (in cm), using PIX4Dmapper for the four scenarios
studied, marking best results (green) and worst (red).

Scenario GSD
[cm]

Reproj.
Error
σo

RMSE
GCPxy

RMSE
CPxy

RMSE
GCPz

RMSE
CPz

RMSE
GCPxyz

RMSE
CPxyz

CPxy/
GSD

CPz/
GSD

CPxyz/
GSD

A 2.7 0.3 0.3 4.8 2 10.7 2.0 11.7 1.8 4.0 4.3
B 2.7 0.4 0.7 4.6 2.3 6.8 2.4 8.2 1.7 2.5 3.0
C 2.7 0.4 0.3 4.5 1 9.9 1.0 10.9 1.7 3.7 4.0
D 2.7 0.5 0.9 5.3 2 10.9 2.1 11.0 2.0 3.5 4.1

Equation (1) was applied to determine the estimation of the a priori horizontal error
of the block; as the block size increases, the number of GCP at the edges should increase.
Six strips were made for each block to cover the studied area. For the a priori vertical error,
Equation (3) was used with the focal length equalling 15 mm.

To determine the best a priori accuracy calculation equation for photogrammetry with
digital sensors, Equations (5) and (6) values for µxy and µz were obtained for the four
proposed scenarios, as shown in Table 7. These values can be compared in Scenarios A and
C, as suggested by the authors [45].
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Table 7. Weight coefficients for the CP in horizontal (xy) and vertical (z) directions. The best results
are shown in green and the worst in red (dimensionless).

Scenario µxy CP µz CP µxyz CP

A 1.0 1.5 1.8
B 1.0 0.9 1.3
C 0.9 1.4 1.7
D 1.1 1.5 1.9

mean 1.0 1.3 1.7
std 0.1 0.3 0.2

3.5. Configuration of the GCP

Scenario B was selected to analyse the optimal number and most suitable placement
of ground control points (GCPs) within the block, aiming to achieve the lowest mean errors
(µxyz) in the check points (CPs). An analysis was conducted by varying the number of GCPs
while keeping four CPs fixed, in order to determine the most efficient configuration and
to produce photogrammetric outputs with the lowest RMSE. Six different configurations
were assessed, and a total of 19 GNSS points were surveyed in the field. Figure 6 illustrates
the spatial distribution of the GCPs and CPs across the study area.

The distribution and number of CPs, specifically points 12, 15, 16, and 19, remained
constant across all six configurations, in order to ensure objective and comparable results
during the evaluation process.

In Configuration 1, GCPs were assigned to points 1, 2, 9, and 10, located at the corners
of the block, along with point 17 positioned at the centre. Configuration 2 included points
1, 2, 5, 6, 9, and 10 as GCPs, covering the four corners and two points along the central
edges of the block. For Configuration 3, points 3, 4, 7, 8, 11, 13, 14, 17, and 18 were used as
GCPs. In Configuration 4, GCPs were assigned to points 1 through 10, all located along the
perimeter of the block. Configuration 5 included the same ten perimeter points, along with
points 13 and 17. Finally, Configuration 6 comprised a total of 15 points distributed across
the block as GCPs.

Figure 7 displays the root mean square error values in the horizontal plane (RMSExy),
in elevation (RMSEz), and in three dimensions (RMSExyz) for the check points (CPs)
corresponding to each configuration. The results obtained were as follows:

Configuration 1: 19.8 cm, 24 cm, and 31 cm; Configuration 2: 36 cm, 20 cm, and 41 cm;
Configuration 3: 21 cm, 26 cm, and 33 cm; Configuration 4: 4 cm, 9.7 cm, and 10.4 cm;
Configuration 5: 3.9 cm, 9.7 cm, and 10.4 cm; Configuration 6: 3.9 cm, 9.7 cm, and 10.4 cm.
Configurations 1 and 3 exhibited the highest RMSE values. In contrast, Configurations 4, 5,
and 6 yielded the best results, with low and nearly identical error values. In Configuration
3, all of the GCPs were positioned along the block’s edges, within the standard overlap
zone used for the georeferencing of each flight.
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Figure 7. Scenario B RMSE in the CPs for the six configurations analysed.

4. Discussion
This research determined the accuracy values of photogrammetric flights employing a

rolling shutter camera for different flight scenarios, despite it being well-known that rolling
shutter cameras are not recommended for UAV-DAP namely at high speed [33,34]. The
steps were as follows: (1) analysis of the combinations of forward strips and cross strips
at different flight heights and perimeter with oblique images (Section 3.2); (2) defining
the appropriate number of GCPs (Section 3.5); and (3) establishing the best location of
GCPs in projects on corridors (Section 3.5). To perform an in-depth analysis of the results, a
comparison between the results of this research and those found in similar research in flat
terrain was generated in Table 1. By using nadir and oblique images, the four scenarios
analysed in this study presented values of horizontal RMSE between 1.7 and 7.3x the GSD,
and a vertical RMSE between 2.5 and 10.3x the GSD [28]. These results confirm that rolling
shutters in DAP-UAV are not recommended to achieve high-accuracy results, which are
close to 1.7x the GSD for horizontal RMSE and 3x for the vertical RMSE (Table 1). Only the
UAV-DAP rolling shutter effect can be minimised in Scenario B, which uses oblique images
and GCPs at the edges of the overlapping zones and the perimeter (Configuration 3).

4.1. Flight Scenarios

Throughout the four analysed scenarios, the RMSE values of the CPs are higher than
the GCPs, as these points represent the positioning accuracy of the GCPs. Thus, the lowest
residuals are always achieved in the GCPs [44,66]. On the other hand, Mora et al. [39]
reported GSD 0.75 cm/pix for an area of 1.7 ha, using nadir images and a ratio of 3 GCPs/ha.
Our study found GSD 2.7 cm/pix, using 0.12 GCP/ha for an area of 0.8 km2. This difference
is mainly due to the variation between the flight heights of each study since Mora et al.
reported a flight height of 45m, and we used a flight height of 120 m. However, when
comparing the vertical and horizontal RMSE results for the CPs, Scenario A of this study
presents 4x and 1.8x the GSD, resulting in better than the results reported in [39] using a
mechanical shutter.

Scenario B showed the best results compared to the other scenarios in this research for
the CPs in the vertical RMSE. Scenarios B and D have oblique perimeter images, which,



Appl. Sci. 2025, 15, 5035 19 of 25

in different studies, have shown an improvement in vertical accuracy [38]. However,
Scenario B presented better results than Scenario D, considering that the reduction of
systematic errors is attributed to increased angles between homologous rays [67]. Scenario
B, composed of forward strips combined with oblique perimeter images at the block edges,
produced the lowest vertical RMSE for the CPs, 2.5x the GSD, and a horizontal RMSE equal
to 1.7x the GSD. Scenario D presented the vertical RMSE for the CPs at 4.0x the GSD and
a horizontal RMSE equal to 2.0x the GSD. A difference between Scenarios B and D was
that Scenario D combined various strips with a significant overlap in the same project,
which could negatively influence the result. Similarly, Scenario D had a higher battery
consumption and required more time for post-processing than Scenario B.

According to reported studies in flat areas where the combination of nadir and oblique
images was used (Table 1), Scenario B presents similar results in the value of the RMSE
concerning [36,40]. These studies reported a lower flight height than ours and a higher
number of GCP/ha. Therefore, using Scenario B, resources can be optimised, and larger
areas can be covered. Furthermore, we confirmed that oblique images provide a major key
point coincidence per image for studies in flat areas, improving vertical accuracy [37,64,68].
However, Yang et al. (2022) [37] presents the best results overall. The main difference is
using oblique images through a special five-camera UAV with a microcontroller device.
This implies using non-conventional UAV equipment specially designed for this type of
photogrammetric survey.

Another parameter evaluated was the accuracy of the horizontal RMSE. Scenario C,
which comprises forward strips and a cross strip at the edges of each block where the GCPs
have been located, presented the lowest RMSE in the horizontal direction for the GCPs
and CPs (Table 6). These results are consistent with [57–59], where the authors hypothesise
that the cross strips improve accuracy in the photogrammetric restitution, using less GCP.
On the other hand, Scenario A, although it is the most used in UAV-DAP, presents more
unfavourable results than those obtained in Scenarios B and C. The same situation occurs
in Scenario D.

4.2. Internal Camera Parameters and Block a Priori Accuracy

A lower value in the internal calibration parameters of the camera, shown in Table 5,
was observed for Scenarios B and D. These scenarios are characterised by combining nadir
and oblique images. They showed the lowest difference between focal length, principal
point coordinates, and radial and tangential distortion coefficients during the geometric
camera calibration process. Thus, we can deduce that combining nadir and oblique images
substantially improves the results in calibrating inner camera parameters, which avoids
additional adjustments to improve them. The results correspond to what was stated by the
authors of [8], in which these optimised calibration values enhance horizontal and vertical
accuracy. Adding oblique images substantially improves the relative difference between
the camera’s initial and optimised internal parameters. The authors of [68] reported that
the systematic error or dome effect typical of UAVs can be corrected using oblique images
instead of GCPs. These images allow for the correction of radial distortion coefficients, thus
boosting accuracy and reliability in cartography and photogrammetry.

The weight coefficient µxyz for GCPs and CPs from the equation described in the
methodology measures the accuracy of the results with the UAV-DAP proposed by the au-
thors. This parameter was calculated from Equation 5 for the horizontal estimation and from
Equation 6 for the vertical estimation. µxyz is the total coefficient on the three components.

Scenario C achieved the lowest coefficient in the horizontal estimate, as shown in
Table 7, for both GCPs and CPs. Scenario B, containing the oblique images, obtained the
lowest coefficient in the vertical estimate in CPs. Additionally, Scenario B presented the
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best value µxyz for CPs. Using these values allows for the estimation of the a posteriori
accuracy for the beam block adjustment for flat areas in corridor flights.

4.3. GCPs and CPs Distribution

The precision depends mainly on the quantity and strategy for locating the GCPs. An
analysis of the results obtained for the six configurations evaluated revealed the following.

Configurations 1 and 2 had very few GCPs, increasing the RMSE in the CPs beyond
30 cm. This value is more than 10x the GSD due to the lack of either control points or strips.
Small samples of ground control points (GCPs) can reduce statistical significance and nega-
tively affect the accuracy and reliability of the UAV-generated photogrammetric model.

Configuration 3 has a high RMSE value, similar to the Configuration 1 and 2 values;
this occurs by the absence of GCPs in the block edges. This is why GCPs should go along
the edges of square and rectangular blocks; in the case of irregular blocks, GCPs should
follow a similar distribution [57].

Configuration 4 achieved the best RMSExyz CPs mean value. The authors of [43]
analysed different distributions of GCPs in a corridor-shaped photogrammetric block.
Several combinations of GCPs were used, but the best results were obtained by locating the
GCPs on both sides of the road and one GCP for each edge of the block. This distribution
is similar to this study, as it obtained an RMSExy = 3.1 cm and an RMSEz = 8.1 m, while
our results left nine points as CPs (Table 6) were RMSExy = 4.5 cm and RMSEz = 6.7 cm.
The main difference between [43] and this study is the addition of oblique perimeter
images, which improved the RMSEz. Additionally, [43] achieved horizontal and vertical
accuracies of approximately 3.5 x the GSD. In this study, the planimetric accuracy was
similar (1.7 x the GSD), but the vertical accuracy was better (2.5x the GSD).

Although Configurations 5 and 6 had a higher GCP, the RMSE results did not decrease
for Configuration 3, which essentially agrees with [69], which used six to seven GCPs
well-distributed throughout the study area. The results were similar to those obtained
using 15 GCPs. The same occurs in [70], in which an optimal GCP density was reached,
and there was no further decrease in the horizontal and vertical errors.

According to the analysis, Configuration 4 presents the best results of the RMSE CPs.
Therefore, it is essential to clarify that the GCPs must be well-distributed to ensure the
cross strips cover them and can be captured by the camera at different directions, angles,
and heights to correct errors of inclination and distortion.

4.4. Limitations and Potential Solutions

The use of rolling shutter cameras, such as the Zenmuse X5S employed in this study,
introduces unique challenges in UAV photogrammetry due to the sequential image capture
mechanism [35]. Unlike mechanical or global electronic shutters, rolling shutters expose
each image line incrementally rather than simultaneously, which can lead to geometric
distortions when the camera or subject is in motion [33]. These distortions, referred
previously to as the rolling shutter effect, are not inherently accounted for by traditional
photogrammetric models, potentially affecting the accuracy of derived products. This is
especially problematic in dynamic environments or at higher UAV speeds, as the standard
photogrammetric model does not inherently account for the temporal offsets between
image lines. The authors of [35] recommend a flight speed below 4 m/s to reach results
that are compatible with the well-accepted practical accuracy bound. As a result, some
of the larger residuals observed in the CPs are attributed to uncorrected rolling shutter
effects. In fact, Pix4Dmapper estimated a median camera speed of 14.5 m/s. Despite this,
the algorithm of rolling shutter mitigation integrated into Pix4Dmapper improved the
results across all four scenarios analysed (Table 4). The values obtained in this study after
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the algorithm application are comparable to those reported in studies using mechanical
shutters [39,43]. For the production of more accurate photogrammetric outputs, the use of
unmanned aerial vehicles (UAVs) equipped with mechanical shutters is recommended, as
this type of shutter exposes the entire image sensor frame to light simultaneously.

This study demonstrates that strategic flight planning, incorporating oblique imagery,
and optimising the GCP layout can significantly improve accuracy up to a limit level
of 3x the GSD (Scenario B, Configuration 3), even when using the 8-parameter model.
These findings highlight the importance of leveraging advanced processing algorithms and
thoughtful survey design to overcome hardware limitations in order to achieve acceptable
photogrammetric results.

4.5. Terrain Complexity

Photogrammetric surveys in flat areas present several challenges, mainly due to the
low variation in terrain elevation. This lack of relief can affect the accuracy of the 3D model,
as it limits the spatial information available for the calculation of internal and external
camera parameters. Consequently, estimating these parameters may become less robust,
compromising the quality of the final photogrammetric product.

The choice of an area with gentle slopes in this study responds to the objective of
isolating the impact of key factors such as flight design and the distribution of control
points, preventing topographic complexity from introducing interferences in the evaluation.
By working on practically flat terrain, external variables that could affect the accuracy of
the photogrammetric reconstruction are minimised, which is relevant when analysing the
behaviour of cameras with electronic rolling shutters, which are more sensitive to geometric
distortions that can be amplified by operating conditions such as flight speed, direction of
travel, or the inclination of the captured images.

5. Conclusions
This research has focused on evaluating the accuracy of using a camera equipped

with an electronic rolling shutter applied to UAV-DAP on large flat areas, by analysing
four scenarios. Combinations of forward strips, cross strips at different flight heights,
and convergent perimeter strips were used to assess the accuracy. Scenario B combining
forward strips and convergent perimeter strips was the only one that achieved an acceptable
RMSEXYZ result for the CPs. Other scenarios cannot be recommended for UAV-DAP with a
rolling shutter camera.

Furthermore, the scenarios combining forward strips and convergent perimeter strips
showed the lowest difference between focal length, principal point coordinates, radial, and
tangential distortion coefficients during the geometric camera calibration process. Thus,
we can deduce that combining nadir and oblique images substantially improves the results
in the calibration of inner camera parameters, which avoids additional adjustments to
improve them.

Analysing the adequate number and the best location of the GCPs in the block, the
best RMSE CPs value was obtained using one GCP for each flight block corner, considering
a ratio of 0.1 GCP/ha as a reference. Finally, locating GCPs in the corners and distributing
them along the edges of the block improves the model’s accuracy (Configuration 4) by
obtaining the minimum mean value for RMSE CPs (3x the GSD). However, the errors could
be equal to or higher than 11x the GSD for configurations 1, 2 and 3, which make them
unsuited for UAV-DAP.

Future analyses will consider the effect of including individual multi-shot oblique im-
ages in conventional non-ideal frontal overlapping swaths and advanced camera calibration
models in a sloping terrain.
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