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Abstract: Remotely piloted aerial systems (RPASs) are
gaining fast and wide application around the world due
to its relative low-cost advantage in the acquisition of
high-resolution imagery. However, standardized proto-
cols for the construction of cartographic products are
needed. The aim of this paper is to optimize the
generation of digital terrain models (DTMs) by using
different RPAS flight parameters. An orthogonal design
L18 was used to measure the effect of photogrammetric
flight parameters on the DTM generated. The image data
were acquired using a DJI Phantom 4 Pro drone and six
flight parameters were evaluated: flight mode, altitude,
flight speed, camera tilt, longitudinal overlap and
transversal overlap. Fifty-one ground control points
were established using a global positioning system.
Multivision algorithms were used to obtain ultra-high
resolution point clouds, orthophotos and 3D models
from the photos acquired. Root mean square error was
used to measure the geometric accuracy of DTMs
generated. The effect of photogrammetric flight para-
meters was carried out by using analysis of variance
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statistical analysis. Altimetric and planimetric accuracies
of 0.38 and 0.11 m were achieved, respectively. Based on
these results, high-precision cartographic material was
generated using low-cost technology.
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management

Abbreviations

ALS aerial laser scanner
ANOVA analysis of variance
CP checkpoint

DEM digital elevation model

DSM digital surface model

DTM digital terrain model

GCP ground control points

GNSS global navigation satellite system
GPS global positioning system

GSD ground sample distance

IMU inertial measurement unit

INS inertial navigation system

LIDAR light detection and ranging

LM levenberg-marquardt

NSSDA national standard for spatial data accuracy
RMSE root mean square error

RPAS remotely piloted aerial system

StM structure from motion

SIFT scale invariant feature transform

SMG semiglobal matching

TIN triangular irregular network

TLS terrestrial laser scanner

UTM universal transverse mercator

WGS world geodetic system

1 Introduction

Digital elevation model (DEM) is a 3D graphical
representation of the terrain surface, which allows
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describing its morphology (digital terrain model (DTM))
and the anthropogenic elements or the vegetation
present on digital surface model (DSM). DEMs provide
critical data that are very useful to delineate, explain and
predict any terrain surface change, especially when
high-resolution spatial data are needed [1]. The tech-
nologies used to build high-precision DEMs are robotic
total stations [2], global navigation satellite systems
(GNSS) [3], terrestrial laser scanner [4] and aerial laser
scanner [5]. Some limitations of the use of these
technologies are the complexity of acquisition data,
high operating costs and long working periods for
acquiring high detailed information [6].

Conventional remotely piloted aerial systems (RPAS)
photogrammetry is considered as an economic alterna-
tive and it is capable of extracting images to build high-
detailed surface models that are very useful for scientific
research [7]. Its implementation does not require many
aerial images; therefore, this technology does not require
complex methodological activities. According to Uysal
et al. [8], RPAS photogrammetry is a robust technology
for topographic mapping and modeling with several
advantages such as cost reduction, easy access to
complicated areas, reduced operation times and field
activities, among others. This technology can compete
with others that can develop high detail DEMs [9].

However, RPAS photogrammetry is sensitive to
factors such as light intensity changes, photograph scale
and rotations. Data acquisition is performed in a similar
way as the conventional photogrammetric flights.
Several studies describe the effect of RPAS flight
parameter configuration on plani-altimetric precision
and DEM accuracy [10—13]. Camera configuration para-
meters, such as angular orientation, resolution and lens
diameter, are essential to obtain results with high
resolution and level of detail [10-12]. However, some-
times noise can produce images with distortions. There-
fore, the calibration process of the camera is also
recognized to obtain high-quality images for further
processing [6], but other studies are focused on the
development of control algorithms to compensate the
wind gusts during a flight [14,15].

Eltner et al. [9] and Hirschmiiller [16] suggest that
flight altitude, speed and trajectory have a greater
influence on DEM accuracy. Ground sample distance
(GSD) and longitudinal and lateral overlaps have also
been proposed as critical flight parameters in RPAS
photogrammetry [17]. However, recent studies have
demonstrated that high-quality cartographic products
are obtained when implementing image processing
technologies such as artificial vision algorithms and
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artificial stereoscopic simulation [18-20]. The DEM
accuracy registered when using structure from motion
(SfM) for image processing in RPAS photogrammetry has
already been compared with airborne light detection and
ranging technology [21]. Therefore, the construction of
maps and 3D terrain models through the collection and
integration of photographs from different heights and
directions have been proposed as an alternative to
counter the discrepancies found in literature related to
RPAS flight configuration [22,23].

The aforementioned studies separately analyze the
effect of one or two photogrammetric parameters. Since a
comparison of all these photogrammetric parameters has
not been carried out at the time of being manipulated
simultaneously, this study proposes a novel experi-
mental strategy that allows analyzing the influence of six
photogrammetric flight parameters by using an Lg
orthogonal array and the implementation of artificial
vision algorithms for image processing. The main
objectives of this study are to assess the effect of
different flight parameter configurations on DTM accu-
racy and figure out the optimum flight conditions where
the lowest planimetric and altimetric errors are obtained.

2 Methods
2.1 Study area

The study area is located in the city of Culiacan, Sinaloa,
Mexico. Specifically, in the lower part of Culiacan river
basin, in coordinates 24°48’40.3” —24°48’69.2” N,
107°24’ 53.17 -1 07°24'24.5 W according to World
Geodetic System 84 (WGS84) reference system. High-
intensity rainfalls and tropical storms occur in the study
area during rainy season [24]. In particular, the lower
part of Culiacan river basin was selected as the study
area (Figure 1). This zone is a sloping terrain character-
ized by constant flooding caused by the rise of the
Tamazula River. These river floods have caused severe
damage to the urban area. Therefore, high detail DEM is
needed for future hydrological modeling in this area.

2.2 DEM construction process

The methodology used in this study is presented in
Figure 2. DEM construction process was characterized by
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Figure 1: Study area. Source: Own elaboration using QGIS 3.10 La corufia (Open Source Geospatial Foundation, Beaverton, USA, 2020).

three main phases: the first phase consisted of photo-
grammetric flight planning project, where the flight
parameters of RPAS were established and the photo-
grammetric surveys were carried out. Data processing
was the second phase and consisted of defining a
photogrammetric block and some information about a
scene during image capturing process was obtained (i.e.,
camera orientation and image point correlation). At this
stage, the 3D reconstruction was also carried out through
the extraction process (point cloud extraction). Then,
DEM generation was carried out by using different
mathematical algorithms with SfM technology (SIFT,
Hamming Distance, Poisson reconstruction, SemiGlobal
Matching (SMG) algorithms and Delaunay triangulation).
Finally, the third phase involved the DEM accuracy
assessment using root mean square error (RMSE). Then,
statistical analysis (analysis of variance [ANOVA]) was
carried out to evaluate the effect of photogrammetric
flight parameters on DEM accuracy.

2.3 First phase: photogrammetric project
definition

Step 1.1 Project Definition. A Quad Copter DJI Phantom 4
Pro was used for image acquisition. This RPAS has a
global positioning system (GPS)/GLONASS and a sensor
mounted on a gimbal stabilizer. A Sony RX100 camera
with 35mm focal length CMOS sensor of 20.2 effective
megapixels was used. The strategies used in a conven-
tional photogrammetric flight planning were imple-
mented in the RPAS flight. Photogrammetric project
began defining the area of interest: a polygon was drawn
on a geo-referenced base map, camera and sensors
onboard were calibrated (tested).

Step 1.2 Flight Planning. Free areas were located as
landing points of the RPAS in case of an emergency.
Then, the photogrammetric parameters were defined.
The RPAS parameters considered in this study were
flight mode, flight altitude, flight speed, camera tilt and
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the longitudinal and transversal overlaps of the images.
An orthogonal array L18 was used to determine the
different flight parameters for image acquisition (Table 1).
This orthogonal array was used to measure the effect of
these six photogrammetric flight parameters on the
accuracy of DEMs generated.

Statistical analysis

According to Zhao et al. [20], a double grid flight is
recommended to obtain a more accurate point cloud. In
this sense, the flights were made in single and double
grid. Flight altitudes were carried out at 60, 70 y 80 m as
indicated by Hussain and Bethel [25]. In this study,
longitudinal overlaps between 40% and 60% were
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Table 1: Flight parameters used for image acquisition

Effect of RPAS flight parameters on DTM accuracy =— 1021

Treatment  Flight mode  Flight altitude (m) Camera tilt Image overlap Speed (m/s)
Longitudinal overlap (%) Transversal overlap (%)
1 Normal Grid 60 65 40 60 5
2 60 75 50 70 7
3 60 85 60 80 9
4 70 65 40 70 7
5 70 75 50 80 9
6 70 85 60 60 5
7 80 65 50 60 9
8 80 75 60 70 5
9 80 85 40 80 7
10 Double grid 60 65 60 80 7
11 60 75 40 60 9
12 60 85 50 70 5
13 70 65 50 80 5
14 70 75 60 60 7
15 70 85 40 70 9
16 80 65 60 70 9
17 80 75 40 80 5
18 80 85 50 60 7

Source: Own elaboration.

defined as suggested by Reshetyuk and Martensson [26],
while lateral overlaps between 60% and 80% were
established as suggested by Harwin and Lucieer [16] and
Dall’Asta et al. [27]. Under these conditions, high quality
topographic maps have been reported. Regarding the
camera tilt, positions close to nadir (90°) were chosen as
suggested by Wasklewicz et al. [28] and Bemis et al. [29].
Oblique angular positions between 65° and 85° were also
chosen. Concerning the RPAS, speed values of 3, 6 and
9m/s were chosen to analyze distortions generated due
to camera instability at high velocities.

According to Mora-Felix [30], image resolution is
related to GSD. In this study, images resolution values
were considered between 2 and 3 cm/pix. These values
correspond to the resolutions of the most widely light-
weight cameras installed on RPAS [31]. Once the
photogrammetric parameters were stablished, mathema-
tical models proposed by Vollgger and Cruden [32] and
Mora-Felix et al. [30] were implemented to compute RPAS
flight trajectories and programming camera shots, which
are the parameters required to execute the real-time flight.

Step 1.3 Control points establishment. GNSS Trimble
R10 was used for setting control points on Earth surface.
This is high precision equipment that works with
satellite system GLONASS, SBAS, Galileo and GPS.
Each checkpoint was marked with physical signals on
the ground. These marks were established before the
surveys to be identified by the RPAS. Crosses in orange

color were marked on the ground because they contrast
with the background and are observed perfectly in the
images. Control points were distributed throughout
the study area as 20 x 20cm marks to improve the
triangulation and the DEM accuracy [33]. The marks were
located on physical objects, such as drains, crosswalks
and wood fixed to the surface by stakes were used in
zones where no asphalt or concrete was present.

Step 1.4 Flight execution. During the processing of
photogrammetric parameters, a file was generated
containing the flight instructions that the RPAS must
execute (waypoint file). This file contained GPS coordi-
nates of a group of points that represent the photogram-
metric flight to be followed sequentially by RPAS. This file
also contained flight speed, flight altitude and shooting
frequency configuration. Waypoint file was loaded and
then the photogrammetric flight started. Through the
navigation system, RPAS autonomously took position at
the starting point and then automatically captured the
images according to the sequence previously established.
RPAS flight was monitored from a central station and
furthermore an image dataset was generated.

2.4 Second phase: dataset processing

Image dataset processing was performed by SfM [34].
Image processing was characterized by two main sub-
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phases: first, a photogrammetric block configuration was
performed. At this sub-phase, image dataset is cali-
brated. Then, detection and feature correlation processes
were carried out. Atypical data was eliminated and
image orientation was carried out through aerial
triangulation. Points relating images to each other were
identified and finally the block adjustment was done.

The second sub-phase consisted of the 3D recon-
struction. At this stage, disperse point cloud was
generated and a densification process was performed
on the point cloud. Subsequently a georeferencing
process was performed and finally a triangular mesh
(triangulation Delaunay) was used for the DEM genera-
tion. The dataset processing phase is fully described
below:

2.5 Subphase one: photogrammetric block
configuration

Step 2.1 Camera calibration. Before the flight execution, a
camera calibration process was carried out. This calibra-
tion process is a fundamental requirement for the
metrical reconstruction of images in photogrammetry
[35]. In addition, this process reduces any alteration or
noise in the cartographic product. In this study,
automatic calibration was implemented as suggested
by Fraser [36]. During camera calibration process,
extrinsic and intrinsic parameters were obtained, which
are related to the external and internal orientation
processes of DEM. Extrinsic parameters refer to the
coordinates in a reference system and orientation.
Intrinsic parameters refer to the focal length, the central
point of the image and distortions of the camera lenses.
Noise was reduced by adjusting the tangential (p,, p,)
and radial (k;, k», ks,) distortion coefficients based on
Brown’s distortion model [37].

Step 2.2 Feature extraction and correlation. In a
photogrammetric survey with RPAS, the dataset of a
photogrammetric block corresponds to the images
captured during flight survey and the parameters that
correlate them (overlap) with the recorded scene (posi-
tion and orientation). The photogrammetric block con-
figuration process was carried out by implementing
detection and feature correlation algorithms. The most
used detector algorithm in SfM artificial vision systems is
the scale invariant feature transform (SIFT) algorithm
[38]. This algorithm was used to extract image features.
SIFT algorithm generated a set of key points between
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stereoscopic pairs of images that were invariant (robust)
to image scale, translation, rotation and partially
invariant to changes in camera illumination. The set of
key points generated from images were then processed
through Hamming Distance correlation algorithm [34].

Step 2.3 Image orientation. An image orientation
process was applied to determine external orientation
parameters (position coordinates and tilt angles) for
each image. The aerial triangulation was implemented
for this process. The exterior orientation elements
include camera position on the platform in the coordi-
nates x, y, z and the three angles of camera tilt (w, ¢, k).
These coordinates and angles are relative to the ground
coordinate system. The positions of coordinates x, y, z
were obtained by a GPS system on board. Camera angles
were measured by using the INS (Inertial Navigation
System) and IMU (Inertial Measurement Unit) devices.
For absolute orientation, tie points (homologous points)
between images were used. In addition, an image
alignment process was done by using four ground
control points (GCPs) defined at the corners of the
model to ensure a more accurate result and eliminate the
bowling effects of the RPAS data [39]. Extrinsic and
intrinsic camera parameters were adjusted to perform
the block adjustment procedure. Finally, Levenberg--
Marquardt (LM) algorithm was used to minimize the re-
projection error. This is a robust algorithm based on the
non-linear least squares method. LM minimizes the re-
projection error between the observed and predicted
image points [40].

2.6 Subphase two: 3D reconstruction

The 3D reconstruction consisted of four steps clearly
identified: scattered point cloud generation, point cloud
densification, georeferencing and DEM generation. These
stages are described as following.

Step 2.4 3D point cloud generation. The coordinates
of the extracted points were determined and a disparity
map was computed by calculating the stereoscopic
correspondence of each object. Based on this map, the
distance between ground objects and the camera was
obtained. The depth z of a point P(x, y, z) in a 3D
reconstruction was obtained with equations (1)-(3),
considering a triangular geometrical relationship.

b/2+x x f b
L= = ( ),

=— o X==|X+ =
z f z 2

ey
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where b is the value of baseline, fis the focal length, I, I,
are the left and right images respectively, d is the
distance from the camera to a point on the ground.
Finally, the resulting data is a dispersed point cloud
referred to a local coordinate system Universal
Transverse Mercator, WGS84 zone 13. For this procedure,
Helmert transformation was implemented [41].

Step 2.5 Point cloud densification. Consisted of
extracting a larger amount of 3D points from the scene
that complements the disperse point cloud generated in the
previous stage. SMG was implemented due to its high
precision and computational cost reduction [42]. Once the
dense map was available, atypical points were eliminated
(error points). Then, the Delaunay triangulation algorithm
was implemented for the generation of the triangular
irregular network. In this algorithm, the elevation values
were interpolated (triangulated) for the generation of a
regular matrix in raster format (triangular mesh) [43]. The
created mesh is textured by re-projecting the 3D points with
the original images to obtain the corresponding color.

Step 2.6 Georeferencing process. Before the DTM is
generated, a georeferencing process is suggested. This
process consisted of linking identifiable locations in the
images with the locations of GCPs that were spatially
related. Identifiable locations, such as sidewalks, cor-
ners, culverts, were used for georeferencing. Then,
polynomial transformation was generated to adjust the
locations to its correct spatial location [44].

Step 2.7 DEM generation. After constructing the
triangular mesh, a smoothing model was constructed to
fill the gaps in the surface and repair the errors
generated. Poisson algorithm was implemented for this
surface reconstruction [45]. This surface reconstruction
is represented in a DSM. Finally, a Digital Terrain Model
(DTM) was generated with the algorithm proposed by
Unger et al. [46]. This algorithm removed man-made
objects (i.e., buildings) and vegetation. Afterwards, a
DTM was regularized through Huber norm.

2.7 Third phase: DEM validation

Step 3.1 RMSE-validation. DEM accuracy refers to the
proximity of the observation of a coordinate point to a
true value. Plani-altimetric error must be minimized to
obtain a more accurate model [47]. According to

Effect of RPAS flight parameters on DTM accuracy =— 1023

National Standard for Spatial Data Accuracy, DEM errors
meet a normal distribution and this is a fair assumption
for open terrains [48]. In this study, DEM validation
consisted of a comparison between plani-altimetric
features with the GNSS points acquired in the study
area. Planimetric and altimetric errors were calculated for
the 18 DTMs generated. The most common statistic used to
describe planimetric and altimetric errors in DEMs is the
RMSE [49]. The RSME measures the difference between
the values predicted by the DEM and the values observed
(GNSS points).

Altimetric accuracy (RMSE,) of DTM was carried out
by using equation (4). This statistical parameter consists
of a comparison between the elevation points obtained
with GNSS and those marked on ground.

T (Zep — Zpmm)?
RMSE; = \/Z,_l( cp — Zptm) ’ )
n

In this equation, n refers to the total points measured,
Zptm corresponds to the elevation of the control points
marked on the ground visible in the image, Zcp
corresponds to the elevation of the GCP using GNSS.
Planimetric validation (RMSE, ;) was determined by the
distance between the GCPs and the marked points (CPs)
on the ground for both x and y coordinates. This
validation was carried out using equation (5).

Y [(Xep — Xomm)? + (Yep — Yprm)?] )
n

RMSE,, = J

where n refers to the total points to be measured, Xprum, Yorm
are the coordinates of the points in the model and XcpYcp
are the coordinates of the validations GNSS points.

Step 3.2 Statistical analysis. An ANOVA was carried out
to measure the effect of RPAS flight parameters on DTM
accuracy (a = 0.05). The planimetric (RMSE,,) and the
altimetric (RMSE,) errors were used as response variables for
this statistical analysis. ANOVA identified the flight para-
meters that showed a significant influence on the response
variables. An optimization strategy was then carried out to
find out the optimum flight configuration and to obtain the
DTM with the best plani-altimetric accuracy.

3 Results

3.1 Camera calibration

Servomotors service and camera calibration were carried
out to achieve the best survey performance and to avoid
mechanical failures. A self-calibration process was done
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Table 2: Internal parameters for camera calibration
Values Focal length Principal point x Principal point y ky ky ks P1 P>

pix mm pix mm pix mm
Initial values 3073.41 4.861 1917.79 3.033 1485.8 2.35 0.033 -0.036 0.078 0 -0.001
Optimized values  3270.60 5.173 1958.79 3.098 1449.6 2.293 0.024 -0.085 -0.001 -0.001 0
Standard error 4.154 0.007 0.202 O 1.131 0.002 0 0.002 0 0 0

Source: Own elaboration using Python 3.6.5 (Python Software Foundation, Wilmington, Delaware, USA, 2011).

according to the suggested by Fraser [36]. The camera
calibration parameters used in this study are presented
in Table 2. The main objective of the calibration process
is to solve the radial (ki, ky, k3) and tangential (p;, p,)
distortion parameters to reduce uncertainties or errors of
the principal points x and y. This calibration is needed to
obtain the most accurate results during the key point
detection and correlation processes in stereoscopic pairs.
Based on the errors obtained in this study, the
calibration process could be considered as satisfactory
for the 3D reconstruction process.

3.2 Ground control points and checkpoints

In this study, 51 points were established, from which 27
points (GCPs) were used for georeferencing and 24 points

(checkpoints, CPs) were used for validation. Figure 3
shows the GCPs and CPs distributed in the study area.

3.3 Photogrammetric project definition
(execution)

Table 3 shows the GSD, frames, areas covered and flight
lines obtained in the photogrammetric surveys (treat-
ments) that were conducted for image acquisition. Each
treatment generated an average of 328 images, with a
mean GSD of 2.53 cm/pix. Approximately 6,000 photo-
graphs were taken and 6.3km were covered. It is
noteworthy that a greater number of flight lines were
registered in the last nine treatments. These surveys
were carried out under double grid flight mode.
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Figure 3: Location of GCPs in the study area. Source: Own elaboration using QGIS 3.10 La corufia (Open Source Geospatial Foundation,

Beaverton, USA, 2020).
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Table 3: GSD, frames, areas covered and flight lines obtained in the
photogrammetric

Treatment GSD Frames Area Flight
(cm/pix) covered (km?) lines
1 2.38 153 0.125 1
2 2.08 215 0.158 15
3 2.55 331 0.165 12
4 2.74 143 0.178 13
5 2.39 228 0.179 19
6 2.31 150 0.164 10
7 3.08 144 0.184 9
8 2.78 143 0.183 11
9 2.15 256 0.211 16
10 2.31 881 0.228 51
11 2.01 385 0.181 26
12 2.48 526 0.222 25
13 2.67 469 0.191 37
14 2.42 377 0.119 22
15 2.51 541 0.278 20
16 2.97 362 0.256 27
17 2.81 358 0.224 38
18 2.95 257 0.278 32

Source: Own elaboration.

Effect of RPAS flight parameters on DTM accuracy = 1025

Likewise, it was demonstrated that the flight lines
depended on the overlap of images and flight mode. It
is also noteworthy that the quantity of frames acquired
under normal grid flight mode is significantly smaller
than the ones acquired when the double grid flights were
performed.

3.4 Image processing

Figure 4 shows the results of keypoint extraction process
of treatment 13 by overlapping a pair of images. In this
figure, it is evidenced that most of the keypoints were
correctly matched, especially in areas of dense vegeta-
tion where erroneous coincidences are possible due to
the presence of similar local texture.

During the 3D reconstruction, the algorithm identi-
fied a mean of 37,336 keypoints per image (Table 4).
Despite the keypoints per image were similar in all
treatments, the number of match points found in double
grid treatments was greater than the observed during

Correlation lines

Figure 4: Keypoint detection, feature correlations and stereo pair assembling during image processing with SIFT algorithm. Source: Own
elaboration using SIFT algorithm in Python 3.6.5 (Python Software Foundation, Wilmington, Delaware, USA, 2011).
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Table 4: Number of key points identified and densification points obtained during 3D reconstruction

Treatment Key points per image Matches 3D reconstruction key point matches 3D densification points
2 images 3 images 5 images

1 42,631 3,292 1,49,079 14,587 5,831 46,12,634

2 40,427 4,956 3,37,297 58,225 8,974 1,38,03,790
3 44,123 5,213 34,568 78,456 1,545 1,52,36,211
4 27,127 2,620 1,39,375 17,660 1,636 73,50,091

5 30,016 4,304 2,82,627 58,711 11,183 1,56,68,844
6 32,222 5111 2,32,080 46,436 8,969 1,17,27,625
7 30,254 3,254 1,30,117 13,232 7,675 45,08,682
8 45,220 6,889 3,22,167 57,582 8,083 1,03,23,861
9 42,858 9,245 5,99,267 1,44,033 28,962 1,91,71,283
10 38,538 2,450 640,172 1,30,146 20,372 4,77,36,416
1 38,747 5,395 6,41,806 88,598 10,246 1,70,61,978
12 37,485 5,789 678,796 87,456 10,547 1,67,56,778
13 39,226 6,129 7,35,884 1,35,396 21,601 2,53,07,000
14 34,819 5,944 5,89,488 1,04,079 14,635 1,90,89,412
15 38,795 6,456 4,78,978 1,24,568 15,478 1,78,45,681
16 37,256 6,919 8,16,464 1,43,055 18,955 2,55,85,938
17 36,675 7,056 7,55,720 1,34,660 22,464 2,34,27,473
18 35,645 7,014 8,31,254 1,56,231 45,783 2,21,34,654

Source: Own elaboration using VisualSFM [62].

normal grid. This situation could explain the fact that
the number of keypoints obtained in the 3D densification
process was greater when double grid flight mode was
carried out.

3.5 Planimetric (RMSE,,) and altimetric
(RMSE,) accuracies

The real coordinates (x, y, z) were obtained with GNSS
system. These points were compared with the CP marked
on the ground and observed in the digital model.

Figure 5 shows a map where planimetric and
altimetric differences are observed in the generated
DTM. Figure 5a shows a cross-section with a distance
of 117 m, where a slope is observed. In this figure, three
validation points are present: CP17, CP16 and CP14. The
elevation differences observed between the DTM and
GNSS measurements were less than 0.15m. Figure 5b
shows the horizontal errors in CP16. In this figure, the
horizontal difference between the DTM and GNSS
measurements was less than 0.02m. Due to the
differences found, equations (4) and (5) were used to
obtain the planimetric (RMSE,,) and altimetric (RMSE,)
accuracies for each photogrammetric survey.

3.6 Statistical analysis

A georeferencing process was implemented on the DTMs
obtained. 27 GCP were used as georeferencing points and
the accuracy of georeferenced DTMs was then evaluated
using the 24 points that were established as CP. Table 5
shows the results of the plani-altimetric accuracy
obtained in the eighteen surveys before and after the
georeferencing process. The planimetric accuracy
(RMSE,,) before georeferencing process ranged from
9.01 to 1.46 m. This high variation was reduced after
implementing the georeferencing process. RMSE,, after
georeferencing ranged from 1.05 to 0.11m. The same
situation occurred for altimetric accuracy (RMSE,).
Lower values of RMSE, (higher altimetric accuracies)
were registered after georeferencing. According to
statistical analysis, when the georeferencing process
was performed, a significant reduction in error was
observed in both planimetric and altimetric accuracies
(p < 0.05).

ANOVA was carried out to assess the effect of
photogrammetric flight parameters on plani-altimetric
accuracy of DTMs (Table 6). Based on statistical analysis
performed, longitudinal overlap and flight mode were
flight parameters that showed a significant influence on
planimetric accuracy. According to main effect analysis,
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Figure 5: Planimetric and altimetric differences in the generated DTM. (a) Elevation differences observed in a cross-section. (b) Planimetric
difference identified in GCP 16. Source: Own elaboration using QGIS 3.10 La corufia (Open Source Geospatial Foundation, Beaverton,

USA, 2020).

lower RMSE,, values were registered when higher
percentages of longitudinal overlap are used. Likewise,
higher planimetric accuracies were observed when
double grid flight mode was carried out.

Statistical analysis for altimetric accuracy showed
that only the flight mode had a statistical significance
(p < 0.05). Lower RMSE, values were observed in DTMs
generated when double grid surveys were performed.

3.7 Optimization (the most accurate DTM
generated)

According to statistical analysis, treatment 13 showed
the highest plani-altimetric accuracy. Under these flight
operational conditions, values of 0.38 and 0.11m were
achieved for RMSE,, and RMSE,. In both cases, the
digital models were adjusted by the georeferencing
process using the GCP. In contrast, treatment 4

presented the lowest accuracy (RMSE,, = 1.05m and
RMSE, = 1.33m). The resulting DTM shows neither
artifacts nor unnatural terrain features, and it represents
the real morphology of the terrain.

4 Discussion

4.1 Effect of the image overlapping

Figure 6 shows the amount of images that were
overlapped in treatments 13 and 4. Treatment 4
generated with normal grid flight mode (Figure 6b) has
a greater amount of red and yellow areas than the one
generated with double grid (Figure 6a). The red and
yellow zones are located mostly on the margins and
these zones are characterized by the overlapping of one
to three images. The green zones reflect that five or more



1028 —— Zuriel Dathan Mora-Felix et al.

Table 5: Plani-altimetric accuracies obtained in all treatments

Treatment DEM accuracy before DEM accuracy after
georeferencing georeferencing
RMSE,, RMSE, RMSE,, RMSE,
1 1.46 14.64 0.80 0.75
2 1.92 8.88 0.71 0.49
3 9.01 15.15 0.59 0.97
4 2.71 32.51 1.05 1.33
5 2.03 27.45 0.63 1.57
6 2.44 27.28 0.58 0.67
7 6.75 29.00 1.04 1.06
8 1.66 26.2 0.79 0.89
9 1.74 24.12 0.83 0.63
10 4.34 17.45 0.51 0.41
11 3.71 3.07 0.96 0.61
12 6.72 7.39 0.97 0.92
13 3.00 3.59 0.11 0.38
14 3.88 11.07 0.13 0.35
15 5.51 5.31 0.90 1.02
16 3.90 2.87 0.20 0.40
17 6.19 7.09 0.41 0.62
18 4.13 10.52 0.27 0.44

Source: Own elaboration.

images were overlapped. Therefore, the DEM accuracy
could be highly related to the amount of images
overlapped, as it is suggested by Dandois et al. [50].

DE GRUYTER

According to Mifijovsky and Langhammer [33], the
greater number of intersected photographs, the greater
the precision in the 3D reconstruction process is. This
situation is demonstrated in Figure 7, where lower
RMSE, values were obtained when higher key points
were identified (Figure 7a). Besides, higher altimetric
accuracy was obtained when higher match points were
correlated (Figure 7b). Altimetric accuracy was also
correlated with the amount of frames. Treatments with a
greater number of photographs (double grid) observed
higher altimetric accuracies (Figure 7c). Therefore, the
altimetric accuracy of a DEM depended on the densifica-
tion points obtained during 3D reconstruction process,
as it is also demonstrated in Zhao et al. [20].

In this study, high accuracy was achieved because
images were acquired from different perspectives.
However, it is important to determine the optimum
overlap to achieve the desired accuracy without falling
into long processing computation times. Altimetric
precision must be optimized by balancing the number
of intersected photographs. The stereoscopic multivision
effect must be achieved taking into account the
computational processing times. The greater the points
correlate in a scattered point cloud, the denser the point
cloud is generated with better detail and therefore
greater accuracy.

Table 6: ANOVA and main effects of flight parameters on plani-altimetric accuracy

ANOVA for RMSE,,

Main effects for RMSE,, (mean values)

Flight parameter p-Value Flight mode  Mean RMSE,, Camera tilt Mean RMSE,, Trans. overlap Mean RMSE,,
Flight mode 0.014* Normal 0.78 65° 0.62 60 0.63

Flight altitude (m) 0.156 Double 0.50 75° 0.61 70 0.77

Camera tilt (°) 0.522 85° 0.69 80 0.52

Long. overlap (%) 0.012* Flight height ~Mean RMSE,, Long. overlap Mean RMSE,, Speed Mean RMSE,,
Trans. overlap (%) 0.169 60m 0.76 40% 0.83 5m/s 0.61

Flight speed 0.325 70m 0.57 50% 0.62 7m/s 0.58
*p-Values < 0.05 are significant 80m 0.59 60% 0.47 9m/s 0.72

ANOVA for RMSE, Main effects for RMSE, (mean values)

Flight parameter p-Value Flight mode Mean RMSE, Camera tilt Mean RMSE, Trans. overlap Mean RMSE,
Flight mode 0.028* Normal 0.93 65° 0.73 60 0.65

Flight altitude (m) 0.441 Double 0.58 75° 0.76 70 0.85

Camera tilt (°) 0.766 85° 0.78 80 0.77

Long. overlap (%) 0.224 Flight height Mean RMSE, Long. overlap Mean RMSE,  Speed Mean RMSE,
Trans. overlap (%) 0.402 60m 0.69 40% 0.83 5m/s 0.71

Flight speed 0.138 70 m 0.89 50% 0.81 7m/s 0.61
*p-Values < 0.05 are significant 80m 0.68 60% 0.62 9Im/s 0.94

Source: Own elaboration using Statgraphics Centurion 18 (Statgraphics Inc., The Plains, USA, 2020).
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Figure 6: Images overlapped in DEMs generated in treatments 13 and 4. Source: Own elaboration using Pix4D (Pix4D SA, Laussane,
Switzerland, 2011). (a) Overlapped images in treatment 13, (b) overlapped images in treatment 4.

4.2 Effect of the georeferencing process

The effect of the georeferencing process on the plani-
altimetric accuracy of the DTM is shown in Figure 8.
Plani-altimetric accuracy is strongly dependent on this
georeferencing process. The Box and Whisker plot shows
the planimetric (Figure 8a) and altimetric (Figure 8b)
accuracies before and after georeferecing process. In
general, a high error is observed in the DTMs generated
before georeferencing. According to the results obtained
in this study, georeferencing is a critical process for
improving the accuracy of DTMs. Therefore, technolo-
gical alternatives must be developed for the georeferen-
cing process. The complexity of terrestrial areas and the
extensive time consuming for the establishment of GCPs
on the ground represent a major opportunity area in
RPAS photogrammetry. The georeferencing process is
being integrated as an indirect system on the RPAS [51].
In the future, this situation will replace the use of GCPs.

Luhmann et al. [52] suggest the use of at least 20
GCPs to achieve high precision in DEMs. In this study, 27
GCPs were considered for georeferencing. Few studies
are given about the effect of the georeferencing process
in DEM accuracy. More in-depth studies are needed to
determine the optimal amount of GCPs that must be used
for the generation of DEMs with high accuracy.

4.3 Effect of the photogrammetric flight
parameters

Planimetric accuracy results varied from 0.11 to 1.05 m.
The planimetric accuracies obtained are similar to the
results obtained in other photogrammetric studies.
Seifert et al. [53] reported a planimetric accuracy range
of 0.10 to 0.15m, while Matthews [54] reported a
planimetric accuracy of 0.08 to 0.40m. These high
planimetric accuracy results were obtained using double
grid flight. This coincides with the result reported by
Zhao et al. [20], who found that double and triple
overlapping concentrate a large number of intersected
pixels, which increased the planimetric accuracy of
DEM. The stereoscopic multivision and 360° perspective
given by the multiple intersections of photographs
increased DEM accuracy. SfM algorithms showed a
better result when high redundancy block configuration
was performed. A higher correlation of overlapping
characteristics in multiple photographs was observed
under these conditions.

Rabah et al. [51] suggest implementing a high
longitudinal overlap, but also a high vertical overlap to
obtain high DEM accuracy. In particular, Westoby et al.
[55] and Eisenbeiss [56] report that high percentages of
longitudinal and transversal overlaps result in low
RMSE. However, the results obtained in this work
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Figure 7: Relationship between altimetric accuracy and 3D recon-
struction process. (a) Correlation between altimetric accuracy and
keypoints identified. (b) Correlation between altimetric accuracy and
matched points. (c) Correlation between altimetric accuracy and
frames acquired. Source: Own elaboration using Statgraphics
Centurion 18 (Statgraphics Inc., The Plains, USA, 2020).

indicated that the transversal overlap did not have a
significant effect on planimetric accuracy (p > 0.05).
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Flight altitudes of 30, 40, 50, 60, 70 and 80 m were
set for the production of orthomosaics for archaeological
applications in the study by Mesas-Carrascosa et al. [39]
and they concluded that flight altitude is the main flight
parameter because of its influence on RMSE,,. However,
in this study, low flight altitudes (<60 m) were discarded
because this implied the processing of a high amount of
images and consequently, high computation times.
Flight altitudes of 60, 70 and 80 m were established for
photogrammetric surveys and no significant effect was
found on RMSE,,, (p > 0.05). Mesas-Carrascosa et al. [39]
also suggested that camera angle close to nadir (90°) is
required to obtain high planimetric accuracy. This study
demonstrated that the camera tilt was not a significant
flight parameter for planimetric accuracy (p > 0.05).

Some studies have suggested that certain configurations
are determinant for altimetric accuracy. Henriques et al. [57]
suggested that transversal overlap has a significant influ-
ence on the density of the point cloud created for DEM
generation. However, the results obtained in this research
indicate that transversal overlap was not statistically
significant on altimetric accuracy (p > 0.05).

Rabah et al. [51] report that the nadir view (90°)
generates many occlusions in the image data set.
According to Dandois et al. [50], steep hills, natural or
artificial constructions, such as walls or buildings,
generate hidden areas in the images. Both studies
suggest that this effect could be reduced with the camera
tilt or with a greater GSD. In this study, the statistical
analysis (ANOVA) demonstrated that the camera tilt did
not have any significant effect on the DTM accuracy (p >
0.05). However, in our study, a greater DTM accuracy
was observed when surveys were carried out with great
obliquity (65°).

Likewise, Torres-Sanchez et al. [58] indicate that
high flight altitudes resulted in deterioration of DEM
accuracy. In this study, altimetric accuracy was not
influenced by the flight altitude (p > 0.05). According to
statistical analysis, double grid flight was the unique
determinant flight parameter for altimetric accuracy. The
altimetric accuracy obtained in this study could be
considered as high, according to the Udin and Ahmad’s
report [59], who reported altimetric accuracies ranging
from 0.045 to 0.52m for DEM generation.

4.4 Field validation

The performance of the optimum flight parameters was
evaluated in different topographical conditions. Culiacan
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Figure 8: Box and Whisker plots showing the importance of georeferencing process on the DTM accuracy. (a) The effect of georeferencing
onplanimetric accuracy. (b) The effect of georeferencing on altimetric accuracy. Source: Own elaboration using Statgraphics Centurion 18
(Statgraphics Inc., The Plains, USA, 2020).
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Figure 9: GCPs and CPs established for DEM validation at Culiacan Institute of Technology. Source: Own elaboration using QGIS 3.10 La
coruiia (Open Source Geospatial Foundation, Beaverton, USA, 2020).
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Table 7: Comparison between DTM and CPs coordinates obtained for plani-altimetric accuracy during validation

Point number DTM coordinates CP coordinates Difference (m)
XDTM YDTM ZDTM XCP YCP ZCP XDIF YDIF zDIF

0 257478.27 2743268.2 83.08 257478.27 2743268.2 83.01 0.00 -0.01 0.07
1" 257454.50 2743350.6 69.85 257454.51 2743350.6 69.85 -0.01 -0.02 0.00
2" 257560.20 27434271 62.75 257560.19 27434271 62.50 0.01 0.00 0.25
3 257577.91 2743491.8 59.99 257577.90 2743491.9 59.15 0.01 -0.03 0.84
4 257669.43 2743519.7 62.37 257669.42 2743519.7 62.24 0.01 0.00 0.13
5" 257463.66 2743522.4 58.86 257463.65 2743522.4 58.75 0.01 0.00 0.11
6 257361.43 2743582.3 59.84 257361.41 2743582.3 59.20 0.02 0.00 0.64
7 257466.15 2743684.6 57.51 257466.25 2743684.5 57.15 -0.10 0.09 0.36
8" 257456.88 2743742.7 55.50 257456.85 2743742.7 55.45 0.03 0.02 0.05
9" 257561.26 2743742.2 59.44 257561.25 2743742.2 59.15 0.01 0.01 0.29
10 257636.88 2743745.2 61.93 257636.86 2743745.3 61.65 0.02 -0.01 0.28
11 257713.77 2743757.5 64.96 257713.77 2743757.6 64.55 0.00 -0.01 0.41
12 257772.19 2743739.9 68.57 257772.18 2743739.9 68.05 0.01 0.00 0.52
13" 257785.62 2743652.8 67.22 257785.58 2743652.8 66.55 0.04 -0.02 0.67
14" 257712.54 2743634.3 65.25 257712.55 2743634.3 65.05 -0.01 0.00 0.20
15 257682.38 2743690.5 64.64 257682.38 2743690.5 64.21 0.00 0.00 0.43
16" 257820.25 2743553.9 67.23 257820.23 2743553.9 67.10 0.02 0.00 0.23
17" 257832.23 2743475.5 64.77 257832.22 2743475.5 65.12 0.01 -0.01 -0.35
18" 257864.94 2743341.8 67.72 257864.93 2743341.8 67.56 0.01 0.00 0.16
19" 257755.61 2743386.5 65.12 257755.60 2743386.6 64.90 0.01 -0.02 0.22

“GCPs used for georeferencing. Source: Own elaboration. Coordinates extracted from QGIS (Open Source Geospatial Foundation,
Beaverton, USA, 2020).

A Gcp
m CP

Contour lines
—— 54.60 - 70.40
— 86.20 - 102.00

Elevation

Il 55.507
7] 64.544
[173.581
182,618
Bl 91.656

2743200 2743300 2743400 2743500 2743600 2743700 2743800

156 234 312m
| I 1

257200 257300 257400 257500 257600 257700 257800 257900 258000 258100 258200

Figure 10: Contour lines and DTM generated during field validation. Source: Own elaboration using QGIS 3.10 La coruiia (Open Source
Geospatial Foundation, Beaverton, USA, 2020).
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Institute of Technology was chosen since it is a terrain
with steeper slopes (more than 50%). Figure 9 shows a
distributed regular network of 20 GCPs, of which 12 GCPs
were designated for georeferencing (indicated with
asterisk in Table 7) and 8 GCPs designated for DTM
validation. These points were marked on the ground to
be easily distinguished from the background during the
processing of the aerial images. The entire methodology
proposed in this study was used for image acquisition,
data processing, and DTM validation.

According to Table 7, the RMSE, and RMSE,,
obtained were 0.37 and 0.05 m, respectively. These results
were very similar to those obtained for DTM generated for
Tamazula river. Figure 10 shows the DTM generated for
Culiacan Institute of Technology. In analytical and
modern photogrammetry performed with manned air-
craft, the elevations in a study area should not vary 5%
with respect to the flight altitude [60]. According to this
criterion, the scale differences (GSD) in the images must
not affect the accuracy of the final digital model. In the
field validation, DTM elevation ranged from 54 to —102 m.
In this sense, the methodology proposed in our study was
validated and can be used in different zones with different
topography, in particular in areas with steeper slopes.
However, the methodology proposed must also be
evaluated in areas with high vegetation density [61].
Knowing the importance of the vegetation density on the
methodology proposed and the digital model generated is
an opportunity area identified in our study.

5 Conclusions

This research provides a low-cost, high precision and
easy-to-operate DEM acquisition and construction meth-
odology using RPAS photogrammetry, useful for regions
where there are no sufficient resources to develop this
type of cartographic products. The DTM accuracy
obtained could demonstrate that the methodology
proposed can be comparable with other technologies
that are expensive and require high knowledge and
experience for their operation. The methodology pro-
posed standardized all phases of DEM generation, from
the acquisition of images by using RPAS to DEM
construction, considering the best available algorithm
for image processing.

By using a Taguchi orthogonal array L,g, 18 surveys
were carried out to evaluate six different flight para-
meters and to figure out the optimal conditions that a

Effect of RPAS flight parameters on DTM accuracy =— 1033

photogrammetric flight should be programmed for
generating a DTM with high plani-altimetric accuracy.
This methodology generated a set of georeferenced and
non-georeferenced models; the results indicate that the
georeferencing process normalized all the models and
generated models with a similar high plani-altimetric
accuracy. This study demonstrated a significant varia-
tion reduction when this process is included as part of
the methodology for DEM generation. The georeferen-
cing process is especially important as it invalidates the
effect of almost every flight parameter considered in the
DEM methodology construction.

This study also demonstrated that flight mode had a
statistical effect on both planimetric and altimetric
accuracies of DTM. In particular, this study suggests
that double grid surveys generated DTMs with higher
plani-altimetric accuracy. In addition, planimetric accu-
racy was influenced by the longitudinal overlap. The
results suggested a high longitudinal overlap (at least
60%) to achieve high planimetric accuracy.
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of Technology for the construction of the Remote
Sensing Lab.

Limitations: This study proposes an RPAS flight config-
uration for the generation of DTM with high precision
and accuracy. A quadcopter was used to perform low
altitude flights, where terrain elevation variations are
minimal in comparison to the ones observed in rugged
mountains. In addition, quadcopter flights have limited
battery capacity. Therefore, the use of an autonomous
battery recharging and swapping system is suggested for
longer flight times and to cover larger areas.

Further research: Digital models generated in this study
could be used for hydrological modeling. The recent
literature demonstrates that hydrological modeling is
carried out by using low-resolution satellite images, with
errors ranging from 1 to 5m. The use of high-resolution
digital models could generate hydrological scenarios
with millimeter precision. In this sense, the methodology
proposed could be considered as an alternative tech-
nology useful for the development of risk mitigation
strategies (i.e., in flood risk areas).
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