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Abstract: Small fixed-wing electric Unmanned Aerial Vehicles (UAVs) are perfect candidates to
perform tasks in wide areas, such as photogrammetry, surveillance, monitoring, or search and rescue,
among others. They are easy to transport and assemble, have much greater range and autonomy,
and reach higher speeds than rotatory-wing UAVs. Aiming to contribute towards their future
implementation, the objective of this article is to benchmark commercial, small, fixed-wing, electric
UAVs and compatible RGB cameras to find the best combination for photogrammetry and data
acquisition of mussel seeds and goose barnacles in a multi-region intertidal zone of the south coast
of Galicia (NW of Spain). To compare all the options, a Coverage Path Planning (CPP) algorithm
enhanced for fixed-wing UAVs to cover long areas with sharp corners was posed, followed by a
Traveling Salesman Problem (TSP) to find the best route between regions. Results show that two
options stand out from the rest: the Delair DT26 Open Payload with a PhaseOne iXM-100 camera
(shortest path, minimum number of pictures and turns) and the Heliplane LRS 340 PRO with the
Sony Alpha 7R IV sensor, finishing the task in the minimum time.

Keywords: coverage path planning (CPP); exact cellular decomposition; traveling salesman
problem (TSP); fixed-wing electric UAV; coastline data acquisition; photogrammetry; Particle Swarm
Optimization (PSO)

1. Introduction

The Galician coast (NW region of Spain) is characterized by its flooded river valleys,
called rías [1–4]. They offer ideal conditions for fishing and shellfish activities due to their
unique properties, such as bathymetry, water temperature, big tides, strong ocean currents
and, especially, the upwelling phenomenon, that allows cold, nutrient-rich water to rise
from depths, causing the blooming of phytoplankton [1–6]. In this Spanish region, shellfish
harvesting has historically been a marginal activity without administrative control, charac-
terized by a lack of technology, high manual labor, and feminization [3]. Nevertheless, it
has traditionally provided sociocultural benefits, reflected in physical and cognitive inter-
actions between humans and nature since prehistoric times, and supplemental economic
benefits for household incomes [3].

Two types of shellfish of special interest coexist in the rocks of the intertidal space of
the Galician coast. On the one hand, the mussel (Mytilus galloprovincialis) seed is collected
from the rocks and attached to culture ropes until the commercial size is reached [7]. Galicia
is the main mussel producer in Europe and one of the first in the world [2], representing
12% of worldwide production in 2018 [5]. On the other hand, the goose barnacle (Pollicipes
pollicipes) is the most important economic resource extracted directly from the rocks of the
northern coast of Spain and mainland Portugal [8].
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In recent decades, the shell fishing capacity in Galicia has decreased, with 13% fewer
boats, 10% less capacity, and half of the on-foot shell fishers [3]. Anthropogenetic pressures
such as overfishing, poaching, pollution or climate change negatively influence their
habitats and populations [3,9]. Moreover, despite the socioeconomic importance of shellfish
harvesting, there are few studies, dating from 1993 and reaching 98 publications by 2017,
yielding a problematic lack of statistics and economic data [3].

Regarding the specific case of mussels and goose barnacles, problems are exacerbated
since they coexist in the same habitats and their harvesting methods are very rough and
manual. Goose barnacles are separated from rocks using scrapers and after that, shell
fishers select those that have reached commercial size, discarding undersized barnacles and
inadvertent captures of other organisms [10]. On the other hand, while mussel extraction
is carried out, barnacles are also affected, which is one of the possible aggravating factors
in the depletion of this species [3]. For these reasons, the Consellería do Mar (Ministry of
the Sea), dependent on the regional government of the Xunta de Galicia, has developed
a plan to guarantee exclusive exploitation areas for mussel seed and goose barnacles (see
Figure 1).
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All these factors call for further research and data collection to generate ecological
models for enhancing the execution of conservation strategies. However, it is not an
easy task in intertidal spaces. In addition to the large extension of monitoring and its
complicated access, there are also challenges related to the small size of the organisms and
the available time for sampling, which is limited to low tide intervals (around two hours).
Thus, one of the determining factors for a good study would be the rapid collection of
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data in large areas with the highest resolution possible [9]. Traditionally, researchers have
collected samples and conducted field experiments. The most common techniques are
rather small quadrats and photographic surveys (less than 1 m2), but large-area patterns
of species distributions are lost. For monitoring and mapping on a broader scale, satellite
imagery and manned aerial platforms have also been used, but low fine-grained spatial
details cannot be captured [9]. At this point, the use of UAVs is of great help for the study
of marine environments since they present a high resolution by being able to perform
low flights while covering wide areas, especially fixed-wing UAVs. For example, in [12],
a general overview of the use of UAVs as a survey tool for marine mammal studies is
presented, using in several cases fixed-wing vehicles. In [13], authors propose the use of
a fixed-wing UAV for meteorology research in oceans. In [14], another fixed-wing UAV
was used for coastal assessment and management, creating Digital Surface Models (DSM)
through photogrammetry techniques.

In [9], a rotatory-wing UAV was used to cover eight intertidal areas in Portugal to
estimate mussel demographic parameters. From each region, an orthophoto mosaic, a
Digital Elevation Model (DEM), a terrain roughness index raster image and a classified
mosaic based on the following land-cover classes: water, sand, rocks, mussels, algae and
urban, were obtained. Rotatory-wing UAVs were also used for automating coral reef assess-
ment [15], fauna monitoring and shark surveillance [16], sensitive marine habitat mapping
and classification [17], underwater benthic monitoring and mapping [18], intertidal mud-
flat mapping [19], mussel distribution [20], and macroalgae monitoring [21–23], among
others, but all of them follow the same pattern: either the resolution is low or the study
area is small. Due to the great length of the Galician coastline (more than 1500 km [24])
and the short time of low tides for data collection, this work proposes the use of a small
fixed-wind electric UAV for this type of operation. Small fixed-wing UAVs are relatively
easy to transport and assemble; they can also carry larger payloads and reach higher speeds
and flight ranges [25–29].

Furthermore, because of the importance of covering all the inspection areas in the
minimum possible time, it is crucial to plan the mission carefully. Mathematically, this
is considered a Traveling Salesman Problem (TSP) to determine the order in which all
the regions must be visited, coupled with a Coverage Path Planning (CPP) solution to
efficiently cover each region [30–32]. Both the TSP and the CPP are already NP-hard
problems separately. However, they must be nested to obtain the optimal solution, making
it necessary to determine the points where UAVs must enter and exit each region, making
this problem even more complex [30–32].

The CPP allows to explore all the locations in a region of interest, considering vehicle
restrictions, sensor characteristics and avoiding obstacles [25,27,33–36]. The CPP is a task
that has had multiple applications in robotics for a long time, like vacuum cleaner robots,
lawn mowers, painting robots, demining, and agriculture [35,36], among many others. In
the field of UAVs, it is also a very common solution. In [36], it is implemented for optimal
coverage in a port environment. In [27], CPP is used in photogrammetry tasks with a
fixed-wing UAV, where turning radius constraints are considered. Turning constraints
in fixed-wing CPP problems are also studied in [26,33,37,38]. Other labors regarding
the CPP problem in UAVs are search and rescue (SAR), mapping, precision agriculture,
infrastructure inspection and surveillance [26,39].

CPP algorithms can be classified as (i) heuristics, which may not guarantee full cover-
age, or (ii) complete methods, guaranteeing full coverage [25,35,40]. Heuristic algorithms
are based on simple rules and random approaches that define UAV behavior and, despite
not guaranteeing full coverage, they may have some advantages in search or exploration
applications from a cost/benefit point of view [25,35,40]. Complete algorithms are usu-
ally based on the decomposition of the area of interest into polygonal subregions called
cells [25,27,35,37]. This decomposition can be (i) exact if the re-union of the cells forms the
original region [33,36,38,41–43] or (ii) approximate (also called grid-based) [25,27,34,35].
Approximate decomposition techniques usually take as cell dimensions a proportional
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value of the sensor size with a square, hexagonal, or triangular shape [25,27,34,35]. Ap-
proximate decomposition algorithms are often used in indoor or small regions, being more
suitable for rotatory-wing UAVs because they tend to generate sharper turns and more
erratic paths, need very precise localization to maintain map coherency, and memory usage
during calculations grows exponentially [27,35].

Exact decomposition methods are based on converting concave, complex polygons
into simple, non-overlapping, convex subregions and, on these areas, applying a simple
CPP algorithm, with the Back-and-Forth patterns (BF), such as the Boustrophedon and the
trapezoidal pattern [33,34,36,37,42], and spiral patterns [26,36] being the most typical ones.
All these patterns are encompassed in a more general classification called Morse-based
algorithms [33,35,37,42].

For BF patterns, it is necessary to find the optimal direction of each cell that reduces
the number of turns of the UAV. When there is a single non-complex cell, the two main
methods are the rotating caliper and vertex perpendicular methods [36]. Then, the optimal
sweep direction is considered parallel to the minimum width direction [27,36,44,45]. When
the region is more complicated, it must be previously decomposed, making it necessary to
establish a sweep direction for each sub-region according to the principle of minimum sum
of widths [33,36,44,45].

Besides, in some works, researchers have tried to reunify some convex sub-regions
when they fulfilled a series of common features, as having too many convex partitions
could result in cumbersome and inefficient results [33,36,43].

Finally, to determine the order in which the sub-regions must be visited, the prob-
lem can be transformed into a TSP [26,33,36,41]. The TSP can be solved by several al-
gorithms to obtain efficient path planning. Some of the most popular in literature are
the metaheuristic algorithms (Particle Swarm Optimization (PSO) [46,47], Genetic Algo-
rithms (GA) [26,36,41,48], Ant Colony Optimization (ACO) [34,49], or the Firefly Algorithm
(FA) [46]), the Christofides Algorithm [50], or the Dynamic Programming Formulation [44].

The main aim of this article is to carry out benchmarking between various models of
commercial small fixed-wing electric UAVs with different combinations of RGB cameras
in order to determine which is most suitable for photogrammetry and goose barnacle
and mussel seed data acquisition. The simulation scenario is composed of 15 areas in an
intertidal zone of the Galician coast. An Exact Cellular Decomposition method adapted
to long areas for fixed-wind UAVs is implemented before applying a Boustrophedon CPP
algorithm in each cell. Finally, the centroids of each cell are calculated, transforming them
into a TSP problem that is solved by a PSO algorithm. Notice that the TSP and CPP are
implemented separately. This is since we are focused on benchmarking some UAV and
camera models instead of looking for the more accurate and optimal route and, as a first
approach to simplify the problem and reduce the computational time, it is enough.

The CPP is used to compare the performance of each sensor and UAV within the
regions of interest according to the following parameters: (i) traveled distance within the
regions, (ii) time employed for assessing all the regions, (iii) number of pictures taken, and
(iv) number of turnings generated by the sweep patterns of the BF algorithm.

The remainder of the article is divided as follows: in Section 2, the selection of the
cameras, UAVs, study areas and algorithms are introduced, explaining an enhanced method
for merging cells in long regions with sharper corners for fixed-wing UAVs. In Section 3,
the simulation results of all the possible combinations of UAVs and cameras are shown,
obtaining two combinations that stand out from the rest: the Delair DT26 Open Payload
with a PhaseOne iXM-100 sensor and the Heliplane LRS 340 PRO with a Sony Alpha 7R IV
camera. In Section 4, a final discussion where the main results are presented is realized,
including why the DT26 Open Payload could be the best option for this operation. Finally,
Section 5 presents the conclusions.
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2. Materials and Methods
2.1. Cameras

First, a compilation of cameras is made, considering the following specifications: res-
olution, sensor size, focal length, and continuous shooting rate. These features directly
impact key mission parameters such as Field of View (FOV), flight altitude, and the maxi-
mum UAV speed. The main objective is to guarantee that these properties yield a Ground
Sampling Distance (GSD) adequate for distinguishing shellfish from other organisms and
the rocky background, while also enabling the required image overlap for 3D photogram-
metry reconstructions and maintaining a safe flight altitude. In addition, it is crucial to
estimate the total weight and dimensions of the camera, lens, and auxiliary equipment to
know whether an UAV model can carry the system or not.

The following cameras have passed this first screening: Sony Alpha 7R IV, Sony RX1RII,
Imperx T9040, and PhaseOne iXM-100, although the study was much wider. PhaseOne
iXM-RS280F and PhaseOne iXM-RS150F, despite having higher resolution and achieving
a lower GSD, are too heavy. The PhaseOne iXM-50 is similar in weight and dimensions
to the PhaseOne iXM-100, but its resolution is halved. The ADTi Surveyor MAX 61S, DJI
H20, Canon EOS 5D Mark IV, Canon M6 Mark II, and Canon EOS R100 have a significantly
lower FOV than the selected cameras. Finally, the DJI P1, Nikon Z8, Nikon Z9 and Nikon
D850 do not ensure a sufficient continuous shooting rate.

In Table 1, the main characteristics of the chosen cameras are summarized. Although
the focal length may vary depending on the selected lens and camera configuration, real
fixed values are set to guarantee a minimum flight altitude of 60 m to limit bird interac-
tions [51] and other possible hazards such as buildings, trees, electrical towers, or antennas.

Table 1. Main characteristics of the selected cameras.

Camera Resolution
(MP)

Sensor Size
(mm)

Focal
Length
(mm)

Minimum
Continuous

Shooting Rate (fps)

Weight 1

(kg)
Dimensions 2

(mm)

Sony Alpha 7R IV [52,53] 61 35.7 × 23.8 50 3 0.833 129 × 96 × 78
Sony RX1RII [54] 42.4 35.9 × 24 35 2.5 0.507 113.3 × 65.4 × 72

Imperx T9040 [55,56] 50 46.3 × 21.6 35 3.5 TBD 3 69.5 × 69.5 × 51.5
PhaseOne iXM-100 [57] 100 43.9 × 32.9 35 3 1.17 90 × 90 × 68

1 With lens. 2 Without lens. 3 The weight of T9040 camera does not appear on its datasheet, but considering its
dimensions it must be in the range of the other cameras.

In Table 2, some important properties needed for aerial photogrammetry, calculated
from Table 1, are shown. To complete Table 2, it is considered a GSD of 0.8 cm/pix, as
in [9], researchers used this value for identifying mussels on rocks, and a forward and
side overlaps of 80% and 75%, respectively. These overlap values were established to
compare all the cameras in the same circumstances and maintain a reasonable and realistic
estimation according to previous studies [9,58,59].

Table 2. Calculated properties of the chosen cameras needed for aerial photogrammetry from a GSD
value of 0.8 cm/pix, a frontal overlap of 80% and a side overlap of 75%.

Camera Horizontal FOV,
HFOV (m)

Vertical FOV, VFOV
(m) Flight Altitude (m) Maximum UAV Speed That

Guarantees Frontal Overlap 1 (m/s)

Sony Alpha 7R IV 75.6 50.4 105.9 30.24
Sony RX1RII 63.4 42.3 62.2 21.15
Imperx T9040 84.8 39.7 63.1 27.79

PhaseOne iXM-100 91.2 68.4 74.4 41.04
1 Dependent on the continuous shooting rate, VFOV and frontal overlap.
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2.2. Commercial Small Fixed-Wing Electric UAVs

As in the previous subsection, a comprehensive search on commercial small fixed-wing
electric UAVs is carried out. The main parameters considered are the following: operation
range and time, cruise speed, maximum payload weight and camera compatibility. The
chosen UAVs are shown in Table 3 with their main properties.

Table 3. Selected UAVs with their main characteristics of interest. For DELTAQUAD PRO #MAP and
Heliplane LRS340 PRO where two values are shown, the first one corresponds to the Sony Alpha 7R
IV and the second one to the Sony RX1RII.

UAV Flight
Range (km)

Flight Time 1

(min)
Cruise

Speed (m/s)
MTOW

(kg)
Max.

Payload (kg)
Camera

Compatibilities

Delair DT26 Open Payload [60] 135 135 16.67 18.5 3 All

DELTAQUAD PRO #MAP [61] 100; 110 110; 115 16; 17 6.2 1.2 Sony Alpha 7R
IV; Sony RX1RII

Trinity F90+ [62,63] 90 90 17 5 0.8 Sony RX1RII

Heliplane LRS340 PRO [64] 180; 200 135; 150 22 18 3 Sony Alpha 7R
IV; Sony RX1RII

Bramor ppX [65] 150 180 16 4.7 TBD 2 Sony RX1RII
1 These values may vary slightly depending on the weight of each camera. 2 According to the specifications, it is
compatible with the Sony RX1RII. Therefore, the maximum payload weight is not an important issue.

Other models have been analyzed. WingtraOne GEN II, Delair UX11, SCR Tucan,
the Marlyn by AtmosUAV, Quantix Mapper and the eBee X by SenseFly have too low
autonomy or range; the Heliplane LRS240 PRO is similar to the Heliplane LRS340 PRO but
with smaller wings and, hence, less weight; but the reduction in its size negatively affects
its flight range and time [64], and PUMA LE incorporates an integrated camera designed
for battlefield environments that does not fit in this problem [66].

2.3. Detailed Work Scenario

For the benchmarking, a small area of the south Galician coast is selected, specifically
the northern area controlled by the association of fishermen of Baiona. The map images of
the zone presented in [11] are georeferenced and converted into orthophotos in QGIS [67].
Then, the regions of interest are approximated by 15 polygons (see Figure 2). These regions,
with a total area of 1.31 km2, are where UAV and camera performances will be compared.

In addition, all UAVs take-off and land at the aerodrome of the Val Miñor Aeromod-
eling Club, located approximately 8 km southwest of Baiona (see Figure 2). For safety
reasons, it was considered that they must land with at least 20% of battery. Therefore, if
they cannot cover all the areas in one flight, they must go to the aerodrome to change
their batteries and go back to the working scenario. Finally, it is crucial to emphasize that
the inspection can only be carried out during low tides, as high tides can submerge the
areas being surveyed, hampering photogrammetry results. For this purpose, a two-hour
working window is established, starting one hour before low tide and ending one hour
after. Although some UAV models have autonomy greater than two hours, the effective
inspection time is constrained to this working window.

2.4. Coverage Path Planning (CPP) Algorithm

As can be appreciated in Figure 2, polygon contours are irregular and have numerous
concave corners, except those representing the islands. Due to the complexity of the
problem and the use of fixed-wing UAVs, an Exact Cellular Decomposition is carried
out [27,35]. Each region of interest is decomposed, extending the edges of the polygon that
form an interior angle greater than 180 degrees, until they hit another edge of the original
polygon [33]. Let vi(xi, yi, 0) be a random vertex of the polygon, vi+1(xi+1, yi+1, 0) the next
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vertex clockwise and vi−1(xi−1, yi−1, 0) the previous vertex clockwise, applying the cross
product of vectors [43] defined as:

→
F =

→
vi−1vi ×

→
vivi+1 , (1)

with
→
F a vector of the form (0, 0, f ); if f > 0, then the vertex vi is concave; if f < 0, the

vertex vi is convex; and if f = 0, vertices are collinear.
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As an example, the highlighted leftmost polygon in Figure 2 is considered; 39 out of
the 88 vertices of this area are concave. After applying the division criteria explained above,
a total of 146 polygonal sub-regions, called cells, are obtained (see Figure 3).
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If UAV routes were determined according to this result, they would be inefficient
and hard to cover successfully. For this reason, adjacent sub-regions are merged in two
stages. In the first one, cells can be merged if their final combination does not form any
concave interior angle. However, comparing all cell combinations becomes cumbersome, as
it was already proved in [33]. To speed up the calculations, adjacent cells were previously
determined. In addition, an extra condition must be fulfilled: if two merged cells create
a concave interior angle belonging to a vertex of the original non-splitting polygon, they
must remain separated, and the algorithm discards this option. For example, in Figure 4,
if sub-regions 1 and 2 are merged, sub-region 5 is the only possibility to increment the
size of the sub-polygon, as sub-region 3 forms an interior concave angle with sub-region 1
belonging to the original non-splitting polygon.
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Notice that this is a small case where there are only two possibilities to merge the
sub-regions (red and blue in Figure 4). However, when a bigger polygon is decomposed,
the number of options can increase considerably, making it computationally unaffordable to
continue solving the problem. Then, before carrying on with the sub-polygon simplification,
the minimum sum of the widths of each combination is calculated, and the lowest result is
maintained while the rest are removed.

The second polygon merged stage is specifically intended for long polygons and
fixed-wing UAVs due to their difficulty in turning and the possibility that sharp, small
corners could be separated from bigger merged polygons.

On the one hand, let sov be the established side overlap of the camera sensor expressed
as per-unit, and w the HFOV of the sensor, p is defined as the remaining non-overlapping
distance. That is,

p = (1− sov)w. (2)

Then, if the UAV flies over a sub-region following its corresponding path (perpendic-
ular to the sweep direction) and an adjacent sub-region (with the same path direction or
another) fits in p, then the second sub-region can be merged into the first one. For example,
in Figure 5, if the UAV is flying over sub-region 1 following its path direction, d1, it can
be appreciated that sub-region 2 is already being covered, despite having another flight
direction, d2.
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On the other hand, the algorithm analyzes if two adjacent sub-polygons have the same
flight direction, and if they do, then they are merged. In the event that two sub-regions
were merged according to this criterion (see sub-regions 1 and 3 in Figure 5) and there is a
third one with the same flight direction as the previous two (see sub-region 4 in Figure 5),
adjacent to one of them and collinear but separated a distance l from the other, then this
third sub-region can only be merged with the other two when l is shorter than the distance
that the UAV needs to complete a 180-degree turn following the BF pattern of scanning.
Realize that if the turning distance is considered approximately zero, as in rotatory-wing
UAVs is usually done, then these sub-regions would always remain separated. For the
benchmarking, due to a lack of data, l was taken as a constant equal to 75 m for all the
UAV models.

This merged criterion generates multiple combinations of sub-polygons. Thus, when
the process is finished, the minimum sum of widths must be applied one second time,
obtaining the final widths of each sub-polygon and their corresponding perpendicular
path direction.

In Figure 6, it is illustrated how convex sub-polygons are merged in the first stage
and the second stage, starting from the original convex decomposition. The number of
sub-polygons has been reduced from 32 to 11 in the first step and from 11 to 4 in the second
one for the Sony Alpha 7R IV sensor with the characteristics of Tables 1 and 2.

Once the final sub-polygons are obtained with their corresponding main path direc-
tions, it is necessary to know how many sweeps are required to cover each sub-region
completely, applying a Boustrophedon algorithm. This is calculated according to:

num sweeps =
⌈

xmax − xmin − w− 2w ∗ sov

(1− sov)w

⌉
(3)

Making d e the ceiling function that returns the smallest integer greater than or equal
to the input element, xmax is the maximum x value of the sub-polygon taking as coordinate
system the sweep direction (abscissa axis) and the path direction (ordinate axis), xmin is
the minimum x value of the sub-polygon taking as coordinate system the sweep direction
(abscissa axis) and the path direction (ordinate axis), sov is the side overlap of the camera
sensor expressed in per-unit, and w is the HFOV of the camera sensor.
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Finally, in order to obtain the sequence in which all the intra- and inter-sub-regions
must be visited, the centroid of each sub-region is calculated, converting the problem into a
TSP and solving it using a PSO algorithm, considering the aerodrome as the first and last
point to be visited.

3. Results

In this section, the benchmarking of the UAVs and cameras is carried out. For this
purpose, simulations were carried out according to the data in Tables 2 and 3, applying the
algorithm explained in the previous section.

The number of photos, the number of 180-degree turns created by the BF pattern, and
the ideal distance traveled without considering the UAV and tidal restrictions can only
vary depending on the camera model and its properties. In Table 4, they are summarized
for each sensor. The traveled distance was calculated as the sum of the intra-region path
planning (the CPP problem) plus the TSP route starting and ending in the aerodrome.

Table 4. Number of photos, number of BF turns, and the ideal distance traveled according to each
camera model without taking into account UAV and tidal restrictions.

Camera Number of Photos Number of Turns Ideal Total Distance (km)

Sony Alpha 7R IV 10.528 750 180.2
Sony RX1RII 18.817 910 198.5
Imperx T9040 16.828 731 176.1

PhaseOne iXM-100 9.709 651 167.9

Table 4 shows the importance of choosing a suitable sensor, as the traveled distance
may vary significantly. When a camera has a wider HFOV, the number of scans needed to
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cover an area is reduced and fewer turns are needed; consequently, the traveled distance
will decrease. On the other hand, when a camera has a broader VFOV, it affects the number
of photos, as the shooting frequency can be reduced. In Figure 7, two regions are covered
by the Sony RX1RII, the Imperx T9040, and the PhaseOne iXM-100, and the points where
photos must be taken are marked. It can be appreciated as the Sony RX1RII, with the
narrowest HFOV, presents the closest points in the sweep direction, which means that the
UAV will need more turns to complete the regions. Both the Sony RX1RII and the Imperx
T9040 have a reduced VFOV; therefore, the shooting frequency is higher, and pictures must
be closer in the path direction. Finally, the PhaseOne iXM-100 offers the best VFOV and
HFOV, consequently reducing the number of necessary turns and photos.
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(c) attending to their HFOV and VFOV. Each point shows the position where each photo must be
taken. (WGS84/UTM 29N).

If only the choice of the camera sensor were to be considered, the best option would be
the PhaseOne iXM-100. However, the problem cannot be decoupled, and UAV properties
and compatibility must also be analyzed.

In Table 5, the two-hour tidal interval and UAV properties from Table 3 were applied
to obtain the number of necessary working days to cover all the regions, the number of
battery changes (guaranteeing at least a 20% battery until the landing), the operational
flight time and distance (without considering the first take-off and the last landing of each
day as they do not compute in the two-hour window), and the total flight time and distance.

The flight time is approximated, simplifying the problem as if UAVs could fly all the
time at their cruise speed, from take-off to landing, plus 10 min of extra time in case of
changing their batteries and flying again during the same day.
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Table 5. Main results obtained from the combination of each UAV with its compatible cameras.

UAV + Camera Operation
Time (min)

Operation
Distance (km)

Time per Day
(min)

Distance per
Day (km)

Battery
Changes

Number of
Days

D. DT26 + S-α 1 163.4 163.4 203.5 203.5 1 2

D. DT26 + S-R 2 180 180 243.1 243.1 2 3

D. DT26 + I. T9060 157.6 157.6 199.4 199.4 1 2

D. DT26 + P. iXM-100 151.1 151.1 190.9 190.9 1 2

D. PRO #MAP + S-α 1 170.1 163.2 234.5 225.1 2 3

D. PRO #MAP + S-R 2 175.9 179.5 238.6 243.4 2 3

T. F90+ + S-R 2 188.5 178.5 271.6 261.6 3 3

H. LRS340 PRO + S-α 1 123.8 163.4 153.1 202.2 1 2

H. LRS340 PRO + S-R 2 136 179.6 166.8 220.2 1 2

B. ppX + S-R 2 186.7 179.3 229.5 220.4 1 2
1 S-α: Sony Alpha 7R IV. 2 S-R: Sony RX1RII.

After simulating all the cases, and although there are several combinations that allow
to complete all the tasks in two days, two options stand out from the rest: the Delair DT26
Open Payload with the PhaseOne iXM-100 camera and the Heliplane LRS 340 PRO with
the Sony Alpha 7R IV.

The first one presents the best sensor, which allows for minimizing the number of
turns, pictures, and path distance. On the other side, the LRS 340 PRO is the UAV with
the best performance, and, even though it cannot incorporate the best camera, it can
finish the work in minimum time as it reaches the highest cruise speed. In Table 6, these
results are summarized and the difference, in percentage, between the Delair and Heliplane
is calculated.

Table 6. The two outstanding options for covering all the regions.

UAV + Camera Flight Time (min) Flight Distance (km) Number of Pictures Number of Turns

Delair DT26 Open Payload +
PhaseOne iXM-100 190.9 190.9 9709 651

Heliplane LRS 340 PRO +
Sony Alpha 7R IV 153.1 202.2 10,528 750

Difference (%) −19.8 5.9 8.4 15.2

Finally, the inter sub-region flight path of both cases is shown in Figure 8.
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4. Discussion

Traditional methods for data acquisition in intertidal regions are limited by low tide
intervals, hard-to-reach areas, and highly concentrated sampling, which does not allow for
observation of large-area patterns. Some studies were carried out with satellite imagery or
manned aerial platforms, but the resolution was too low. Recently, rotatory-wing UAVs
were also employed. However, either study areas were small, or GSD values were high. In
this work, it was proposed to use small fixed-wing electric UAVs with very high-resolution
cameras for goose barnacle and mussel seed data collection and photogrammetry tasks
along the Galician coastline. These aircraft can fly for hours, covering long distances and
reaching higher speeds than the rotatory-wing UAVs, which makes them more suitable for
these tasks.

In order to choose the best combination among some commercial alternatives, a real
scenario consisting of 15 isolated regions that must be completely covered was created. To
solve this problem, an algorithm based on an Exact Cellular Decomposition Coverage Path
Planning (CPP) for intra-region coverage and a Traveling Salesman Problem (TSP) to obtain
the inter-region path was proposed. This algorithm was intended specifically for enhancing
the cellular merging process and reducing the number of sub-regions for fixed-wing UAVs
that must cover long areas with sharp corners. The number of sub-regions is directly related
to the number of turns to cover an area and, therefore, to the flight efficiency. Results allow
us to compare the number of photos, turns, working days, and battery changes needed for
each combination, as well as the total flight distance and time.

Although the CPP and the TSP already present high complexity and computational
cost separately, they should not be decoupled, which further complicates the problem by
having to consider the entry and exit points of the UAV in each region [30–32]. However,
benchmarking was enough to solve them separately. This is because we were looking for a
standardized and realistic method to compare all the cases instead of the global optimal
result, and we need to speed up the calculation as there are several combinations that must
be simulated.

This benchmarking shows that, although there are several alternatives to complete the
job in two days with a single battery change, there are two options that stand out from the
rest: the Delair DT26 Open Payload with the PhaseOne iXM-100 camera and the Heliplane
LRS 340 PRO with the Sony Alpha 7R IV. The Delair can carry the best sensor, which means
that it can finish the route with the minimum number of pictures, turns and flight distance
(8.4%, 15.2% and 5.9% less than Heliplane, respectively). However, the Heliplane has the
highest cruise speed, which means that it can finish the route in a 19.8% less time than the
DT26 Open Payload.

Solutions were accurate enough, converting this algorithm into a useful tool not
only for comparing fixed-wing UAVs and sensor performances, helping to select the best
combination, but also to obtain a preliminary inspection plan, especially in missions carried
out in long areas such as search and rescue, surveillance, monitoring, or photogrammetry.
Besides, if the turning distance is taken approximately as zero, then the parameter l will
never satisfy the conditions of the second polygon merged stage, and the algorithm may
also be profitable for rotatory-wing UAVs (see Section 2.4).

Notice that to obtain more realistic results in flight time and distance, BF turns must
be considered [26,27], as fixed-wing UAVs present maneuver constraints and it is necessary
to fly out of the region of interest to complete them or even reduce the speed during the
maneuver, increasing time, distance, and energy consumption. Consequently, it is very
likely that these constraints affect the Heliplane more than the Delair because of the greater
number of turns in its trajectory. Therefore, differences in flight time may be reduced, and
then the Delair DT26 Open Payload incorporating the PhaseOne iXM-100 should be the
best choice, although further research must be carried out.

Another field of research is the consideration of the VTOL (Vertical Take-Off and
Landing) capacity of some fixed-wing UAVs. In this article, it was not considered to
maintain a standard scenario during the benchmarking, with the same take-off and landing
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point for all the cases, but this could be of great interest when calculating the optimal path
or battery change points.

5. Conclusions

The use of fixed-wing UAVs instead of rotatory-wing UAVs for photogrammetry and
data acquisition to monitor and control mussel seed and goose barnacle populations on
the Galician coast is proposed, as it is intended to guarantee a low GSD and intertidal
regions are very large. Using a CPP algorithm enhanced for fixed-wing UAVs and long
areas with sharp corners and a TSP algorithm, some commercial fixed-wing electric UAVs
with compatible very high-resolution cameras were simulated to benchmark them and
choose the best combination.

After that, results show that the Delair DT26 Open Payload with the PhaseOne iXM-
100 camera (minimum distance, number of photos and turns) and the Heliplane LRS 340
PRO incorporating the Sony Alpha 7R IV (minimum flight time) stand out from the rest.

In fact, the number of days required for the proposed inspection can increase sig-
nificantly using other worse configurations considered in this work. This underscores
the importance of conducting a thorough assessment before implementing a UAV-based
intertidal monitoring system since a bad choice could have a significant negative impact,
increasing personnel costs and working time. In this regard, benchmarking methodologies
such as the one proposed in this work are necessary for a quantitative analysis of the
performance of the various UAV and camera configurations available. This assessment
methodology could also be applied to other applications of coverage path planning, such
as search and rescue, surveillance, photogrammetry, or data acquisition of any other type.
Even though it was initially designed for fixed-wing UAVs covering extensive areas with
sharp corners, it may be suitable for rotary-wing UAVs and other scenarios with minor
parameter adjustments.

More research, mainly implementing fixed-wing constraints, must be performed for
refined results, although the first option is probably the most suitable because of the
minimum number of BF turns. Further research can also be done to optimize the path
planning system, as CPP and TSP problems were considered separate to simplify the
problem and speed up the calculations, and the VTOL mode was not implemented. In
addition, it would be interesting to compare this algorithm with other existing ones for
analyzing its effectiveness in optimizing the task. Finally, in future work, real flight tests
will be carried out to verify the obtained results.
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