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VPP: Visibility-Based Path Planning Heuristic for
Monitoring Large Regions of Complex Terrain Using

a UAV Onboard Camera

Andres J. Sanchez-Fernandez

Abstract—The use of unmanned aerial vehicles with multiple
onboard sensors has grown significantly in tasks involving terrain
coverage such as environmental and civil monitoring, disaster
management, and forest fire fighting. Many of these tasks require
a quick and early response, which makes maximizing the land
covered from the flight path a challenging objective, especially
when the area to be monitored is irregular, large and includes many
blind spots. Accordingly, state-of-the-art total viewshed algorithms
can be of great help to analyze large areas and find new paths
providing maximum visibility. This article shows how the total
viewshed computation is a valuable tool for generating paths that
provide maximum visibility during a flight. We introduce a new
heuristic called visibility-based path planning (VPP) that offers
a different solution to the path planning problem. VPP identifies
the hidden areas of the target territory to generate a path that
provides the highest visual coverage. Simulation results show that
VPP can cover up to 98.7% of the Montes de Malaga Natural Park
and 94.5% of the Sierra de las Nieves National Park, both located
within the province of Malaga (Spain) and chosen as regions of
interest. In addition, a real flight test confirmed the high visibility
achieved using VPP. Our methodology and analysis can be easily
applied to enhance monitoring in other large outdoor areas.

Index Terms—Area coverage, fire prevention, monitoring path,
path planning, total viewshed, unmanned aerial vehicle (UAV),
visibility analysis.

I. INTRODUCTION

HE analysis of visibility is of paramount importance in
Geographic Information System (GIS) software. Visibility
estimation consists in finding the amount of terrain seen by an
observer from a given location, which can contribute consider-
ably to nature conservation in regions of complex terrain [1].
Monitoring areas of difficult access is still a challenging task,
even though novel advanced technologies have emerged, e.g.,
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systems using infrared rays and cameras installed in fixed and
mobile terrain locations [2]. Nowadays, the monitoring activity
in these areas is still carried out in situ by one or several
forest rangers located at fixed points within the territory and
moving around when necessary [3], [4]. Since human personnel
is required, these monitoring systems suffer from significant
shortcomings as they 1) are unsuitable for situations that require
real-time response since it is people who detect and report the
hazard, 2) compromise personnel safety by being close to the
risk, and 3) could provide inaccurate information, leading to a
misunderstanding of the magnitude of a hazard. On the bright
side, these disadvantages have led to the use of other systems
such as unmanned aerial vehicles (UAVs) to effectively monitor
forest regions of complex terrain [5]-[7].

UAVs, commonly known as drones, have become more
useful for civil applications since many companies started
to research and use them with new objectives. Their uses
have evolved towards much more specific tasks that include
remote-sensing [8], disaster prevention [9], operational support
during emergencies [10], damage monitoring of critical
infrastructures [11], traffic control [12], and environmental
monitoring [13]. All these applications have in common the
need to collect vast amounts of data, making UAVs suitable
for this task. They carry multiple sensors and processing units
that enable the acquisition of datasets on demand during the
flight over a target area. Many other advantages of using UAVs
include: 1) low cost of deployment; 2) high visibility of the
terrain due to low flight height; 3) high capacity to reach remote
locations and capture high-resolution images; 4) accurate
measurements of environmental variables such as temperature,
humidity, atmospheric pressure, and vegetation health; 5)
adequate ability to compute lightweight algorithms on onboard
processing units; and 6) high safety conditions for all personnel.

When monitoring a target area, the first decision to make is
whether to use one or several UAVs, which depends on several
considerations [14]: the aim of the activity, the number of points
to monitor, the extension of the region, etc. In general, a single
UAV monitors small areas, whereas coordinated groups of
UAVs usually cover larger ones. However, the latter case could
be improved if a path providing all-round visibility is found.
Following this path could reduce the number of UAVs required
to cover the region and the time needed to complete the task.
This problem is similar to the observer siting problem that
involves finding the minimal number of observers providing
maximum coverage of a target area, improving response times
to unexpected events [15], [16]. Exploiting this similarity is key
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to optimizing those approaches using UAVs to monitor large
regions of complex terrain.

This article proposes a new heuristic called visibility-based
path planning (VPP) that offers a different solution to the path
planning problem based on visibility data, where we have
chosen forest fire prevention as a case study. VPP shows the
benefits of the total viewshed computation: we find several
safe and flyable paths providing all-round visibility from the
results obtained from a thorough visibility analysis that exposes
the most hidden areas. These results open the possibility of
monitoring challenging regions of complex terrain using the
onboard camera of a single UAV. As the generated path is
composed of several waypoints, we also provide a method to
determine the direction of the onboard camera for each one,
aiming to avoid overlapping visual areas of already monitored
locations to increase the amount of terrain covered. These
images—taken throughout the flight—can be analyzed in real
time to alert local authorities in case of fire. Finally, we assessed
the performance of VPP by simulating the UAV flight over two
complex terrain regions of 48 and 202 km?, where we achieved
98.7% and 94.5% terrain coverage, respectively. In addition, a
real flight test over a reduced area is presented.

The contributions of this article are as follows.

1) A new heuristic called VPP is presented. VPP finds the
waypoints that will form a safe and flyable path providing
high visibility for a single UAV based on a thorough visi-
bility analysis. This analysis allows us to identify the most
hidden areas in regions of complex terrain, achieving the
monitoring of entire regions to prevent fires at a relatively
low cost.

2) We describe the steps taken to estimate the direction of the
UAV onboard camera for each waypoint included in the
generated route. These directions are chosen to maximize
the area covered by avoiding overlapping visual areas
during the flight.

3) We provide the coverage results obtained by simulating
the flight of the UAV over two different real environments
following the path generated by VPP.

The rest of this article is organized as follows. Section II
describes the state-of-the-art research on path planning for
UAVs. Section III describes the proposed VPP heuristic, which
generates safe and flyable paths providing high visibility.
Section IV explains the steps taken to set the direction of the
camera for each waypoint of the path to maximize coverage.
Section V evaluates the performance of the VPP heuristic based
on the results from two different flight simulations and a real
flight test. Finally, Section VI concludes this article.

II. RELATED WORK

There is a large body of research on UAV path planning,
so we have considered those most relevant to this article. The
literature distinguishes three relevant research areas according
to the primary purpose of the flight: obstacles avoidance, energy
constraints, and area coverage.

A. Obstacles Avoidance

Most research on UAV path planning aims to optimize the path
between several points by avoiding obstacles. For example, the

method proposed in [17] is capable of generating safe and flyable
paths between two points on the sea in the presence of different
threat environments (obstacles) using hybrid differential evolu-
tion and quantum-behaved particle swarm optimization. Lin and
Saripalli [18] developed a sampling-based path planning method
to generate collision-free paths in real time considering moving
obstacles. The algorithm presented in [19] considers both static
and dynamic threads to generate a smooth path with low cost
for UAVs based on ant colony optimization (ACO). Cekmez
et al. [20] implemented a UAV path planning strategy
based on the multicolony ACO algorithm for checking
several control points considering obstacle avoidance in
a large area. The dynamic path planning method intro-
duced in [21] generates an optimal path in a known en-
vironment based on the A* algorithm for the UAV so
that it can avoid both static and moving obstacles. Chen
etal. [22] presented a robust and effective path planning strategy
for UAVs based on the searching ability of the ACO algorithm.

These algorithms are useful for dynamic environments, e.g.,
surveillance flights over military areas and reconnaissance
flights at low height in the presence of buildings and other
obstacles. However, such solutions are not generally suited for
the particular requirements of forest fire monitoring. This par-
ticular scenario can be considered as a static environment—no
significant changes occur over time—and the only restriction on
flight height is imposed by the competent authority.

B. Energy Constraints

Research is also conducted considering energy consumption
constraints for the UAV to achieve an efficient flight, either
with the path determined beforehand or by generating it in
real time. The proposal given in [23] focuses on developing
an energy-aware path planning algorithm that minimizes energy
consumption for the UAV and other conditions such as coverage
and resolution. The method proposed in [24] aims to assign
energy-efficient trajectories for UAVs. It estimates the energy
consumption resulting from basic UAV movements and also
considers discrete spaces to avoid collisions. Lee and Yu [25]
assessed the endurance flight of a solar-powered UAV, which
was improved by optimizing the path based on gravitational
potential and controlling the flight height in real time. The
novel approach proposed in [26] performs an energy-efficient
inspection to minimize the overall energy consumption of the
UAV flight. Finally, Yang ef al. [27] an adaptive crop scout-
ing mechanism for a single UAV that includes a real-time
path planning methodology based on limited energy and power
consumption.

All these approaches addressed the coverage problem by using
discrete spaces (subregions) that must be visited by the UAV.
This solution is inefficient because it neglects the fact that the
UAV could have covered some locations from others nearby if
the horizontal coordinate of the onboard camera is considered.

C. Area Coverage

Coverage path planning algorithms aim to find optimal paths
from which every point in the target area is visually covered.
Very few path planning algorithms aim to guarantee significant
or total visual coverage of the target area.
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Gramajo and Shankar [28] introduced a real-time path plan-
ning methodology for a single UAV based on limited energy
and power consumption, which depends on the vehicle motion.
It aims to maximize the spatial coverage of a given area by opti-
mizing the turning rates according to the maximum load factor of
the UAV. The main advantage of this proposal is that it does not
require adjusting the space discretization beforehand. However,
the weaknesses include the following: 1) the drone coverage is
limited to the vertical component below it and 2) some areas are
not finally covered, one of which is of considerable size.

The algorithm proposed in [29] generates paths specially
designed for UAV photogrammetry based on E-Spiral and E-BF
algorithms. The method considers the camera characteristics,
overlapping rates and energy consumption. The main downsides
are as follows: 1) the discretization of the target area is required
making the UAV fly following a path that sweeps the whole
territory and 2) only vertical photography is considered.

Nam et al. [30] proposed addressing the coverage path plan-
ning problem for a UAV using approximate cellular decom-
position and a wavefront expansion algorithm. It succeeds to
cover the study area but, similarly to the previously presented
approaches, it performs a prior grid-based area decomposition
so that the UAV must fly over each target center inefficiently.

The proposal in [31] addressed the path planning problem
using a new method based on siting multiple observers and
an evolutionary algorithm. First, an iterative process removes
redundant points according to how each particular viewshed
value affects the area coverage. As a result, they obtained a set
of locations that includes the fewest number of places providing
maximum coverage. This method generates a near-optimal path
covering the terrain but it suffers from the following drawbacks:
1) it considers the restricted viewshed from each location in the
territory resulting in a loss of information in processing and 2) a
grid-based decomposition method is required for the target area.

On the other hand, few coverage path planning approaches
focus on monitoring using UAVs for fire prevention purposes.
For example, Leng et al. [32] introduced a model to mon-
itor regions with zone occlusions due to vegetation through
a two-steps approach to determine near-optimal flight paths.
First, they arranged the waypoints using the Centroidal Voronoi
Tessellation method. Second, they generated Dubins paths using
a clustered spiral-alternating algorithm. This article achieved to
cover dense areas by considering more points for the path than
typical grid-based methods. Nevertheless, it suffers from several
limitations: 1) the decomposition of the target area following
a CVT-based approach which, although it seems to perform
better than other grid-based works, is still inefficient as the drone
must fly over every independent region; 2) the consideration of
restricted viewshed; 3) the high cost of development that implies
a multi-UAV approach; and 4) the unavailability of the digital
surface model of forest regions for most territories.

Zhou et al. [33] presented a path planning approach for forest
fire prevention based on two stages: local and global. At the local
stage, they find the optimal path between every two target points
by applying a Dubins path—based on the A* algorithm. At the
global stage, the authors determine the visiting order of each
target point using an improved ant colony optimization (ACO)
algorithm. This approach successfully calculates a near-optimal
path that passes through every point in the terrain. However, this

proposal has several weak points as follows: 1) the waypoints are
directly placed and only the path between them is generated and
2) each waypoint in the area is placed in a two-dimensional (2-D)
space without considering its elevation, neither the visibility,
which are very important variables in real-world applications
for forest fire prevention.

The abovementioned approaches, which are specific to the
coverage path planning problem, suffer from several shortcom-
ings.

1) None of the proposed solutions so far considers the visibil-

ity from the initial set of locations for further calculations,
e.g., the viewshed results from the starting and ending
points. This data should be the input of the heuristic
methods used to solve the path planning problem.

2) Those alternatives using grid-based discretization for
computing the waypoints in a given area have the draw-
back of forcing the UAV to fly over each independent
subregion. This solution neglects whether a particular
subregion has already been visually covered from adjacent
locations.

3) Many algorithms consider restricted viewshed. It means
that the terrain captured by the camera sensor is related to
the area that falls within a preset circle of fixed radius just
directly underneath the UAV. Therefore, the UAV may visit
many redundant locations within the territory, despite the
high resolution of the cameras currently available. These
approaches are typically motivated by some performance
constraints.

4) All these approaches may be valid for small territories but
hardly applicable in large and complex scenarios since
they do not perform a thorough visibility analysis of the
area.

In this article, we use the total viewshed analysis to solve the
path planning problem for large regions of complex terrain. This
type of analysis implies computing the viewshed from each point
in the digital elevation mode (DEM) with no visibility restric-
tions. Therefore, our approach does not require the application
of a discretization technique of the space beyond that provided
by DEM spatial resolution.

III. VISIBILITY-BASED PATH PLANNING

Unfortunately, forest fires have become more common nowa-
days, putting our ecosystems at risk. Millions of hectares of
forest burn every year, bringing substantial costs to the coun-
tries affected and damaging the environment [34]. Experts con-
sider early detection the most important way to minimize the
consequences of fires; therefore, governments have invested
substantial resources to develop better systems for the early
detection of forest fires.

This section introduces a new heuristic called VPP designed
to address the problem of monitoring large regions of complex
terrain based on a thorough visibility analysis. To this aim, VPP
generates a safe and flyable path from which the UAV onboard
camera visually covers most of the target terrain.

As a starting point, we assume that the UAV must fly over
some initial locations of the given region for monitoring pur-
poses (e.g., high environmental value locations and battery
recharging points). From this initial assumption, the goal is to
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Fig. 1.
of the park are represented by a white line.

Area of the Montes de Malaga Natural Park (Spain). The boundaries

maximize the visual coverage of the entire area by optimizing
the number of points that will form the path. We achieve this
by identifying the hidden locations of reduced visibility, usually
called hidden areas, to monitor them during the flight and warn
the local authorities in case of detecting fire hotspots.

Another consideration is that the UAV will fly following a
straight line between every two target points and maintaining
a steady height along the path. We do not consider obstacles
avoidance as the flight height of the UAV is typically much
higher than the height of trees found in any forest region. In
case the environment changes with respect to the initial model
(e.g., installation of new power lines), the path can be adjusted
to avoid these new static obstacles with the help of GIS tools.

For the sake of clarity, throughout the following sections, we
will use some figures showing partial results to explain the steps
to be followed in the VPP heuristic. The selected study area
comprises a forest region particularly affected by fires within
the last 10 years: the Montes de Malaga Natural Park (see
Fig. 1) [35]-[37]. This area is located in the south of Spain
and has significant environmental interest with extremely varied
relief—which causes remarkable monitoring difficulties.

A. Types of Waypoints

A path is defined as a route between one place and another
formed by connecting several points located in a territory.
The selection of these points, called waypoints, is essential for
the resulting path to provide maximum visibility during flight.

Note that there are many possibilities for defining the way-
points and the shortest way to connect them, but each possi-
bility should consider the viewshed from the initial locations
of mandatory monitoring in the target region. We distinguish
between two types of waypoints according to their arrangement
along the path.

1) Primary waypoints (W,,): This group includes the initial
locations of mandatory monitoring, as well as those found
by the VPP heuristic. These points are connected using
straight lines to form the path.

2) Secondary waypoints (Wy): To this type belong those
intermediate points placed on the straight line of travel
between two consecutive primary waypoints from which

the UAV can also capture the terrain (more detail in Sec-

tion IV). The distance between two consecutive waypoints

in Wy is adjusted so that the processing of an image taken

at the first point is completed before reaching the second.
Obtaining a suitable solution to the path planning problem
based on maximizing visibility is highly challenging due to the
many variables influencing the result. Some examples are the
UAV flight height and camera characteristics such as field of
view and resolution. These variables significantly change the
area covered from each of the waypoints in W), and Wj. For
example, it is possible that after getting a first approximation
of the path, some waypoints set at the beginning of the process
become redundant. It happens when some of the areas monitored
from these points have already been covered from other nearby
locations, which can lead to a challenging vicious circle. This
issue states the importance of visibility analysis to reduce the
effect of overlapping viewsheds on the path generation process.

B. Main Data Structures

The VPP heuristic requires different types of data at each of

its stages, so these are defined as follows.

1) Digital elevation model (DEM): The 3-D representation
of the terrain with a size of dimy x dimx where each
cell represents the elevation above sea level of the cor-
responding point of the ground. Cells are represented
with ¢, 7 subscripts corresponding to x and y coordinates,
respectively.

2) Singular viewshed (SVS): Map storing the viewshed, i.e.,
the area visible from a particular point of view (POV),
which represents any point/location of the DEM where we
“place” an observer. SVS is a unique matrix with the same
size and grid as the DEM. Each cell, related to a point in
the DEM, contains a Boolean value representing whether
the corresponding location is visible from the POV. No
visibility restrictions are considered for this computation
and, therefore, each line of sight is considered without
distance constraints.

3) Point set cumulative viewshed (PS-CVS): Map that accu-
mulates the SVS results. Only the viewsheds from primary
waypoints contribute to this structure.

4) Masked total viewshed (M-TVS): Map obtained from solv-
ing the total viewshed problem where specific points/areas
are left out of the analysis. Instead of considering all the
points in the DEM, we only find those providing max-
imum viewshed over no redundant areas. Therefore, we
exclude uninteresting and already monitored areas from
the viewshed computation [16].

C. Workflow of the VPP Heuristic

Fig. 2 shows the flowchart of the VPP heuristic with each stage
represented. First, the VPP heuristic requires setting two initial
design thresholds « and ~y. Each of these thresholds is related
to a target percentage of visual coverage (Cv) sought for the
region of interest: «v represents the minimum target percentage
of area to be covered as a result of the process; ~ indicates the
minimum percentage increase in area coverage that must occur
between two measurements. In general, low thresholds involve
few waypoints and shorter but imprecise flight paths, whereas
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by connecting the

waypoints

End VPP

Fig. 2.
broken down as it is only one step).

high thresholds increase the number of waypoints, which can
turn the path into a tremendously expensive zigzag sweep.

In our case study, we set & = 90% and v = 5%. It means,
respectively, that we would accept a result of 90% of the area
visually covered and a 5% increase in area coverage between
two consecutive measurements, based on the requirements and
difficulty of the terrain at hand. These thresholds may need to
be adjusted for other environments depending on the goal and
relief of the target region.

Each of the four stages that make up the VPP heuristic is
detailed below.

D. Description of the Four Stages

1) Stage-1: Evaluating the Contribution to the Coverage of
the Initial Locations: For any path planner, the first step is to
define a target point or set of target points on the ground that
the UAV must monitor. These locations are called logistic points
(L), and among them are such obvious ones as the starting and
ending points of the flight. We can also include some locations
for recharging batteries, ensuring communications coverage or
effectively monitoring some areas of high environmental value.
Note that these requirements may vary depending on the objec-
tive of the study and the complexity of the terrain, but the logistic
points are always the first to be included in W,.

Based on the initial conditions of our case study, the UAV
has to fly over five logistics points including three locations
for monitoring important natural areas. The viewshed maps for

Select 1%t point V/ *‘

Compute viewshed

v
v
v
ne;
in
Yes

No

End of Stage-3

>
End of Stage-2

* Any point/centroid left?

Flowchart of the VPP heuristic showing the main workflow on the left and the workflows within the first three stages on the right (the fourth stage is not

each of these must be computed and merged to obtain a first
approximation of the terrain coverage (Cv).! The SVS map is
obtained for each P, € W,,,i = 1...|[W,| so that, afterwards,
they are all added up to form the PS-CVS map. The generated PS-
CVS map represents the amount of terrain covered and, at this
early stage, provides a global overview of the coverage results
obtained from considering the logistic points at the beginning
of the process.

Once the viewshed from each logistic point has been com-
puted, the focus is on the uncovered terrain. To show these areas,
we will use the cumulative hidden areas (CHAR) map—the
complementary structure of the PS-CVS map. The CHAR map
highlights the uncovered areas, allowing us to find and define the
most remote ones (see Fig. 3). This map shows that, although
we have analyzed five initial logistical locations, many hidden
areas of difficult access are still widely scattered and diverse in
shape, not forming simply connected topological spaces.

At this early stage, connecting the points to generate the path,
which is a problem similar to the travelling salesman problem
(TSP), is impractical because we will not obtain good results
in terms of coverage. But in the following stages, adding new
locations to W, will increase the visual coverage over the target
region, ensuring successful monitoring.

2) Stage-2: Finding New Points of Maximum Visibility: Find-
ing the following locations to be included in W), is vital to
increase coverage. For instance, Cervilla ef al. [16] addressed

!Hereafter, the observer’s height (flight height) is set to A = 30 m.
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Fig. 3. CHAR map generated at the end of Stage-1. It shows the remaining
uncovered area (purple layer) after having analyzed the viewsheds from the
initial five logistic points (L) in W,,. The white line represents the boundaries
of the Montes de Malaga Natural Park.

a similar problem and concluded that it is already possible to
guarantee a visual coverage above 90% with only two or three
points considering a similar territory of about 50 km? with
complex orography.

In this case, we must ensure an appropriate balance between
the number of points to be included and their locations to min-
imize the path length. This consideration will allow implemen-
tation in a real environment at a relatively low cost. Following
this line, we naturally infer that the points providing maximum
viewshed are good choices at this stage. These points are called
POVs of maximum viewshed ('), and we find them by solving
the total viewshed problem using the M-TVS map.

In the first iteration, we compute the viewshed from each
point in the DEM and accumulate their results in the M-TVS
map (same number of cells as in the DEM). Each cell in this
map relates to a specific location on the terrain and contains
its viewshed value (measured in, e.g., km?). The point with the
highest viewshed value is included in W,,. In the next iteration,
the area visually covered from that point is excluded from the
analysis; the new POVs of maximum viewshed will be the ones
covering the largest uncovered area. Including these points pro-
gressively in W), gradually increases the area covered so that it
may at some point exceed the « threshold. We will stop including
POVs of maximum viewshed when this does not significantly
increase the coverage result, i.e., ACv < -~y calculated from the
difference between two consecutive PS-CVS maps.

In our case study, the inclusion of the two best POVs of
maximum viewshed to W, has proved to be the best strategy,
guaranteeing a visual coverage above 80% for our region of
interest (see Fig. 4), but there are still many hidden areas. The
advantage is that the hidden areas at this stage begin to form
small regions in objectively isolated valleys, and are, therefore,
called isolated areas. Due to their visual isolation, only the flight
of the drone over them guarantees adequate monitoring. The next
step, covered in the third stage, is to identify these isolated areas
to include them or points close to them in W),

Solving the TSP at this stage is discouraged for the same
reason as in the first stage, although better results would be
obtained.

3) Stage-3: Identifying the Isolated Areas: Some path plan-
ning strategies, such as in [31] and [32], ensure that the UAV

Fig. 4. CHAR map generated at the end of Stage-2. It shows the remaining
uncovered area (purple layer) after having analyzed the viewshed from the initial
five logistic points (L) and two points of maximum viewshed (V) in W),. The
white line represents the boundaries of the Montes de Malaga Natural Park.

Fig. 5. Isolated areas identified using contour lines with a viewshed area less
than A\ = 1km? at the end of Stage-3. Their centroids are marked with green
pins only within the Montes de Malaga Natural Park. The white line represents
the park boundaries.

reaches all isolated areas of the target region, but following a
greedy approach: they force the UAV to fly over almost any
point on the ground. Conversely, VPP provides a better solution:
identify visually isolated areas for the UAV to fly over their
centroids, avoiding the need to sweep the whole region. We
propose two methods to characterize the isolated areas according
to the perspective from which it is analyzed.

1) From the observer’s viewshed, we define an area as iso-
lated if it is not visible from a set of POVs of maximum
viewshed.

2) From the viewshed of the target area, we consider an area
isolated if the area of terrain seen from its center—similar
to placing an observer there—is less than a fixed parameter
A. This result is achieved by using contour lines based on
this parameter.

In this article, isolated areas are identified using the latter
method, as it is the most objective. The parameter A\ = 1 km?
is chosen after having carried out several optimization tests
so that the resulting areas are more delimited in most cases,
constituting simply connected spaces that are easily identifiable
by their centroids (see Fig. 5). These centroids are included in
W,, and, finally, the PS-CVS map is generated to check whether
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Fig. 6. Resulting flight path (red line) generated by VPP in the area of the
Montes de Malaga Natural Park. The area covered is represented using a white
layer over the terrain model. The white line represents the park boundaries.

the percentage of terrain coverage is above the « threshold. If
this condition is met, we can proceed to the final stage.

4) Stage-4: Generating the Flight Path: The last stage of the
VPP heuristic consists in generating the path by connecting the
primary waypoints included in the final set W,,. After having
completed the previous three stages, the set of waypoints W),
contains the following.

1) In total, five logistic locations including the starting and
ending points and three easily accessible locations of high
environmental value that can be used as recharging points
for the UAV.

2) In total, two POVs of maximum viewshed obtained after
computing the M-TVS map.

3) In total, 12 centroids of the isolated areas.

Fig. 6 shows the path generated after connecting all the
primary waypoints (similarly to solving the TSP) in the area
of the Montes de Malaga Natural Park (Malaga, Spain).
This 34 km-long path offers all-round visibility during the flight
and, therefore, the UAV can successfully monitor the target area
using its onboard camera. Note that the PS-CVS map calculated
here may differ from that of a real flight because a 360° onboard
camera has been considered. However, it is more common to
use an onboard camera with a narrower field of view, which
affects the resulting coverage. In this case, we must set the best
direction of the camera for each of the waypoints of the flight
path to maximize the ground covered during the flight. This issue
is the focus of the following section.

IV. VIEWSHED-REJECTION METHOD FOR SETTING EACH
DIRECTION OF THE ONBOARD CAMERA

In the previous section, we presented the VPP heuristic for
generating flight paths based on a thorough visibility analysis.
That analysis considered the full range of visibility from any
point in any of the four stages, as if a 360° camera were placed
at each of these points. But in real life, the use of this type of
camera in UAVs is not a common practice and therefore the
camera’s angle of view (AOV) comes into play.

In photography, the camera’s AOV describes the angular
extent of a given scene captured by a camera, measured hor-
izontally, vertically, or diagonally. This variable can be seen as
the maximum number of consecutive sectors (i.e., angles) that
the camera is capable of capturing. This is why the camera’s

AOQOV highly affects the choice of the direction of the camera—
the middle sector of the set of consecutive sectors—for each
waypoint of the flight, which is called Center of Interest (COI).

Here, we propose a new methodology to find the best COI
for each waypoint of the path. Each COI is set according to the
direction of maximum visibility, obtained after having rejected
those directions of the camera pointing at areas already covered
from preceding locations along the path. As a result, visual
overlapping is avoided, increasing the amount of terrain covered
during the flight.

A. Photographs Taken by the Onboard Camera

The flight path generated by VPP at the end of Stage-4 con-
sisted of 19 primary waypoints. The UAV will take a photograph
from each of these primary waypoints but, in addition, more
photographs can be taken on the way from one waypoint to
another, e.g., every 150 m approximately, with these new points
being the secondary waypoints (I¥). This distance is chosen to
ensure that the processing of each image is completed before
reaching the following location.

This method leads to a total of 235 waypoints along the flight
path (between W), and W) where the camera’s AOV is crucial
to maximize the coverage of the region.

B. Additional Data Structures

The following structures are required for this approach as

follows.

1) RS stands for ring-sectors and is a look-up table where
each row corresponds to a particular sector (from 0° to
ns = 360°) and each column represents the distance to
the given reference location. The first column (d = 0) of
each row is used to store the number of set values (visible
locations) for the corresponding sector. The stored value
for a given sector s and distance d represents the state
of the location, whether it is visible from the reference
location.

2) AOV is a Boolean array with 360 cells (one per degree)
that represents the camera’s angle of view, i.e., the sec-
tors captured by the UAV onboard camera from a given
waypoint of the path.

3) CC-SVS is the camera captured singular viewshed and
contains the viewshed result from a given waypoint of
the path in a similar way as the SVS structure but only
analysing the flagged sectors in the AOV structure (sectors
captured by the onboard camera).

4) PL-CVS is the point line cumulative viewshed and ac-
cumulates each viewshed result stored in CC-SVS as the
UAV flies along the path. This structure also works as
a Boolean mask that contains a set value in each cell
corresponding to a location already covered by the UAV.

C. Finding the Best COI for Each Waypoint

Computing the best COI for each waypoint of the path is key
to maximizing visibility during flight. Once the flight has started,
we have to avoid pointing the camera in a direction where a high
proportion of the terrain has already been covered from previous
locations.
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Fig. 7. Viewshed computation from a reference point of view (POV) of h
height and only one sector s, for the sake of clarity, showing: the ground profile,
zenithal view and lookup table RS. The visible points in the ground profile are
represented in green, whereas the red points correspond to hidden locations. The
zenithal view shows the ring-sector shape obtained from the ground profile. The
RS structure is filled following the results shown in the ground profile.

We define a lookup table called RS that contains the number
of covered points from a given waypoint and for each sector. RS
has as many rows as sectors (from s = 0° to ny = 360°) and
columns as the maximum possible distance between two points
(measured in cells of the DEM). Fig. 7 shows how the RS
structure is filled for a single sector: given a reference waypoint
and a target location, if the target location is visible from the
waypoint and it has not been covered yet—checking the Boolean
value inside PL-CVS—its corresponding cell in RS is flagged.
The total number of flagged cells in a particular row is stored in
the first column of the RS structure, which also represents the
weight of the sector.

Finally, a fixed number of consecutive sectors (1,4y) Will be
captured by the camera at each waypoint of the path in a process
represented using the AOV structure. AOV works as a Boolean
mask: it enables visibility processing for some sectors, whereas
disabling processing for the remaining ones (not captured by
the camera). Therefore, only those consecutive sectors that are
flagged will contribute to the coverage result, where the COI is
the middle sector.

The best set of consecutive sectors for each waypoint in AOV
is chosen based on their weights and seeking to maximize the
terrain coverage by avoiding visual overlapping. The weight of
each sector is measured as the total number of points visible
in the sector and not yet covered (previously stored in the first
column of the RS array corresponding to d = 0). In the end,
the set of consecutive sectors holding the highest overall weight
will be flagged in AOV for each waypoint. The overall weight of
each possible grouping of n,,, consecutive sectors is obtained by
following an iterative process: we add the weights from s = 0°
t0 S = Nyoy, then from s = 1° to s = nyey + 1° and so on until
the highest overall weight is found.

The last step involves computing the CC-SVS and PL-CVS
maps for each target waypoint sequentially to obtain the indi-
vidual and accumulated terrain coverage results, respectively.

D. Workflow for Simulating the Camera Behavior During
Flight

Once all necessary data structures have been defined, we can
present the general workflow for any path and DEM to simulate
the camera behavior during flight.

1) For each waypoint in the flight path, do the following.

a) Fill RS based on the current visibility and the PL-CVS
map.

b) Fill AOV according to the set of consecutive sectors
with the highest overall weight.

¢) For each point in the DEM, do the following.

i) Compute the angular difference (A4) and Eu-
clidean distance (F;) between the waypoint and
the point.

ii) Index the AOV Boolean array using A, to check
whether the camera captures the current sector
from the waypoint.

iii) If this condition is met, do the following.

A) Index the RS look-up table (using A, as row
index and F,; as column index) to retrieve
the state of the target point, i.e., whether it is
visible from the waypoint.

B) If so, the corresponding cell is flagged in the
CC-SVS map.

d) Accumulate the result in the PL-CVS map.

For the sake of clarity, four iterations of the proposed method-
ology are shown in Fig. 8 as a basis for explanation.? From the
input DEM and the first waypoint Py, we can fill the RS and AOV
structures and compute the first CC-SVS map [see Fig. 8(a)]. At
the beginning of the process, the CC-SVS map coincides with
the PL-CVS map as there are no previous results [see Fig. 8(b)].
Then, from the data stored in PL-CVS and considering again
the DEM, AQOV, and RS structures, we can compute the CC-SVS
for P, [see Fig. 8(c)]. After having processed the first two
waypoints, the PL-CVS map is as shown in Fig. 8(d). Finally,
repeating these steps result in the CC-SVS maps for P5; and Py
[see Figs 8(e) and (g)] along with the data in the PL-CVS maps
[see Figs 8(f) and (h)].

With the presented method, we manage to avoid overlapping
viewsheds between the waypoints included in the flight path,
thus maximizing the terrain covered by the onboard camera
throughout the flight.

V. EXPERIMENTS AND RESULTS

This section evaluates the performance of VPP based on
the terrain coverage captured by the UAV onboard camera
considering three scenarios: two flight simulations over two
complex terrain regions of 48 and 202 km? and a real flight
over a reduced area of 1 km?.

A. Experimental Setup

1) Systems and Algorithms: For the simulations, we used a
system with Ubuntu 16.04.5 LTS and an Intel(R) Xeon(R) CPU
E5-2698 v3 @2.30 GHz with 16 cores (32 threads) and 256 GB
DDR4 RAM.

To connect the waypoints of each flight path, we solved the
TSP using the Network Analyst extension from ArcGIS [38]. On
the one hand, the design of this path has not considered restricted
visibility as appears, e.g., in [31]. Current camera technology
allows high-definition image processing with minimal loss of
definition. On the other hand, the obstacle avoidance problem

2The onboard camera’s angle of view and the height of the UAV flight are set
to 84° and h = 30 m, respectively.
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Simplified sequence of operations showing the Camera Captured Singular Viewshed (CC-SVS) and Point Line Cumulative Viewshed (PL-CVS) maps

obtained after simulating the UAV flight over the first four waypoints of the path in the area of the Montes of Malaga Natural Park. (a), (c), (¢), and (g) show the

first four CC-SVS maps. (b), (d), (), and (h) show the first four PL-CVS maps.

TABLE I
MAIN CHARACTERISTICS OF THE THREE REGIONS USED IN THE EXPERIMENTS

Target area UTM Elevation statistics (m)
Name DEM (cell) size Area | Zone? Easting Northing [ Min. [ Max. [ Range [ Mean £ SD
1 Montes de Malaga Natural Park 2000x2000 (10m) 48km? | 30S 0370000mE 4090000mN | 76 [1041] 965 [ 561 & 505
2 Sierra de las Nieves National Park  2500x2500 (10/m) 202km?2 | 30S 0310000 mE 4075000mN | 93 | 1917 | 1824 | 848 + 764
3 Surroundings of Montes de Malaga 1 km? 30S  0379430mE 4069400 mN | 177 | 454 | 277 296 + 61

“Latitude band designator.

has also not been considered for generating each path because
there will be no obstacles between two locations if we establish
a sufficiently high flight height.

2) Key Features of the UAV: We took as a reference for the
simulation the characteristics of the well-known DJI Phantom 4
Prodrone [39]. Accordingly, the case study onboard camera used
is the same as the one installed in that UAV. We set the camera’s
AOQOV parameter to 84° and the flight height to & = 30 m.

3) Memory Optimization: Given a reference location, the
viewshed computation involves checking the elevation data in
the DEM, resulting in many cache misses in the system. This
problem is caused by a lack of locality in memory, resulting in a
deterioration in performance. To deal with this problem, we used
a modified version of the sSDEM algorithm described in [40] to
obtain the viewshed result from each point.? Locality increases
using this procedure by performing sequential memory accesses
in processing. For more details on this particular optimization,
please refer to the original article, as it lies beyond the scope of
this research.

4) Main Characteristics of the Target Areas: Table I presents
the UTM coordinates and elevation statistics of the case study

3The run-time of the viewshed computation can be found in [40].

areas. The values in this table reflect the abrupt orography of the
regions studied based on the high value of the standard deviation
of the elevation compared to the mean.

B. Flight Simulation 1: Montes De Malaga Natural Park

The first experiment involves a flight simulation over the
Montes de Malaga Natural Park using a single UAV for mon-
itoring. This park was previously used in Sections III and IV
to explain the stages needed to generate the path and set the
onboard camera behavior, respectively. Declared a protected
natural space in 1989, this park near Malaga city (Spain) has
4800 hectares of complex terrain with areas from 80 to just over
1000 m above sea level. These areas host different protected
flora and wildlife species, as well as many water resources. All
these facts make the Montes de Malaga Natural Park a suitable
scenario for fire prevention analysis and evaluation.

Once we have generated the path using VPP and set the COI
for each waypoint, we can simulate the UAV flight and obtain the
final terrain coverage value. Fig. 9 shows the area captured by the
UAV onboard camera after flying along the path and travelling it
counterclockwise. The color scale indicates the terrain covered
and the distance from the starting point where the photograph
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Fig. 9. Final PL-CVS map of the area of the Montes de Malaga Natural Park
(Malaga, Spain). The red line represents the path generated by VPP, and the
white line indicates the park boundaries. The UAV travels in a counterclockwise
direction and takes off from the rightmost logistics point. The color scale
indicates the terrain captured by the UAV onboard camera and the distance
from the starting point where the photograph was taken. The UAV covers 98.7%
of the 48 km? region from the 34 km-long path.

was taken. For example, if the color of an area on the map is
blue, the camera captured it within the first kilometres of the
flight. Conversely, the red color indicates that the UAV took
the photograph near the end of the path [41]. In this case, the
rightmost logistic point is considered the starting point of the
flight path.

In the end, VPP generated a 34 km-long path that includes
235 waypoints located every 150 m along the path: 5 logistic
locations, 2 POVs of maximum viewshed, 12 centroids of iso-
lated areas, and 216 secondary waypoints. We obtained that the
flight of a single UAV following the path generated by VPP and
considering each COI manages to capture 98.7% of the natural
park area (48 km? of complex terrain) during the flight.

C. Flight Simulation 2: Sierra De Las Nieves National Park

The second experiment seeks to achieve the same objective
as the previous one but over an even larger area: the Sierra de las
Nieves National Park. It is a protected natural area of 22979
hectares located in the northwest of the province of Malaga
(Spain), with the highest peak reaching up to 2000 m in height.
This area hosts approximately 1500 types of plants, many of
them protected because they grow in only a few regions of Spain.
All these features make this park another good scenario to test
VPP for fire prevention.

Fig. 10 shows the terrain coverage result obtained by simulat-
ing the flight over the case study area. In this case, VPP generated
a 79 km-long path including 566 waypoints (located every
150 m): 2 logistic locations, 5 POVs of maximum viewshed,
19 centroids of isolated areas, and 540 secondary waypoints.
As a result, the UAV covers approximately 94.5% of the Sierra
de las Nieves National Park. Additionally, we also simulated a
flight with h = 50 m and the camera’s AOV at 360°, enabling
the UAV to cover up to 97.8% of the same park from the flight
path.

Fig. 10.  Flight path (red line) generated by VPP and terrain captured by the
UAV onboard camera (white layer) in the area of the Sierra de las Nieves National
Park. The blue line represents the park boundaries. The UAV covers 94.5% of
the 202 km? region from the 79 km-long path.

D. Real Flight Test: Surroundings of Montes De Malaga

Finally, our last experiment consists in a real flight of the UAV
over a reduced extension of land located in the surroundings of
the Montes de Malaga Natural Park (San Anton mountain). This
scenario comprises only an area of 1 km? due to the impossibility
of flying the drone in larger regions since it is a commercial—not
industrial—device whose use falls within the scope of the limited
aerial regulations established by the Spanish Government.

Fig. 11(a) shows the distribution of the 12 waypoints included
in the 4 km-long flight path: 1 logistic location, 1 POV of max-
imum viewshed, 3 centroids of isolated areas, and 7 secondary
waypoints, located every 150 m along the path. Fig. 11(b) shows
the photograph captured by the drone from the waypoint located
above the isolated area [42]. The video recorded during the flight
evidences the high visibility obtained from the path generated
by VPP, although the flight had to be interrupted due to the
presence of new buildings below the path that did not appear on
the satellite images. According to current aerial restrictions it
is forbidden to fly over private constructions. This problem has
also demonstrated the importance of analyzing the terrain in situ
to discover potential drawbacks.

VI. CONCLUSION

Path planning and visual coverage are still challenging prob-
lems as they depend to a large extent on the complexity and
diversification of terrains. This article presented the idea that
the total viewshed computation is a fundamental tool for any
heuristic that aims to generate a flight path for monitoring. To
demonstrate this, we propose a new heuristic called VPP to solve
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flight path. (b) Image of the first isolated area captured by the onboard camera.

the path planning problem to obtain suitable paths with all-round
visibility for fire prevention using UAVs.

VPP includes a comprehensive viewshed analysis in the ear-
liest stages of path planning so that many points of maximum
viewshed and isolated areas of difficult access are discovered.
As aresult, we achieve effective monitoring of the target regions
based on the terrain covered during flight, as shown in the
three experiments presented: two simulations and a real flight
test. The three scenarios comprised large and varied regions
with many remote/isolated locations where monitoring is an
almost impossible task to be performed by observers sitting
on the ground. However, we could overcome this issue using
a single UAV flying over each region following the generated
path, providing high visibility.

If the relevant authorities show interest in this article, our
results could be transferred to real environments to improve fire
prevention. This would greatly improve monitoring in difficult
areas, which would reduce firefighter response times in the event
of a fire and thus prevent catastrophes or minimize the damage
that could be caused.

REFERENCES

[1] M. Gillings and D. Wheatley, “GIS-based visibility analysis,” in Archae-
ological Spatial Analysis. Evanston, IL, USA: Routledge, 2020, pp. 313—
332.

[2] V. Goldade, A. Kiselev, and V. Myshkovets, “Environmental monitoring
of woodlands with a rotary IP camera,” Theor. Appl. Sci., vol. 1, no. 81,
pp. 73-77, 2020.

[3] Y. Deshpande, K. Savla, C. Lobo, S. Bhattacharjee, and J. Patel, “Forest
monitoring system using sensors, wireless communication and image
processing,” in Proc. 4th Int. Conf. Comput. Commun. Control Automat.,
2018, pp. 1-6.

[4] Y. Wang, L. Zhou, G. Yang, R. Guo, C. Xia, and Y. Liu, “Performance and
obstacle tracking to natural forest resource protection project: A rangers’
case of Qilian mountain, China,” Int. J. Environ. Res. Public Health,
vol. 17, no. 16, 2020, Art. no. 5672.

[5] J. P. Dash, M. S. Watt, G. D. Pearse, M. Heaphy, and H. S. Dungey,
“Assessing very high resolution UAV imagery for monitoring forest health
during a simulated disease outbreak,” ISPRS J. Photogramm. Remote
Sens., vol. 131, pp. 1-14, 2017.

(b)

Real flight test over the small area located in the surroundings of the Montes de Malaga Natural Park. (a) Distribution of waypoints of the 4 km-long

[6] S. Krause, T. G. Sanders, J.-P. Mund, and K. Greve, “UAV-based pho-
togrammetric tree height measurement for intensive forest monitoring,”
Remote Sens., vol. 11, no. 7, p. 758, Mar. 2019.

[7] V. Sherstjuk, M. Zharikova, and I. Sokol, “Forest fire-fighting monitoring
system based on UAV team and remote sensing,” in Proc. IEEE 38th Int.
Conf. Electron. Nanotechnol., 2018, pp. 663—-668.

[8] G. Yang et al., “Unmanned aerial vehicle remote sensing for field-based
crop phenotyping: Current status and perspectives,” Front. Plant Sci.,
vol. 8, p. 1111, 2017.

[9] P. Petrides, P. Kolios, C. Kyrkou, T. Theocharides, and C. Panayiotou,
“Disaster prevention and emergency response using unmanned aerial sys-
tems,” in Smart Cities in the Mediterranean. Berlin, Germany: Springer,
2017, pp. 379-403.

[10] M. Erdelj, E. Natalizio, K. R. Chowdhury, and I. F. Akyildiz, “Help from
the sky: Leveraging UAVs for disaster management,” I[EEE Pervasive
Comput., vol. 16, no. 1, pp. 24-32, Jan.—Mar. 2017.

[11] A. Al-Kaff et al., “VBII-UAV: Vision-based infrastructure inspection-
UAV,” in Proc. World Conf. Inf. Syst. Technol., Berlin, Germany: Springer,
2017, pp. 221-231.

[12] O. Bekkouche, T. Taleb, and M. Bagaa, “UAVs traffic control based on
multi-access edge computing,” in Proc. IEEE Glob. Commun. Conf.,2018,
pp. 1-6.

[13] S. D. Hamshaw, T. Engel, D. M. Rizzo, J. O’Neil-Dunne, and M. M. De-
woolkar, “Application of unmanned aircraft system (UAS) for monitoring
bank erosion along river corridors,” Geomatics, Natural Hazards Risk,
vol. 10, no. 1, pp. 1285-1305, 2019.

[14] G. Skorobogatov, C. Barrado, and E. Salami, “Multiple UAV systems: A
survey,” Unmanned Syst., vol. 8, no. 2, pp. 149-169, 2020.

[15] W. Li, W. R. Franklin, S. V. G. de Magalhdes, and M. V. Andrade,
“GPU-Accelerated multiple observer siting,” Photogrammetric Eng. Re-
mote Sens., vol. 83, no. 6, pp. 439-446, 2017.

[16] A.R.Cervilla, S. Tabik, and L. F. Romero, “Siting multiple observers for
maximum coverage: An accurate approach,” in Proc. Int. Conf. Comput.
Sci., 2015, pp. 356-365.

[17] Y. Fu, M. Ding, C. Zhou, and H. Hu, “Route planning for unmanned
aerial vehicle (UAV) on the sea using hybrid differential evolution and
quantum-behaved particle swarm optimization,” IEEE Trans. Syst., Man,
Cybern. Syst., vol. 43, no. 6, pp. 1451-1465, Nov. 2013.

[18] Y. Lin and S. Saripalli, “Sampling-based path planning for UAV col-
lision avoidance,” IEEE Trans. Intell. Transp. Syst., vol. 18, no. 11,
pp. 3179-3192, Nov. 2017.

[19] C. Huang et al., “A new dynamic path planning approach for unmanned
aerial vehicles,” Complexity, vol. 2018, 2018, Art. no. 8420294.

[20] U. Cekmez, M. Ozsiginan, and O. K. Sahingoz, “Multi colony ant opti-
mization for UAV path planning with obstacle avoidance,” in Proc. Int.
Conf. Unmanned Aircr. Syst., 2016, pp. 47-52.



SANCHEZ-FERNANDEZ et al.: VPP: VISIBILITY-BASED PATH PLANNING HEURISTIC FOR MONITORING LARGE REGIONS 955

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

(32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

X. Chen, M. Zhao, and L. Yin, “Dynamic path planning of the UAV
avoiding static and moving obstacles,” J. Intell. Robot. Syst., vol. 99, no. 3,
pp. 909-931, 2020.

J. Chen, F. Ye, and T. Jiang, “Path planning under obstacle-avoidance
constraints based on ant colony optimization algorithm,” in Proc. IEEE
17th Int. Conf. Commun. Technol., 2017, pp. 1434-1438.

C. D. Franco and G. Buttazzo, “Energy-aware coverage path planning of
UAVS,” in Proc. IEEE Int. Conf. Auton. Robot Syst. Competitions, 2015,
pp- 111-117.

S. Ahmed, A. Mohamed, K. Harras, M. Kholief, and S. Mesbah, “Energy
efficient path planning techniques for UAV-based systems with space dis-
cretization,” in Proc. IEEE Wireless Commun. Netw. Conf., 2016, pp. 1-6.
J.-S. Lee and K.-H. Yu, “Optimal path planning of solar-powered UAV
using gravitational potential energy,” IEEE Trans. Aerosp. Electron. Syst.,
vol. 53, no. 3, pp. 1442-1451, Jun. 2017.

M. Monwar, O. Semiari, and W. Saad, “Optimized path planning for
inspection by unmanned aerial vehicles swarm with energy constraints,”
in Proc. IEEE Glob. Commun. Conf., 2018, pp. 1-6.

M.-D. Yang, J. G. Boubin, H. P. Tsai, H.-H. Tseng, Y.-C. Hsu, and C. C.
Stewart, “Adaptive autonomous UAV scouting for rice lodging assessment
using edge computing with deep learning EDANet,” Comput. Electron.
Agriculture, vol. 179, 2020, Art. no. 105817.

G. Gramajo and P. Shankar, “An efficient energy constraint based UAV
path planning for search and coverage,” Int. J. Aerosp. Eng., vol. 2017,
2017, Art. no. 8085623.

T. M. Cabreira, C. Di Franco, P. R. Ferreira, and G. C. Buttazzo, “Energy-
aware spiral coverage path planning for UAV photogrammetric applica-
tions,” IEEE Robot. Automat. Lett., vol. 3, no. 4, pp. 3662-3668, Oct.
2018.

L. Nam, L. Huang, X. J. Li, and J. Xu, “An approach for coverage
path planning for UAVS,” in Proc. IEEE 14th Int. Workshop Adv. Motion
Control, 2016, pp. 411-416.

J. Li, C. Zheng, and X. Hu, “An effective method for complete visual
coverage path planning,” in Proc. 3rd Int. Joint Conf. Comput. Sci. Optim.,
2010, vol. 1, pp. 497-500.

G. Leng, Z. Qian, and V. Govindaraju, “Multi-UAV surveillance over
forested regions,” Photogrammetric Eng. Remote Sens., vol. 80, no. 12,
pp. 1129-1137, 2014.

J. Zhou, W. Zhang, Y. Zhang, Y. Zhao, and Y. Ma, “Optimal path planning
for UAV patrolling in forest fire prevention,” in Proc. Asia-Pacific Int.
Symp. Aerosp. Technol., 2018, pp. 2209-2218.

E. Commission, “Report: More countries than ever hit by forest fires,”
European Commission - Press, Brussels, Belgium, Tech. Rep. IP/19/6176,
2019.

I. Aljaro, “Un incendio en los montes de mdlaga arrasa si-
ete hectareas,” La Opinion de Malaga, 2006. [Online]. Avail-
able: https://www.laopiniondemalaga.es/sucesos/2607/incendio-montes-
malaga-arrasa-siete-hectareas/79671.html

L. Alvarez, “Estabilizado el incendio de los montes de malaga,” El Mundo,
2014. [Online]. Available: https://www.elmundo.es/andalucia/2014/08/
10/53e78be1e2704e4c278b457c.html

F. Jiménez, “Bajo control un incendio forestal entre olias y los montes de
mdlaga,” Diario Sur, 2019. [Online]. Available: https://www.diariosur.es/
malaga-capital/declarado-incendio-forestal-20190707141322-nt.html

A. Desktop, “What is the arcgis network analyst extension?,” 2020. [On-
line]. Available: https://desktop.arcgis.com/en/arcmap/latest/extensions/
network-analyst/what-is-network-analyst-.htm

DJIL, “Phantom 4 pro,” Accessed: May 20, 2021. [Online]. Available: https:
/Iwww.dji.com/es/phantom-4-pro/info#specs

A.J. Sanchez-Fernandez, L. F. Romero, G. Bandera, and S. Tabik, “A data
relocation approach for terrain surface analysis on multi-GPU systems: A
case study on the total viewshed problem,” Int. J. Geographical Inf. Sci.,
vol. 35, no. 8, pp. 1500-1520, 2020.

A. J. Sanchez-Fernandez, L. F. Romero, G. Bandera, and S. Tabik,
“Optimal surveillance flight for UAVs in fire protection for the natural
park montes de malaga,” 2020. [Online]. Available: https://vimeo.com/
389926980

A. J. Sanchez-Fernandez, L. F. Romero, G. Bandera, and S. Tabik,
“Flight #1 sdem viewshed,” 2021. [Online]. Available: https://youtu.be/
cMQgl5phTws

Andres J. Sanchez-Fernandez received the B.Sc.
degree in industrial technology engineering with spe-
cialisation in automatic systems and the M.Sc. degree
in mechatronic engineering from the University of
Malaga (Malaga, Spain) in 2016 and 2017, respec-
tively.

In 2018, he joined the Department of Computer
Architecture at the University of Malaga, where he
is currently pursuing a Ph.D. in Mechatronic En-
gineering in the field of parallel programming on
heterogeneous systems. His research interests include
algorithm optimisation, parallel programming, and large-scale data processing
on heterogeneous CPU-GPU systems.

Luis F. Romero received the M.Sc. degree in physics
from the Complutense University of Madrid, Madrid,
Spain, in 1988 and the Ph.D. degree in computer sci-
ence from the University of Malaga, Malaga, Spain,
in 1996.
He is a Full Professor with the Department of
Computer Architecture, University of Malaga, where
he has been since 1989. Much of his work has been
on improving the understanding, design, and perfor-
mance of parallel and networked computer systems,
mainly through physical system modeling, GIS algo-
rithmics, and numerical integration. His research interests include heterogeneous
parallel computing and computer physics.

Gerardo Bandera received the B.Sc. and M.Sc. de-
grees in computer Engineering and the Ph.D. degree
in computer science from the University of Malaga,
Malaga, Spain, in 1994 and 1999, respectively.

In 1994, he was an Assistant Professor with the
Computer Architecture Department, University of
Malaga. From 2001, he is an Associate Professor.
Apart of regular courses, he has taught several in-
ternational summer courses, and some CISCO and
NVIDIA seminars, where he is a certificate Lecturer.
He has more than 30 contributions to international
journals, conferences, and book chapters, and has participated in more than 20
national/international research projects. From 2013 he has lead more than ten
R&D projects with international companies.

Siham Tabik received the B.Sc. degree in physics
from University Mohammed V, Rabat, Morocco, in
1998 and the Ph.D. degree in computer science from
the University of Almeria, Almeria, Spain, in 2006.

She is currently Associate Professor with the Uni-
versity of Granada, Granada, Spain. Her research
interests include machine learning, remote sensing
and high performance computing.


https://www.laopiniondemalaga.es/sucesos/2607/incendio-montes-malaga-arrasa-siete-hectareas/79671.html
https://www.laopiniondemalaga.es/sucesos/2607/incendio-montes-malaga-arrasa-siete-hectareas/79671.html
https://www.elmundo.es/andalucia/2014/08/10/53e78be1e2704e4c278b457c.html
https://www.elmundo.es/andalucia/2014/08/10/53e78be1e2704e4c278b457c.html
https://www.diariosur.es/malaga-capital/declarado-incendio-forestal-20190707141322-nt.html
https://www.diariosur.es/malaga-capital/declarado-incendio-forestal-20190707141322-nt.html
https://desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/what-is-network-analyst-.htm
https://desktop.arcgis.com/en/arcmap/latest/extensions/network-analyst/what-is-network-analyst-.htm
https://www.dji.com/es/phantom-4-pro/info#specs
https://www.dji.com/es/phantom-4-pro/info#specs
https://vimeo.com/389926980
https://vimeo.com/389926980
https://youtu.be/cMQgl5phTws
https://youtu.be/cMQgl5phTws


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


