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Abstract—Unmanned aerial vehicle coverage is a fast growing area, given that it has several applications such as precision
agriculture, mapping, surveillance, etc. In order to cover a
terrain, it is necessary to calculate the path that an unmanned
aerial vehicle (UAV) has to follow. In this paper, we propose
a method that calculates the path that minimizes the energy
consumption under wind conditions. Unlike previous work that
only estimates the path that minimizes the number of flight
lines, we have tested the model in simulation and in real
experiments obtaining promising results. In some cases, the
lowest energy path does not follow the direction of the wind,
this contrasts with the well-known flight recommendations, but
achieves the target of reducing energy.

I. INTRODUCTION
The problem of unmanned aerial vehicle coverage path
planning (UAV-CPP) refers to calculate a series of waypoints, so that when the waypoints are followed by an
aircraft carrying a camera a whole terrain is scanned. In this
paper, we assume that the UAV has mounted a pinhole camera that points to the ground and that the terrain is specified
by a convex polygon. This problem arises in several tasks
such as terrain survey, mapping, inspection, surveillance,
etc. The UAV-CPP is a variation of the lawnmower problem
which has been demonstrated to be NP-hard [3].
A common solution to the UAV-CPP is to survey the
terrain following a back and forth pattern; where the UAV
flights following straight lines until the terrain is covered.
See Fig. 3 as an example. Each straight segment is called
flight line. The flight lines can be oriented depending on
certain optimization criterion. Previous works have defined
the optimal coverage path in terms of minimizing the
number of flight lines. Accordingly to [2] the orientation
that holds fewer flight lines is that one where the lines are
perpendicular to the shortest polygon diameter. However,
that approach does not consider neither the required energy
nor the wind force. Wind force is important because it has
a significant nonlinear effect on the guidance algorithm [9],
furthermore, it decreases the coverage and could cause an
image registration failure.
In this paper, we propose a coverage planning method that
minimizes the energy that a UAV has to spend in order to
survey a terrain. The proposed method determines the angle

Figure 1: UAV movement model. The pose of the UAV is
defined by (x, y, θ). uf and ul are control speeds, w is the
wind speed and γ is the angle between the UAV direction
and the wind direction.

of the flight lines that minimizes the energy of the path.
Unlike previous approaches, we consider that the UAV is
affected by the wind, causing variations on the velocity and
the wasted energy.
II. R ELATED W ORK
Coverage path planning (CPP) is a problem that has been
studied into the mobile robotics field. Galceran et al. [5] have
defined the problem as the task of determining a path that
passes over all points of an area or volume of interest while
avoiding obstacles. Into the robotics field, several methods
for solving the problem have been proposed. The reader is
referred to [5] for a review of those methods. One of the
differences with respect of the mobile robot CPP is that for a
mobile robot the region should be covered without overlap.
On the other hand, for the UAV-CPP an overlap must be
satisfied in order to register the images. In some cases, until
a 80 % of overlap must be satisfied. Furthermore, the mobile
robot CPP do not consider the effect of a external force like
the wind.
Araujo et al. [2] have proposed a method for solving the
UAV-CPP but they consider only the polygon shape and do
not take into account neither the wind forces nor the energy.
Hota et al. [6] proposed an optimal path planning between
two points in the presence of wind, however they have

relaxed the constraints of the convergence point allowing
the UAV to converge to a line at any position, this is not
suitable for our problem since we want the UAV converges
to the polygon points.
Di Franco et al. [4] have proposed a coverage path planning algorithm that considers the energy of the UAV. They
have modeled the energy from real measurements. In this
paper we use the energy model of [4] but we are included
our motion model considering the wind perturbation. Our
coverage planning algorithm provides a plan that optimizes
the angle of the flight lines considering the wind, unlike
[4] where the flight lines are oriented parallel to the longest
bounding line of the terrain. In [1] a method that exploits
the wind energy in order to reach a target point is presented.
The method models the problem as a Markov Decision
Process, in order to take the optimal direction during the
flight, however, the aircraft does not require to survey a
terrain. Li et al.[7] propose a triple path planning method
that optimizes the energy consumption, however they do not
deal with the wind perturbations.
III. P RELIMINARIES
In this section, we present the models and definitions for
the rest of the paper.
A. UAV Model

axis of the UAV is defined by γ and it is calculated with the
following equation: γ = γw − θ.
Under wind conditions, the UAV has to compensate in order to keep the flight at speed v. Therefore, the commanded
controls that guide the vehicle at speed v in direction θ under
a wind w are:
uf = v − w cos(γ)
ul = −w sin(γ)
B. Terrain Coverage
During the flight the UAV takes several pictures, which
are processed later in order to build a unified picture. To
build the unified picture of the terrain it is required that
each photo has overlap with the other photos, due to the
registration algorithms that use the correspondences between
images to rectify them and to merge them into a single
image. To satisfy the overlap and desired resolution several
flight parameters have to be calculated.
The spatial resolution specifies the amount of area that
is covered by one pixel. The spatial resolution depends on
the camera intrinsic parameters and the flight altitude. The
relation of the altitude, h, and the spatial resolution, s, is
given by equation (3).
s=

This paper is focused on multirotor UAVs. We assume that
the variations on the altitude are very small with respect to
the UAV displacement. So, the UAV movement is modeled
as a particle on a plane. The pose of the UAV with respect
of the ground is defined by q = (x, y, θ), where x and y
are coordinates over the north-east-down (NED) frame and
θ is the orientation with respect of the east, X, axis. See
Fig. 1. We assume that the UAV follows straight lines until
it reaches a waypoint where it stops, turns itself until it is
heading to the next waypoint and then it moves to the next
waypoint. The UAV has to flight between points at speed,
v, which is a speed with respect of the ground and it is
specified by the user.
The UAV control is composed of three speeds: a front
translational speed, uf , a lateral translational speed, ul and a
heading rate, ω. Translational speeds, uf and ul , are defined
with respect of the wind. Wind velocity is defined by W =
[wx , wy ]T and it is assumed constant during all the flight.
Note the difference between velocity and speed. So, the rate
of change of its pose with respect of the ground is given by
equation (1).
ẋ = uf cos θ + ul cos(θ + π/2) + wx
ẏ = uf sin θ + ul sin(θ + π/2) + wy

(1)

θ̇ = ω
For the rest of the paper, the wind is represented by its
speed magnitude, w and a heading angle, γw , with respect
of the east axis. The heading angle with respect of the front

(2)

spixel ∗ h
f

(3)

where spixel is the sensor size and f is the focal length. The
calculation of the best spatial resolution and altitude for a
given UAV and camera parameters is not addressed here.
The reader can find more information about the calculation
of those parameters in [10]. We assume that the right flight
altitude is defined by h. We also assume that the camera is
pointing to the ground. The sensor size is defined by width
(ws ) and height (hs ). The height of the sensor points to the
UAV direction.
Besides the flight altitude it is necessary to calculate the
distance between each consecutive photos, named forward
distance, dy , and the lateral distance, dx . See Fig. 2. Both
distances are calculated depending on the required overlap.
The forward distance is computed as:
dy =

h
hs (1 − oy )
f

(4)

where oy is the required forward overlap (in the range [0, 1])
and hs is the sensor height.
The lateral distance, also named distance between flight
lines, dx , is calculated according to equation (5).
dx =

h
ws (1 − ox )
f

(5)

where ox the desired lateral overlap (in the range [0, 1]), ws
is the sensor width. The terrain area that is covered by a
photo is Iy × Ix .
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Figure 2: Overlap between consecutive and lateral images.
Dashed arrow indicates the flight direction. Gray rectangle
depicts the area of the terrain that is captured by a photo.
The variables drawn are explained in section III-B.

Figure 3: Back and forth coverage pattern. Fig. best seen in
color. The terrain polygon is drawn in red, the path is drawn
in blue. Vertical lines are called flight lines. Flight lines are
connected by horizontal segments. Both axis are in meters.

IV. P LANNING UNDER WIND CONDITIONS

by rotating the flight lines. Without losing generality, let β be
an angle by which the terrain polygon, M , is rotated while
the flight lines orientation keeps constant (pointing in the Y
axis). The rotation of the polygon has the same effect on the
path that rotating the flight lines in the opposite direction of
β
β. Then, a polygon M that is rotated by β has a path CM
with a specific number of flight lines and a path longitude
β
l(CM
). When the polygon is rotated, the wind direction is
also rotated. So, let γβ be the wind direction after a rotation,
such as γβ = γw + β and γ(t) = γβ − θ.
We assume that an ideal control is capable of following
β
the path CM
. For example, in [8] a control is proposed
in order to follow a path under wind conditions. As the
control executes actions this affects energy consumption, this
behavior is modeled into the energy estimation.

The proposed method computes the best orientation angle
of the flight lines in order to minimize the energy under
wind conditions. Namely, we model a objective function
that estimates the energy required to cover a terrain with
a particular orientation. Next, the generation of a path for a
particular orientation angle is described in section IV-A. The
computation of the energy for a path is described in section
IV-B. And, section IV-C describes the objective function to
be optimized.
A. Coverage Path
A coverage path, C(s) = [xc (s), yc (s)]T , is a 2D spatial
curve parametrized by its length s. When the UAV follows
the coverage path we assume that the UAV can take all the
required photos while guarantee a minimum overlap between
images. The coverage path, also known as search pattern,
could have different shapes, for example, back and forth,
spiral or lawn mower. However, the most popular path is
the back and forth pattern, where the UAV flights in straight
segments from the south to north and from the north to
south. See Fig. 3. The flight lines are connected by straight
segments for multirotor aircrafts. The distance between flight
lines is calculated accordingly to the camera specifications
and survey needs. See section IV-A for more details. The
back and forth path has the advantage that reduces the
turns of the vehicle and keeps a constant velocity at straight
sections. Furthermore, the path can be resumed into a series
of way points where the aircraft changes the orientation.
In this paper, we use the back and forth pattern to cover
the terrain polygon (M ). The pattern could not only be
pointing to the north, it could be pointing to other direction

B. Energy estimation
In general the energy depends on the power consumption,
β
P , and the time of flight, which is estimated as l(CM
)/v.
β
So, we estimate the energy for covering a path, CM , under
a wind of magnitude w and orientation γβ as follows:
β
Z l(CM
)/v
β
E(CM , w, γβ ) =
P (t)dt
(6)
0

In real flights the power consumption will depend on
several factors, such as wind, altitude, speed, etc. So it is
very difficult to model the power consumption into an exact
manner. In this paper, we estimate the power consumption
as a fitted function that depends on the applied controls. See
equation (7).
P̂ (t) = p(uf (t), ul (t), ω(t))

(7)

where p is a fitted function, that has to be tuned accordingly
to the aircraft. Several models can be used for p such as
linear polynomial curve, quadratic polynomial curve, spline
curves, etc.
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Assuming that the terrain polygon, the wind, and the UAV
cruise speed keep constant during a flight (the planning
should be performed just before flying to avoid variations
on the whether conditions). The main target of the coverage
planning is to obtain the angle β that minimizes the energy.
So, we model the objective function as follows:
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Therefore, we propose that the optimal path is that one
that minimizes the wasted energy, in other words it is the
path that covers the terrain M with and orientation angle
β ∗ , where β ∗ is defined as the optimal rotation angle:
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V. E XPERIMENTS
We present two experiments, the first experiment analyses
the behavior of the energy function for several wind conditions. The second experiment shows the application of the
proposed method in a real terrain survey.
A. Energy function behavior
In this experiment we analyze the behavior of the utility
function under different conditions, the aim of the experiment is to understand and characterize the conditions that
will change the angle of flight. The experiment is composed
of two tests. The first test varies the wind speed and the
second test varies the wind angle.
For both tests, we have modeled the power as a function
of the speed. Since many commercial UAV systems only
provide a single speed measurement, we have combined
front and lateral speed into one single speed, spd. spd is
the resultant of the vectorial sum of front velocity plus
lateral velocity. Therefore, the power for speed s is modeled
accordingly to equation (10).
P̂ (s) = a0 s3 + a1 s2 + a2 s + a3

(10)

where s is the resultant speed spd. This model does not
consider the rotation speed since we are only integrating
the straight lines. We have selected this model, defined in
equation (10), because it was used in [4] for a multirotor
UAV and fits well for a first approximation. For future work
we will test different estimation models in order to provide
a better approximation of the reality. The coefficients of the
polynomial that were used into the experiments are: a0 =
0.0578, a1 = −0.5254, a2 = −1.6629, a3 = 225.5714.
These coefficients are reported in [4].

(c) Path length

(d) Best path when there is no wind.

Figure 4: Coverage planning. Fig. a) shows the terrain
polygon. Fig. b) shows the diameter function depending on
the rotation of the polygon. Rotation β = 0 corresponds to
the Fig. a). Fig. c) shows the distance path given a rotation.
The path length is split among forth, back, left and right
sections. Fig. d) shows the path and rotation of the polygon
that minimizes equation (6) when there is no wind.

1) Configuration: Both experiments were conducted for
a simple connected convex polygon, see Fig. 4(a). The
polygon has a notable different diameter depending on the
orientation, see Fig. 4(b). The multirotor UAV flight speed,
v, is 10 m/s that can be considered as a moderate fast speed,
commercial UAV maximal speed is around 16 m/s. Wind
direction is 90°(wind coming from south to north). Fig. 4(c)
shows the path length as the polygon is rotated, we can see
from the picture that the forth and back distances are almost
the same independently of the rotation. However some peaks
exist, those peaks occur for particular rotations where some
flight lines are added or eliminated. Recalling, the number
of flight lines is the diameter of the polygon divided by the
distance between lines, dx . However that number must be an
integer and in some cases it increases o decreases causing
discontinuities of the distance function. The optimization is
carried out by an unrestricted search with fixed step.
2) Wind speed variation: In this experiment we have
tested the method for different speeds of wind. The objective
is to analyze how the energy of the path varies depending
on the wind. We have tested 4 wind speeds: 0 m/s, 5 m/s,
10 m/s, 15 m/s. The results are summarized in Fig. 6. The
figure shows that even for the case of 5 m/s the lowest energy
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Figure 5: Best rotation and path for wind speeds bigger or
equal than 5 m/s.
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Figure 6: Estimated energy for different wind speeds.

B. Field experiments
In this experiment we survey a terrain using a S500
quadcopter and a GoPro4 camera. See fig. 8. The objective
of this experiment is to test the planner in a real scenario.
Before a flight, the terrain polygon is selected and saved
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consumption is reached when the rotation of the polygon
is close to 90°. The optimal rotation is shown in Fig. 5.
We can observe that the orientation is totally different from
the optimal path without wind. This result contrast with the
recommendations given for fixed wind aircrafts that has been
pointed in previous work [11], those recommendations says
that in wind conditions it is better to flight on the wind
direction. The method is selecting this solution because it
is dividing the power consumption among control speeds,
avoiding overcharge one control. For example, let us assume
that the aircraft is flying on the same direction than the wind,
when it has to flight against the wind, the front speed, uf ,
should be the wind speed plus the desired speed v, for this
example it is 20 m/s, at least. Besides that it is hardware
forbidden speed, that speed will consume a very high power,
accordingly to equation (10). Therefore, the result of the
method is to flight to the front at the desired speed and to
flight against the wind using the lateral speed.
3) Angle variation: In this test we have varied the wind
direction while the speed keeps constant. Aircraft speed is 10
m/s, wind speed is 5 m/s. The tested orientations of γw are:
0°, 45°, 90°, 135°. The results are summarized in Fig. 7. We
can observe from Fig. 7 that for each orientation the function
has an offset proportional to the wind orientation. We also
notice that the amplitude of the function varies, this occur
due to the shape of the polygon, since the wind is pointing
to a particular orientation with respect of the polygon, then
the paths have a different energy. Summarizing, we observe
a expected behavior of the method by observing an offset
of the function proportional to the wind orientation.
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Figure 7: Estimated energy function for different wind
orientations.

in Google maps as KML polygon. The file is read by our
planner and it outputs a waypoints file. Then, the file is
loaded into Mission Planner Software. Finally, the mission is
uploaded to the UAV and the flight is started. After the flight,
the gathered images are processed with Pix4D software in
order to build the map. Fig. 9 shows the terrain polygon
and the planned path. Fig. 10 shows the built mosaic. 315
images were captured with a trigger timing of 0.5 seconds.
The wind was 3m/s pointing to southwest. The UAV flying
speed was 4m/s. In this experiment the wind speed was
not enough to modify the orientation of the flight lines that
are perpendicular to the shortest diameter. We are currently
testing the planner in several weather conditions.

Figure 8: S500 Quadcopter and ground station. The quadcopter has GPS and Pixhawk controller. The camera is facing
to the ground and it is attached to the frame without gimbal.

orientation of the flight lines. We have reduced the estimated
energy consumption by finding the best orientation angle of
the flight lines. This orientation is not always on the same
direction than the wind, which contrast with the well known
flight recommendations of following the wind. This is an
adequate solution given that multirotor UAVs can move on
any direction and gimbals maintain the terrain on target.
The research in progress is to test different fitting methods
in order to obtain a better model of the power given the
speed. The analysis of the problem for fixed wing aircrafts
is left for future work.
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