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INTRODUCTION

Multiagent systems improve the performance, flexibility, and
robustness of the mission [1], including the common applica-

tions of exploration [2], search and rescue [3], and surveil-
lance [4], [5], among others. The formation problem requires
us to address important research topics, such as modeling and
control of agents [6], collision avoidance [7], mapping and
state estimation [8], and formation control and planning [9].

Regarding formation control and planning, the main
problem is to provide a group of coordinated agents to
perform specific tasks while keeping certain geometric
configurations. The coordination of the agents is key
research topic. When the operation is performed in limited
spaces or for collaborative tasks, the movements of the
agents have to be planned and coordinated efficiently. As
well, a computationally fast solution is also required so
that the travel speed can be maintained.

There exist several strategies that describe how to con-
trol the evolution of a formation. For instance, the multiagent
coordination problem is studied in Ogren et al. [10] under
the framework of Lyapunov control. Other approaches are
based on potential fields, which are combined in order to get
the desired behavior of the formation [11]. In other behav-
ior-based approaches [12], each agent has basic primitive
actions that generate the desired behaviors in response
to sensory inputs. A common solution in the leader—fol-
lowers approach, is the model predictive controller [13],
which was recently introduced for holonomic robots [ 14].

Another interesting approach is that by Olfati-Saber on
flocking for multiagent dynamic systems [15], subsequently
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adapted by lovino et al. [16] for UAV swarming with obsta-
cle avoidance capability. This method is based on collective
potentials between alpha agents that are flock members, beta
agents that are used to represent obstacles, and gamma
agents that represent partial objectives.

The main drawbacks of the methods cited before are,
among others, the mathematical complexity needed to
obtain satisfactory results and the existence of local min-
ima during the execution of the algorithms. As demon-
strated in Gomez et al. [17], the fast marching square
(FM?) approach shows a robust performance when it
comes to these two issues. This is why we have taken a
step toward its application to UAVs formations.

In this article, an approach is presented for the calcula-
tion of the trajectories that the UAVs of a formation must
follow when moving toward an objective, based on a
leader—followers scheme. At the same time, the followers
are positioned with respect to the leader according to a geo-
metric shape that can change, within a given range, in order
to face the environment’s characteristics [ 18], [20], [21].

Different from the approach in [17] and [18], referring to
indoor applications for mobile robots, the main contributions
of this article are as follows 1) the FM? technique is extended
to be applied in 3-D outdoor environments for UAVs forma-
tion applications with more restrictive kinematic constraints;
2) the FM? method is modified to introduce two adjustment
parameters p; and po that allow both changing the smooth-
ness of the paths and setting the flight level in a very intuitive
way and without adding computational complexity to the
approach; 3) the generated paths are optimal in terms of dis-
tance cost, safety, and smoothness; 4) the approach can be
equally applied when the number of followers is drastically
increased (two followers have been selected in this article
for the sake of simplicity), and even for swarm configura-
tions (no leader); 5) the planning method do not rely on
either probabilistic techniques or optimization methods (not
proper when it comes to certification issues), which makes it
more suitable for its use in real aviation applications.

The Problem Statement section presents the environ-
ment and the mission characteristics. The section on
UAVS Formation Approach presents an approach to
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create a formation composed of three UAVs and also
explains how this formation is able to adapt to the environ-
ment with respect to the ground. In the next section, we
address the path planning with flight-level constraint is
addressed. We then present and discuss results from two
cases of application: formation performance with and
without flight-level constraint. Finally, the main conclu-
sions of the work are outlined and guidance for future
work provided.

PROBLEM STATEMENT

PROBLEM STATEMENT

In this section, the problem statement is divided in two
different issues: First of all, the environment where the
path planning is carried out is described; later, the mission
for the UAVs formation is described.

ENVIRONMENT

The 3-D environment where the path planning for
UAVs formation is carried out is represented in
Figure 1. The left part of the figure represents an open
field with mountainous terrain, where the surface is
rather uneven. The 3-D grid map has a dimension of
120 x 90 x 40 cells, where each cell of the map is
equivalent to 15 x 15 x 15 m. It is not necessary to

Figure 1.

Credit: Image licensed by Ingram Publishing

consider the sizes of the UAVs, since it is assumed to
be smaller than the size of a cell. On the other hand,
the right part of the figure represents the frontal view
of the environment, where two lateral mountains are
appreciated. These two mountains form a fissure,
which will be crossed by the UAVs formation.

MISSION FOR THE UAVS FORMATION

The mission presented requires a UAVs formation moving
throughout an open field, avoiding any obstacle in the ter-
rain. There are several types of formations; however, this
article focuses on a leader—followers formation. That is,
the trajectory is calculated for a single UAV (leader),
which flies from a start position to a goal position, being
the head of the formation, and rest of the UAVs (fol-
lowers) follow the leader respecting several geometrical
relations. The formation in this article is formed by three
UAVs that compose a triangular shape among them. The
formation will avoid any obstacle in the environment,
deforming and adapting the path to its characteristics, and
also taking into account the rest of the UAVs of the
formation.

The approach implemented to find the trajectory for the
leader and its followers is based on our FM? approach. The
method to achieve a restriction in flight level is implemented
here, keeping the leader with a fixed flight level with respect
to the ground. This entire process is explained in the follow-
ing sections.

The left side of the image shows the 3-D simulated representation of the open field environment. The right side shows the front view of the

environment.
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Figure 2.
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The fast marching square (FM?) method. (a) Binary map W. (b) Velocities map W. (c) Time of arrival map D. (d) Resulting path.

FAST MARCHING AND FAST MARCHING SGUARE METHODS

The fast marching method (FMM), introduced by Sethian
[22], generates optimal trajectories in terms of distance.
However, this is not the only thing to take into account
when carrying out a path planning for a robot. The trajec-
tory must be smooth without sharp curves, always respect-
ing a certain turning radius. Also, the trajectory must have
safety margins with respect to the obstacles to prevent
accidents with the environment. These two deficiencies
are solved by applying the FM? method.

The FM? method was introduced by Garrido et al. [19]
and, as mentioned above, is based on applying the FMM
twice. The first time that FMM is applied, a potential map
W is generated, then, the FMM is applied again to generate
the path between two points. The procedure to obtain a
path between two points is as follows.

FAST MARCHING SEUARE METHOD

o Environment (W,): The input of the method is a 3-D
grid map, which is read as a binary map [see Figure 2
(a)]. The obstacles are identified with value 0 (black)
and the free space is identified with value 1 (white).

o Velocities map (W): Each cell of the grid map labeled
as obstacle is used as source point of the FMM. In this
way, a potential map is generated as shown in Figure 2
(b). This map in grayscale is rescaled to fix the maxi-
mum and minimum values as 1 and 0, respectively.
The value of each cell is proportional to the distance
from the obstacles; in other words, now the free space
keeps a certain distance from the obstacles. This map
is also called velocities map because the value of each
cell can be interpreted as the speed of the vehicle, that
is the speed is faster when the vehicle is far from the

obstacles (clear areas) and the speed is slower when
the vehicle is approaching obstacles (obscured areas).
But in this article, the speed has not been considered
when carrying out the path.

e Time of arrival map (D): The FMM is applied again
over the map W, where the wave is expanded from the
goal point until the start point. The result of this process
is the time of arrival map D shown in Figure 2(c).

e Resulting path: The resulting path [see Figure 2(d)]
is obtained applying the gradient descent over D
from the start point to the goal point. The resulting
path is the most optimal in terms of smoothness and
safety.

However, many times the resulting paths are not optimal
in terms of safety margins or smoothness, since the path
does not befit the requirements of the mission. Thus, W
can be modified according to certain specifications, such
as security margins and kinematics of the vehicle.

Each cell of the map W can be raised to a value specified
by the user. This value is called adjustment parameter. This
procedure causes a lightening or darkening of W, as shown
in Figure 3(a). If the cells are raised to a value greater than 1,
the map is darkened, producing paths with sharp curves and
further away from the obstacles. By contrast, if the cells are
raised to a value smaller than 1, the paths are smoother and
closer to the obstacles [see Figure 3(b)].

It is noteworthy that, thanks to the adjustment parame-
ters introduced in the path planning algorithm, feasible
trajectories for the UAVs can be achieved. In [23], Gonzalez
et al. have proven to generate paths with adaptive smooth-
ness and compatible with UAV kinematic restrictions,
where the paths resulting from FM? are compared with those
resulting from considering the Dubins model.
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(a)

Figure 3.

W raised to different values. (a) W raised to % (b) W raised to %

Besides, since the method guarantees feasible paths
without the need to implicitly include the kinematic mod-
els into the algorithm, the computational cost is reduced
considerably, allowing this algorithm to be executed even
in real time for dynamic environments. This characteristic
will be explored in future research.

LAVS FORMATION APPROACH

UAVS FORMATION APPROACH

This section presents the approach to create a formation
composed of three UAVs with triangular shape, which
operates in a 3-D open field environment. It also explains
how this formation is able to adapt to the environment,
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deforming according to a fixed flight level with respect
to the ground. The algorithm used in this approach is an
adaptation of the FM? path planner method described in
Gomez et al. The improvements included here are: 1) the
adaptation of the formation to a 3-D environment, and 2)
the imposition of a fixed flight level with respect to the
ground for the leader. As mentioned above, the formation
considered follows the leader—followers configuration. The
positions of each follower are determined with geometric
equations according to the leader’s pose; that is, each posi-
tion of the followers is found taking the position of the
leader as reference. These geometric relations are shown in
Figure 4, where v is the direction of the leader, . is the per-
pendicular to the direction, and the partial goals are the
next positions for each follower. In the following section, a
detailed description of our approach is presented.

d1*v+B1*d2"u~

\

Behavior of the UAV formation algorithm. (a) Main components. (b) Triangular-shaped UAV formation. (c) Partial goals according to the
leader position. (d) Partial goals according to the obstacles of the environment.
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()

Figure 5.

(d)

UAVs formation approach. (a) UAVs formation following a path. (b) First potential map taking the leader and one follower as obstacles. (c)
First potential map taking the followers as obstacles. (d) Second potential map taking the followers as obstacles.

UAVS FORMATION ALGORITHM

As described previously, the FM? technique uses the
FMM twice to create two different potential maps. The
first time, the FMM creates a potential map identified as
W, and the second time it generates a wave front growing
into W and giving the map 7" as a result. To achieve the
deformation of the triangular shape formation, not only
the characteristics of the environment are taking into
account, but also the complete UAVs set. For this reason,
each of these vehicles is treated as an obstacle in the envi-
ronment. Each of the UAVs, like the rest of obstacles,
must have additional repulsive forces, preventing them
from colliding with each other. Therefore, the integration
of the potential given by the FMM into each UAV of the
formation is necessary. The steps to follow for the forma-
tion planning are detailed next:

1) The environment map is read as a binary map (W),
where the obstacles are identified with value 0
(black) and the free space with value 1 (white).

2) The FMM is applied to W, generating the first
potential map W.

3) The FMM is applied again into W giving rise to the
second potential map 7.

4) The gradient descent is applied over 1" according
to the FM? method. The generated path is the route
to be followed by the leader.

5) Once the path for the leader has been generated, a
loop starts generating each path that the followers
must follow.

The movement of each UAV; is represented by a
cycle ¢, where the path for each of them toward their next
position is calculated. This next position is the partial
goal, which the followers have to reach in each cycle. The
cycles t are generated by a loop, which is described as
follows:

e Each UAV; of the formation is included in its binary
map W}, together with the rest of the UAVs, leaders
and followers, labeled as obstacles. Figure 5 (a) repre-
sents the original binary map W/, with the obstacles
in black (value 0) and the admissible part in white
(value 1).

e For each UAV,, a new first potential VV} is gener-
ated from W/, in each cycle 1. Figure 5(b) shows
the W} gray map obtained from the initial binary
map W!, with two black points representing the
leader and the other follower. Then, the FMM is
applied using as initial points all the black ones.
This step can also be done using the distance trans-
form (in MATLAB the “bwdist” command), but the
performance is not that good because of its discrete
nature. Figure 5(c) represents the W} gray map cor-
responding to the leader, obtained from the initial
binary map W, with two black points representing

0,1
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the two followers and then applying the FMM using
as initial points all the black ones.

e The partial goals Pd(x,,;, Y, j» 74;) for each follower
are calculated from the position of the leader. These
partial goals indicate the desired next position for
each follower; when that position is calculated, the
obstacles of the environment (including the rest of
UAVs) are taken into account. For this purpose, the
gray level of each partial goal’s position is calcu-
lated, thus modifying the distances (edges) of the
triangle shape. This method works as a repulsive
force with the obstacles of the environment. Figure 4
shows how the geometry of the formation is
affected and how the next partial goals are calcu-
lated, where the triangular shape distances for fol-
lower 1 and follower 2 are given by following:

Pdpy; =P; —2-di-v+ By -da-u )
Pdpyi =P —2-dy-v— Bpyi1-dy-u

In these equations, Fj; is the position of the
leader, Pdfy; and Pdyy; are the desired positions
of the followers, d; and dy are the safety distances
in the direction of the leader and in perpendicular
direction between the UAVs, shown in Figure 4
and By and Bpa,q are 2 — Wi, where
Wt is the gray level of the follower’s current
position (level of proximity to obstacles)

By =2 - Wit @
By =2 — Wit
The generalization for regular polygons of n
sides, with the leader as fist vertex and radius r
(distance from the center to the vertices) is

2k 2k
Pl = P+ 7+ [Bfk,_m % cos (—”) ,sin (—”) : 0}
n n

where P,; is the position of the leader and Pd . ; is
the position of the follower k. The term By, ;11
represents the safety margin in perpendicular
direction.

As has been noted, the distances are only modified
in the plane = — y; this means that the flight level
for the followers is the same as that of the leader.
For the case when a flight level is fixed, the flight
level of each follower is stipulated by the terrain.

e The second potential map 77 is obtained applying
the FMM into W/. Figure 5(d) shows how the FMM
is applied taking into account the followers as
obstacles.

Manje et al.

e The gradient descent is applied into 7 obtaining the
path for each UAV; from its current position until
its partial goal.

e Each follower moves forward following the gener-
ated path until a new iteration is completed. The
low computational cost of the FM? method allows
an adequate refresh rate. All this process is summa-
rized in Figure 6.

Regarding the execution of follower cycles, each
cycle is executed with the minimum time span possible
between cycles, and this time spam depends on the
planning algorithm computational cost and the number
of followers. Once the partial paths are calculated for
each UAV in a cycle, the next cycle starts immedi-
ately. Table 1 has been computed in order to show the
computation time required for each cycle depending on
the number of followers. The number of followers has
been increased from two to four, the computation time
being around 2.5 s, and showing a linear growth with
the number of UAVs.

PATH PLANNING WITH FLIGHT-LEVEL CONSTRAINT

The characteristic that makes the FM? method so interest-
ing is that by modifying the gray levels of matrix W, it is
possible to generate the desired trajectories.

Algorithm 1. Introduction of the flight level in the
method.

Require: The velocities map W of a gridmap G of size m
xnxl.

Require: Flight level L,, with respect to the ground.
Require: Adjustment parameters p; and ps.
Ensure: The velocities map W with the clarified flight
level cells.

1: for kto [ do

2: for jtondo

3 for i to m do
4 Sur faceValue «— Sur face(i, j)
5 if k= (L, + SurfaceValue) then
6: Wi j ke < (’ll)i"j‘k)pl
7 else
8: wi g — (wijp)
9: end if
10: end for
11: end for
12: end for

In many cases there are restrictions on an absolute
flight level, or on the surface of the terrain. The restric-
tions refer to the trajectory with the exception of the start
and end points.

As the fast marching wave front propagates more rap-
idly through the lighter areas, it is necessary to impose
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Figure 6.

UAVs formation computation flow.

that the pixels corresponding to the desired flight level are °
clearer in the W matrix.
It should be noted that the method works with a
3-D grid. Therefore, it is enough to clarify the desired
W layers and darken the unwanted ones, as shown in
Figure 7.
The method to apply these ideas into FM? and to set a
level of flight relative to the terrain is shown in Algorithm
1. As you can see, two adjustment parameters p; and py
are used to clarify or obscure the cells of matrix W in °
order to obtain the desired trajectory.
The process to modify the gray level of the cells of
matrix W is the following:

First, the elevation of the terrain is calculated (see
Algorithm 1, line 4), based on the first layer of the
matrix that is considered to be sea level.

Second, the desired flight level is added to the value
of the elevation of the terrain (Algorithm 1, line 5).
To clarify these cells, their value is raised to p;
(Algorithm 1, line 6). This forces the trajectories to
go through these layers.

To obscure the rest of the layers, the value of the
corresponding cells is raised to py (Algorithm 1,
line 8). This makes it more difficult for the trajecto-
ries to pass through them.
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Table 1.

Computation Time in Seconds Required for Each Cycle

Depending on the Number of Followers

Grid map dimension (cells) 120x90x 40
Leader+2 followers 2,10
Leader+3 followers 2,35
Leader+4 followers 2,58

RESULTS AND DISCUSSION

The path for the leader is planned from a start point to a
goal point with the approach based on the FM? method,
taking into account the simulated environment and main-
taining a fixed flight level with respect to the ground. The
path for the followers is estimated by geometric equations,
where the goal point of each follower is placed according
to the leader’s pose. Any obstacle in the terrain is avoided
by all the UAVs of the formation.

The simulation results carried out show how the forma-
tion of three UAVs is maintained during the whole plan-
ning and is only deformed when the UAVs avoid the
obstacles of the environment. Here, two cases are pre-
sented: The first case presents a planning without altitude
constraint for the UAVs formation; the second case
presents a planning with altitude constraint for the same
formation. In this latter case, the fixed flight level is main-
tained by the leader of the formation, using parameters p;
and po to modify the map W accordingly. The followers
have a fixed flight level imposed by the user, which, in this
case, is the same as the flight-level restriction for the leader.
In this way, it is appreciated how the formation changes
according to the different flight levels of its agents.

The start and goal points are the same for both cases,
being ps (40, 30, 25) and p, (40, 112, 30), respectively.
Next, the two simulation cases are discussed in detail.

CASE I FORMATION WITHOUT FLIGHT-LEVEL CONSTRAINT

The aim of this experiment is to plan the optimal trajectory
for a UAVs formation without imposing a fixed flight level
with respect to the ground. We will test how the formation is
deformed when the UAVs find obstacles in their paths and
how they avoid other agents of the formation. Figure 8
shows the results after running the algorithm for this particu-
lar case, presenting the resulting sequence of movements.
The distance between UAVs is eight cells and each frame of
the sequence is chosen in time intervals of 20 s, approxi-
mately. Figure 8(a) shows the movements of each element
of the formation. The green triangle represents the partial
objective for each UAV, that is to say, the desired position

Manje et al.

Clarified layer Obscured layer

Figure 7.
The top image shows the 3-D grid map of the environment. The
lower image shows clarified and obscured layers of the map W.

for each UAV, while the red triangle represents the real posi-
tion for each UAV. Figure 8(b) shows the same movements
as in the previous sequence, but referring to the map W. The
altitude at which each UAV is flying is 30 cells, approxi-
mately. As can be seen, each UAV is represented as an
obstacle in the environment, which avoids the agents from
colliding with each other. Furthermore, Figure 9 shows the
simulated path with respect to the ideal path and the terrain.
It can be seen how the UAVs do not maintain a fixed flight
level with respect to the ground. The computational time of
the total planning, including the loop for the planning of the
followers, is about 130.6 s.

CASE 2: FORMATION WITH FLIGHT-LEVEL CONSTRAINT

This second case analyzes the optimal trajectory for a
UAVs formation with a fixed flight level with respect to
the ground. Here, the computed trajectory for the leader is
the result from the FM? algorithm. However, the flight
level of the followers has been fixed by the user at the
same value specified for the leader. In this wayi, it is appre-
ciated how the formation adapts to the environment taking
into account the different flight levels of each of its ele-
ments. To maintain the corresponding flight level for the
leader, it is necessary to fix the values of p; and po as
explained in the section “Path Planning With Flight-level
Constraint.” In this case, the values of p; and p, has been
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Figure 8.

Sequence without flight-level restriction. (a) Normal map. (b) Map W from leader perspective.
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Figure 9.
Comparison of the resulting path without flight restriction against

the ideal path and the terrain profile: (a) leader; (b) follower 1; (c)
follower 2.
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fixed to 1 and 0.5, respectively, and the altitude with
respect to the ground is seven cells. As has been discussed
previously, the values chosen for p; and p, allow to main-
tain the desired altitude and give a sufficient smoothness
to the path. Figure 10(a) shows the sequence of move-
ments of each UAV as component of the formation. Each
frame of this sequence is taken in time intervals of 50 s.

This time increment is due to a higher computation
cost imposed by the introduction of the flight level into
the algorithm. Figure 10(b) shows the same sequence, but
referring to the map W from the perspective of the fol-
lower 1. As can be seen, in some movements a single
UAV appears as obstacle.

The paths of each agent of the formation can be seen
in Figure 11. Unlike the previous case, the leader flight
respects the flight level with respect to the ground at its
particular positions, and the followers flight level changes
in all points, depending on the value fixed by the user. In
this case, the computational time of the total planning is
about 135.6 s.
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Figure 10.

(b)

Sequence with flight level 7 restriction. (a) Normal map. (b) Map W from follower 1 perspective.

A previous work by Gomez et al. [24] presents a
deeper discussion on how the computation time changes
with the number of cells of the environment. The article
shows that the FMM and its variants are very competitive
to this respect.

CONCLUSIONS AND FUTURE WORKS

This article has introduced the path planning problem for
3-D UAV formations based on our FM? algorithm. The
approach has been based on a leader—followers scheme
and the flight-level constraint has been considered.
The simulation results have shown that the formation is
able to adapt its shape so that the obstacles are avoided at
the same time that it fulfils the flight-level restriction.

Our approach has been proven with successful results.
The approach works in different irregular surfaces and for
different vision fields of the UAV, obtaining always the
feasible path with minimum cost. This results demonstrate
that our approach generates paths to save energy or fuel,

MAY 2020
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Figure 11.

Comparison of the resulting path with flight restriction against the
ideal path and the terrain profile: (a) leader; (b) follower 1; (c)
follower 2.
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and in addition, generates trajectories compatibles with
the kinematics of the UAV.

In further research, the explicit relationship
between the adjustment parameters p; and p, and the
kinematic and dynamic constraints of the UAV will be

studied.

ACKNOWLEDGMENTS

This research was supported by RoboCity2030-DIH-CM
Madrid Robotics Digital Innovation Hub (Robdtica aplicada
a la mejora de la calidad de vida de los ciudadanos, Fase IV;
S2018/NMT-4331), funded by Programas de Actividades I
+D en la Comunidad de Madrid and cofunded by Structural
Funds of the EU.

[1] M. Martin, P. Klupar, S. Kilberg, and J. Winter, “Techsat
21 and revolutionizing space missions using micro-
satellites,” in Proc. IAIAA/USU Conf. Small Satellites,
2001, pp. 1-10.

[2] A. Dewan, A. Mahendran, N. Soni, and K. Krishna,
“Heterogeneous UGV-MAYV exploration using integer pro-
gramming,” in Proc. AIAA/USU Conf. Small Satellites
Intell. Robots Syst., 2013, pp. 5742-5749.

[3] S. Hauert, J. Zufferey, and D. Floreano, “Reverse-engi-
neering of artificially evolved controllers for swarms of
robots,” in Proc. IEEE Congr. Evol. Comput., 2009,
pp. 55-61.

[4] J. Acevedo, B. Arrue, I. Maza, and A. Ollero,
“Cooperative large area surveillance with a team of aerial
mobile robots for long endurance missions,” J. Intell.
Robot. Syst., vol. 70, no. 1-4, pp. 329-345, 2013.

[5] M. Likhachev et al., “Planning for opportunistic surveil-
lance with multiple robots,” in Proc. IEEE/RSJ Int. Conf.
Intell. Robots Syst., 2013, pp. 5750-5757.

[6] S. Bouabdallah, “Design and control of quadrotors with
application to autonomous flying,” PhD dissertation, Ecole
Polytechnique Federale de Lausanne, Lausanne, Switzer-
land, 2007.

[71 S. Krabar, “Reactive obstacle avoidance for rotorcraft
UAVS,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,
2011, pp. 4967-4974.

[8] S. Shen, N. Michael, and V. Kumar, “3D estimation and
control for autonomous flight with constrained

computation,” in Proc. IEEE Int. Conf. Robot. Automat.,
2011, pp. 4967-4974.

[91 T. Hino, “Simple formation control scheme tolerant to
communication failures for small unmanned air vehicles,”
in Proc. Int. Congr. Aeronaut. Sci., 2010, pp. 1-9.

[10] P. Ogren, M. Egerstedt, and X. Hu, “A control Lyapunov
function approach to multiagent coordination,” /EEE
Trans. Robot. Autom., vol. 18, no. 5, pp. 847-851,
Oct. 2002.

48 |EEE AGE SYSTEMS MAGAZINE

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

M. Zhang, Y. Shen, Q. Wang, and Y. Wang, “Dynamic
artificial potential field based multi-robot formation con-
trol,” in Proc. IEEE Instrum. Meas. Technol. Conf., 2010,
pp. 1530-1534.

Z. Cao, L. Xie, B. Zhang, S. Wang, and M. Tan,
“Formation constrained multi-robot system in unknown
environments,” in Proc. IEEE Int. Conf. Robot. Autom.,
2003, pp. 735-740.

A. Ahmad, T. Nascimento, A. Conceicao, A. Molina, and
P. Lima, “Perception-driven multi-robot formation con-
trol,” in Proc. IEEE Int. Conf. Robot. Autom., 2013,
pp. 1851-1856.

K. Kanjanawanishkul and A. Zell, “A model-predictive
approach to formation control of omnidirectional mobile
robots,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,
2008, pp. 2771-2776.

R. Olfati-Saber, “Flocking for multi-agent dynamic sys-
tems: Algorithms and theory,” IEEE Trans. Autom. Con-
trol, vol. 51, no. 3, pp. 401-420, Mar. 2006.

S. Tovino, A. R. Vetrella, G. Fasano, D. Accardo, and
A. Savvaris, “Implementation of a distributed flocking
algorithm with obstacle avoidance capability for UAV
swarming,” in AIAA Information Systems-AIAA Infote-
ch@Aerospace, Jan. 2017. [Online]. Available: https://doi.
org/10.2514/6.2017-0878

J. Gomez, A. Lumbier, S. Garrido, and L. Moreno,
“Planning robot formations with fast marching square
including uncertainty conditions,” J. Robot. Auton. Syst.,
vol. 61, no. 2, pp. 137-152, 2013.

D. Alvarez, J. Gomez, S. Garrido, and L. Moreno, “3D
robot formations planning with Fast Marching Square,” J.
Intell. Robot. Syst., vol. 80, no. 3, pp. 507-523, 2014.

S. Garrido, L. Moreno, M. Abderrahim, and D. Blanco,
“FM?: A realtime sensor-based feedback controller for
mobile robots,” Int. J. Robot. Autom., vol. 24, no. 1,
pp- 31693192, 2009.

S. Garrido, L. Moreno, and P. Lima, “Robot formation
motion planning using fast marching,” J. Robot. Auton.
Syst., vol. 59, no. 9, pp. 675-683, 2011.

W. Yu, G. Chen, and M. Cao, “Distributed leader-follower
flocking control for multi-agent dynamical systems with
time-varying velocities,” Syst. Control Lett., vol. 59, no. 9,
Pp. 543-552, 2010.

J. A. Sethian, “Theory, algorithms and applications
of level set methods for propagating interfaces,” Acta
Numerica, vol. 5, pp. 309-395, 1996.

V. Gonzilez, C. Monje, L. Moreno, and C. Balaguer,
“Fast marching square method for UAVs mission planning
with consideration of Dubins model constraints,” IFAC-
PapersOnLine, vol. 49, no. 17, pp. 164-169, 2016.

J. V. Gomez, D. Alvarez, S. Garrido, and L. Moreno, “Fast
methods for eikonal equations: An experimental survey,”
IEEE Access, vol. 7, pp. 39005-39029, 2019.

MAY 2020

Authorized licensed use limited to: UNIVERSIDAD CARLOS Il MADRID. Downloaded on December 14,2022 at 09:24:12 UTC from IEEE Xplore. Restrictions apply.


https://doi.org/10.2514/6.2017-0878
https://doi.org/10.2514/6.2017-0878


<<
  /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 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


