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Abstract This paper presents a Conflict De-
tection and Resolution (CDR) method for co-
operating Unmanned Aerial Vehicles (UAVs)
sharing airspace. The proposed method detects
conflicts using an algorithm based on axis-aligned
minimum bounding box and solves the detected
conflicts cooperatively using a genetic algorithm
that modifies the trajectories of the UAVs with
an overall minimum cost. The method changes
the initial flight plan of each UAV by adding
intermediate waypoints that define the solution
flight plan while maintaining their velocities. The
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method has been validated with many simulations
and experimental results with multiple aerial vehi-
cles platforms based on quadrotors in a common
airspace. The experiments have been carried out
in the multi-UAYV aerial testbed of the Center for
Advanced Aerospace Technologies (CATEC).
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1 Introduction

The research and development activities on sys-
tems of multiple Unmanned Aerial Vehicles
(UAVs) have experienced a significant increase in
the last years [1-4]. In all these cases a common
problem is to maintain a safety separation among
all UAVs. Therefore, a Conflict Detection and
Resolution (CDR) method is needed in all the
Multi-UAYV scenarios.

In [5] a detailed survey on CDR techniques is
presented. In [6] all UAVs involved in a collision
change their speed profile in a centralized way to
solve the collision. Other methods are based on
mixed-integer linear program (MILP) [7, §]. In
[7] the conflict is solved by changing speed to a
large number of aerial vehicles. However, some
conflicts cannot be solved just changing velocities
of aerial vehicles which are subject to velocity
change constraints. On the other hand, methods
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like the one presented in [8] do not consider
mobile obstacles. A method for multiple aerial
vehicle conflict avoidance is proposed in [9]. It
is assumed that aerial vehicles cruise at constant
altitude with varying velocities and that conflicts
are solved in the horizontal plane using heading
change, velocity change, or a combination thereof.
The algorithm presented in [10] is based on a
geometric approach for pairwise non-cooperative
aircrafts collision avoidance.

Other CDR methods have been proposed such
as application of game theory approach [11], ant
colony optimization [12], evolutionary techniques
[13], and multi-objective evolutionary algorithms
[14].

It is important to point out that solving a CDR
problem considering multiple mobile UAVs is
NP-hard [15]. Some differential constraints given
by the model of the aerial vehicle should be
considered. Sampling-based techniques, as op-
posed to combinatorial techniques, are usually
preferred in these NP-hard problems [16]. There-
fore, the application of evolutionary techniques
is an efficient and effective alternative for this
problem [13].

In this paper, a cooperative CDR method has
been implemented where the detection algorithm
is based on axis-aligned minimum bounding box
and the resolution algorithm is based on ge-
netic algorithms. Each UAV changes its trajec-
tory maintaining its velocity to solve the detected
conflicts collaborating with the rest of vehicles.
The method is validated with many simulations
and flight experiments using four quad-rotors.

This paper is organized as follows. Section 2
states the problem formulation. Section 3 de-
scribes the proposed CDR method and its imple-
mentation. Section 4 describes the testbed used to
carry out the experiments and the obtained results
in simulations and experiments. Finally, conclu-
sions and future work are described in Section 5.

2 Problem Formulation
Consider the detection and resolution of conflicts
between unmanned aerial vehicles (UAVs) in a

common airspace. The UAVs can fly in different
flight levels and the separation among them
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should be greater than a given safety distance
(horizontal and vertical minimum separation). It
is also assumed that velocity changes are not
allowed. The solution only considers the addition
of intermediate waypoints. Therefore, after a pos-
sible collision is detected, the problem is solved
when a collision-free trajectory for each UAYV is
computed, where the trajectory is defined by a
sequence of waypoints. All UAVs cooperate to
solve the problem changing their initial trajectory.

The information needed to solve the problem is
the following:

1. the sequence of waypoints that each UAV will
follow

2. the parameters of the model of each UAV in
the airspace

3. the initial location and goal location of each
UAV

The objective is to find collision-free trajecto-
ries while minimizing the changes of the trajec-
tory of each aerial vehicle. The initial trajectories
generating the conflict and the final collision-free
trajectories than solve the problem should have
the same initial and goal locations.

3 Proposed CDR Method

The proposed CDR method can be split into the
following two steps.

3.1 Detection Algorithm

The proposed detection algorithm is based on
axis-aligned minimum bounding box. This tech-
nique presents as advantages a low time of
execution, which is required for real-time imple-
mentation, and the need of few parameters to
describe the system: each box is defined by the
three intervals, one by axis. A point will be in
the box if each one of its coordinates belongs to
the correspondent intervals of the box.

On the other hand the above technique
presents two disadvantages: it is not very accurate
and it depends on the coordinate axes.

Each aerial vehicle is represented with two
joined boxes, horizontal and vertical box, with a
common centre (see Fig. 1). The measurements
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Fig. 1 Detection algorithm based on axis-aligned mini-
mum bounding box. Each aerial vehicle is described by
two boxes

of the horizontal box are related to the min-
imum horizontal separation between aerial ve-
hicles while the vertical box is related to the
vertical separation. It is also possible to relate the
dimensions of these boxes to the uncertainty in the
predicted trajectories [6]. Thus, the minimum sep-
aration, S, between two aerial vehicles is defined
by the dimension of both joined boxes.

A collision is detected when there is an over-
lap between the intervals that define each box
(see Fig. 2). Thus, the 3D problem is reduced
to three problems of overlaping intervals, one

Fig.2 System described
by boxes. A and B
overlap (collision)

in each coordinate. Let us consider the intervals
in one coordinate A = [A;, A.] and B = [B;, B,].
The condition of overlap for this coordinate is
given by:

(Ae > Bi) A (Ai < Be) 1)
3.2 Resolution Algorithm

The proposed conflict resolution algorithm is
based on genetic algorithms and is aimed to
achieve an optimal, or near-optimal, solution un-
der specific constraint conditions. The collision-
free trajectory of each aerial vehicle is computed
by generating intermediate waypoints between its
initial location and its goal location.

Figure 3 shows a flow chart of the algorithm.
The individuals are coded by sequences of way-
points that represent a possible trajectory for
each aerial vehicle. The fitness of each individ-
ual is computed by means of the following cost
function:

Cost; = L; + P, collision (2)

where [ indicates the ith iteration, L; is the sum
of the length of each aerial vehicle trajectory and
P; couiision 15 the penalty added when a collision
is detected. In this case, Pjconision = 10L;. The
crossover and mutation operators are considered
in the algorithm. By iteration of the selection
and reproduction processes, the algorithm ends up

Collision
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Fig. 3 Flow chart of the resolution algorithm based on
genetic algorithms

computing a near-optimal solution that ensures a
collision-free trajectory for each aerial vehicle.

In particular, the chosen operators are uniform
crossover and Gaussian mutation with standard
deviation equal to one. The selection function is
the Roulette Wheel [20] and the algorithm ends
when it gets to a given number of iterations.

A model of the aerial vehicle is needed to sim-
ulate and evaluate the suitability of the generated
trajectories. Different models [6, 17, 18] can be
used in the proposed algorithm. The selection of
the model should be done taking into account the
allowable executing time and accuracy needed.

4 Simulations and Experiments

Many simulations and several experiments have
been carried out to validate the proposed method.
The experiments have been carried out in
the multi-UAYV testbed of the Center for Ad-
vanced Aerospace Technologies (CATEC) (see
Section 4.1).

The algorithms have been run in a PC with a
2 GHz Dual Core processor and 2 GB of RAM.
The operating system was Kubuntu Linux with
kernel 2.6.32. The code has been written in the
C++ language and compiled with gcc-4.4.1.
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Fig. 4 Hummingbird quadrotor from ascending technolo-
gies used in the experiments

Taking into account the characteristics of the
aerial vehicles involved in the simulations and
experiments (see Figs. 4 and 5), the detection
algorithm considered the following dimensions of
each box: horizontal box 1.5 m x 1.5 m x 1 m
and the vertical box 0.8 m x 0.8 m x 1.6 m.
Thus, the minimum separation, S, between two
aerial vehicles is defined by the dimension of the
box. The minimum horizontal separation between
aerial vehicles in XY plane was S,, = 1.5 m, and
the vertical separation in Z axis, S; = 1.6 m.

Next sections describe the multi-UAV test-
bed and the results obtained in simulations and
experiments.

Fig. 5 CATECs testbed



J Intell Robot Syst (2012) 65:495-505

499

4.1 Indoor Multi-UAYV Aerial Testbed

CATEC facilities have an indoor multi-UAYV test-
bed that can be used to develop and test coopera-
tion algorithms applied to multiple aerial vehicles
(see Fig. 5). The useful volume where tests can be
conducted is a box with a base of 14 x 14 meters
and 5 meters height. The testbed has an indoor
localization system based on 20 VICON cameras
(see Fig. 5) that only needs the installation of
passive markers on each of the aerial vehicle. This
system is able to provide, in real-time, the position
and attitude of each aerial vehicle with centimeter
accuracy, even if we are conducting test with more
than 10 quadrotors.

The quadrotors used in these experiments (see
Fig. 4) have 200gr payload and up to 20 minutes
flight autonomy.

4.2 Simulations

In order to check the properties of the proposed
CDR method, a comprehensive set of tests has
been carried out. This section is divided in two
subsections. The first is devoted to the design of
the set of tests. The second one shows the results
of the tests and an analysis of the method. The
aim is to know the characteristics of the proposed

CDR method with respect to time of execution,
cost and number of iterations needed to com-
pute a particular level of optimality. Thus, these
parameters can be configured depending on the
specifications of the problem.

4.2.1 Test Set Design

Whenever a new collision-free path planning algo-
rithm is studied, a problem of the method arises:
the definition of a metric to evaluate the results.
In cases of difficult path or motion planning prob-
lems for only one mobile object, there are some
de facto benchmark standards in the academic
context, like the bug trap or the alpha test [19].
However, this is not the case when dealing with
multiple object planning.

Therefore, a test set has been developed in a
given scenario to validate the proposed method.
This set provides a way to measure the proper-
ties of the method regarding time of execution,
optimization and level of scalability with number
of UAVs. Furthermore, the test set and the design
methodology can be useful for comparison with
other methods developed in the future.

The scenario has a base of 20 x 20 dimensional
units and 10 dimensional units of height. Different
problems are defined considering the same

Fig. 6 Random test 1. For each test
generation algorithm
2. While the test is not valid
3. For each UAV
4. Choose a random entry face
5. Choose a random exit face from the resting 3
6. Choose entry and exit points from the

corresponding entry and exit faces

7. Add M random intermediate waypoints
8. Check for the plan validity
9. end for

10. end while

11.end for
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Fig. 7 Time of execution against number of UAVs after
100 iterations

scenario, as well as the same random problem
generation process.

Each problem is formulated as a set of entry
and exit points located in one of the lateral faces
of the scenario, i.e., nor entry nor exit points
are allowed in the top and bottom faces of the
scenario. The faces are sampled into a discrete
grid in order to have a finite set of allowed entry
and exit points.

The adopted strategy is regressive. Random
candidate solutions are generated and the prob-
lem is defined using them when they are found.
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Fig. 8 Time of execution against number of iterations.
Parameterized for number of UAVs
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Fig. 9 Median of minimum cost of the population through-
out successive iterations

The random generation process of the tests is
performed following the algorithm in Fig. 6. For
each UAV, an entry face is randomly chosen,
selecting an uniformly random number between
1 and 4 (line 4). Then, the exit face is randomly
selected from the resting 3 faces (line 5). En-
try and exit points are randomly selected from
the corresponding face grid (line 6). A certain
number, M, of intermediate waypoints inside of
the scenario along with the entry and exit points
define the flight plan.

2 uavs
—— 3 uavs ||

4 uavs ||
5 uavs

B uavs [
7 uavs

Median of the minimum normalized cost

0 L L | |
0 10 20 30 40 50 60 70 80 90 100
Number of iterations

Fig. 10 Normalized cost throughout successive iterations.
The line marks the 90% optimality
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Fig. 11 Evolution of 3D flight plans with 4 UAVs throughout various iterations: 6th in dotted line, 12th in dash dotted line,

18th in dashed line and 25th iteration in solid line

The line 8 of the algorithm should ensure the
following:

e The solution is valid, i.e. UAVs do not collide
e The initial plans generate a conflict, i.e. the
UAVs initial plans lead to collision

The test set consists of 90,000 different problems
grouped by the number of UAVs involved, from 2
to 10, in subsets of 10,000 tests. This classification,
using the number of UAVs, is useful to study
the scalability characteristics of the method (see
Section 4.2.2).

4.2.2 Test Execution Results

The dimensions of the scenario are 20 m x 20 m x
10 m. The number of intermediate waypoints, M,
isset to 1.

The tests have been carried out in the same
computer (see Section 4) and under the same
conditions. This is relevant for the time-related
comparison and scalability performance figures.

40 tests have been performed for each subset.

Figure 7 shows the rise of the time of execu-
tion with the number of UAVs involved. Each
box of the figure depicts statistics of the 40 tests

performed for a given number of UAVs. The
central mark is the median, the edges of each box
are the 25th and 75th percentiles, and the whiskers
extend to the extreme data points.

Another interesting indicator is the relation
between the time of execution and the number of
iterations performed, and its dependence with the
number of UAVs (see Fig. 8). This relation should
be linear and additive, showing that each iteration

Fig. 12 Experiment with four quadrotors
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Fig. 13 Initial trajectories 25
in the experiment I. The
height is the same for 2.
both aerial vehicles: UAV1
=15

z m 15+ UAV2Z e sl

E

N

05

has the same computational cost. On the other
hand, the slope usually depends on the number
of UAVs.

The aim of the proposed method is to find a
better solution as time passes, i.e. a smaller cost
each iteration. Figure 9 shows the evolution of the
minimum costs with the iterations. The median
of the minimum costs computed in the popula-
tion of all the tests has been chosen as statistical
indicator.

This indicator can be useful to have a measure
of how much time it would cost to achieve a
certain level of optimality. This relates the cost in
a given iteration to the obtained minimum cost
in the corresponding problem. Figure 10 shows
a normalization of the cost against the number
of iterations. As an example, a line that marks
the required number of iterations to compute for
a 90% level of optimality is drawn. If the test
set is executed in the same computer where the
user has installed the proposed method, Fig. 8 will
provide an estimation of the time needed for that
number of iterations, and therefore, that level of
optimality.

For the cost normalization, a linear transforma-
tion, f(x) =ax+b, is applied to the actual cost
values to set them in the range [0,1]. Therefore a
and b are chosen in such a way that the maximum
cost equals to 1 and the minimum cost equals
to 0. Therefore, a = 1/(Costyqr — Costyyiny) and
b = Costyin/(Costyin — CoStyay)-
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As an example of the general operation of the
proposed CDR method, Fig. 11 shows the evolu-
tion of the flight plans of 4 UAVs. The flight plan
of each UAV in a given iteration (6, 12, 18 and
25) is shown. The flight plans obtained in the same
iteration are represented with the same line style.
Note that this algorithm leads to shorter flight
plans as the evolution goes on.

25
2 UAV1
:7
/.'/
16y M P4
Ny ;’ i — o -
W
05

Fig. 14 Trajectories computed by the CDR method for
each aerial vehicle in the experiment 1. Simulated trajec-
tory (in dotted line) and actual trajectory (in solid line)
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Fig. 15 Initial trajectories 25
in the experiment II. The
height is the same for A -
three aerial vehicles: 15
z=15m T

N1

05 _
wavt”
< a2

4.3 Experiments

Several experiments with the Hummingbird
quadrotors (see Figs. 4 and 12) in the CATEC’s
indoor testbed described above have been also
performed to validate the method. The quadro-
tors fly with constant speed, v = 0.5 m. Figure 13
shows the initial trajectories in Experiment I. Both
quadrotors fly in the same flight level.

A possible collision is detected. The proposed
method computes the changes of trajectories to
avoid the conflict. Therefore, each aerial vehicle
changes its initial trajectory to avoid the conflict

in a cooperative way to minimize the total cost.
Figure 14 shows the trajectories computed in
the Experiment I with an intermediate waypoint
(IW). The simulated trajectory can be compared
with the real one.

Experiment II considers three aerial vehicles
(see Fig. 15).

Several possible collisions are detected when
the separation between aerial vehicles is less than
the minimum horizontal separation, Sy, = 1.5 m.
The proposed method computes new trajectories
to solve the conflicts cooperatively (see Fig. 16)
minimizing overall cost.

Fig. 16 Trajectories computed by the CDR method for each aerial vehicle in the experiment II. Simulated trajectory (in

dotted line) and actual trajectory (in solid line)
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5 Conclusions and Future Extensions

In this paper, we have presented a CDR algo-
rithm that solves possible trajectory conflicts in
a common airspace by modifying the trajectories
cooperatively to solve the conflicts with an over-
all minimum cost. The presented CDR method
changes the initial flight plan of each UAV by
adding intermediate waypoints to define the so-
lution flight plan while maintain their velocities in
order to avoid the detected conflict.

The proposed algorithms have been validated
with many simulations and experiments per-
formed in the CATEC multi-UAYV aerial testbed.
The main advantages of the algorithms are their
low time of execution and scalability. In fact, the
presented algorithm improves the solution as time
passes, so it can be adapted to different applica-
tions that require different response times.

Future work considers the validation of these
techniques with a larger number of aerial vehicles
(up to 10) in the indoor multi-UAYV aerial testbed.
Moreover, we plan to perform experiments with
tactical UAVs in a segregated airspace of 30 x
35 km.

On the other hand, new models will be intro-
duced to handle different sources of uncertainty
in sensors, aerial vehicle model, wind, etc. This
uncertainty should be considered to predict the
aerial vehicle trajectory in the conflict detection.
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