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Preface

Going to a conference is always an opportunity to establish contacts with other
researchers and to grow culturally. Often, from informal conversations fostered by
the conference’s social programme, synergies are generated, leading to new ideas
and partnerships. Indeed, networking is the fundamental reason for being present at
any conference. Moreover, every time we visit a new country, distinct realities are
observed and a kind of mild acculturation happens. Experiences gathered from
travelling shape our vision of the world and promote cultural enrichment.
The CONTROLO 2020 Conference was intended not only to be a scientific event,
but also to give the opportunity for the control community to know Braganca, the
Polytechnic Institute of Braganca, and to network face-to-face in friendly, safe,
stimulating and international environment. The city was prepared to receive this
scientific community, with a welcome reception at the Castle of Braganca and a
gala dinner at the gardens of the Abade de Bacal Museum, providing all the
participants to get in touch with some of the most important landmarks of the
Braganca cultural heritage. The ideal situation would be to communicate in person
but, due to the current pandemic situation, the CONTROLO 2020 Conference was
forced to change to an online event. In spite of all these difficulties, the decision to
maintain the date of this event has demonstrated the resilience of APCA in adapting
to extreme conditions. In addition, it was also important in this decision-making, to
ensure that the dissemination of the research and development works, submitted
and accepted for publication, would be made public in due time.

A total of 93 papers, originating from 39 different countries, were submitted for
publication, from which 76 were accepted, after an evaluation process that totalled
more than 300 reviews. Besides its six special sessions and a MATLAB course, the
CONTROLO 2020 Conference had the honour of having five of the most relevant
personalities in automatic control community in its five plenary sessions, namely
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professors André Preumont, Eduardo Camacho, Karl Johansson, Kevin Passino and
Sebastian Dormido. We hope that all interested readers can benefit scientifically
from this conference proceedings.

Best Regards,
CONTROLO 2020 Local Organizing Committee
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Abstract. Rescuing survivors in unknown environment can be extreme
difficulty. The use of UAVs to map the environment and also to obtain
remote information can benefit the rescue tasks. This paper proposes
an organizational system for multi-UAVs to map indoor environments
that have been affected by a natural disaster. The robot’s organization
is focused on avoiding possible collisions between swarm’s members, and
also to prevent searching in locations that have already discovered. This
organizational approach is inspired by bees behavior. Thus, the multi-
UAVs must search, in a collaborative way, in order to map the scenario
in the shortest possible time and, consequently, to travel the shortest
reasonable distance. Therefore, three strategies were evaluated in a sim-
ulation scenario created in the V-REP software. The results indicate the
feasibility of the proposed approach and compare the three plans based
on the number of locations discovered and the path taken by each UAV.

Keywords: Unmanned Aerial Vehicles + Multiple UAV - Collaborative
environment mapping - Path planning

1 Introduction

Unmanned Aerial Vehicles (UAVs), commonly known as drones, are continually
evolving; every year, more sophisticated UAVs are available on the market. This
technological advance allows researchers and professionals to use UAVs in several
activities, such as search and rescue [1], surveillance, inspection, forest monitor-
ing, agriculture, among others [2,3]. The variety in these applications makes
them a tool with broad potential, as can be seen in infrastructure inspections.
© The Editor(s) (if applicable) and The Author(s), under exclusive license

to Springer Nature Switzerland AG 2021

J. A. Gongalves et al. (Eds.): CONTROLO 2020, LNEE 695, pp. 507-517, 2021.
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When performing inspection tasks, UAVs bring a better three-dimensional
understanding of the environment [4]. This has a large importance when scanning
an unknown region after a disaster. UAV can be used to search for victims in
places where access is steep or inaccessible. A single UAV is not able to cover a
large area in a short time, but multiple UAVs are. These robots acquire data and
images remotely and send them immediately to an operations center. Thus, the
rescue team can better plan its actions, making the most appropriate decisions
on how to perform the rescue tasks to save the survivors as quickly as possible
and to decrease the risk of rescuers life.

However, when multiple robots perform a task as a team, they can interfere
with each other in carrying out individual (sub-)tasks. Coordination mechanisms
are mandatory to prevent collisions between robots [5]. Such a coordination can
be based on local decisions (i.e. the robot makes a decision based on its local
information) or global decisions (i.e. the individually robot or a global entity
uses information from all robots to decide what to do). The current literature
presents a variety of heuristics to manage the multi-robot region exploration.
For instance, [5] proposes to choose the target exploration region based on some
relevant feature, e.g. distance to the next communication device - the likelihood
for a region to be chosen is higher if it is closer to a communication element.

This work proposes a multi-UAV management system to map indoor envi-
ronments that have been affected by a natural disaster. The proposed approach
is inspired in bees organization and how they build their hives. That is, several
UAVs navigate and explore the unstructured internal environment in the same
way that bees travel through space when they build a honeycomb. This method
employs multiple (homogeneous) aerial robots; ground robots are not consid-
ered. The size of the hexagons is fixed at a radius size of 0.5 m. Some procedures
to plan and coordinate the set of UAVs need to be applied and tested before
used in real situations. In this way, the focus of this work is to create a simu-
lated environment to develop a coordination strategy for these robots, and thus
accomplish the exploration of the simulated scenario.

One UAV is enough to map the unstructured and unknown environment.
Although, more UAVs will map faster but more complex planning is needed.
In our work, a set of three UAVs is used to map the unstructured environment
before the team rescuers begin their exploration. All procedures are implemented
and tested in the V-REP robot simulator, allowing to validate the proposed app-
roach. Three strategies were tested, and two cases were used to map the unstruc-
tured environment before rescue teams entered the environment. In addition, it
is essential to highlight the main contributions of this work. First, a comparison
between different strategies to identify the best task planning to map an internal
dynamic environment. Second, is to analyze the efficiency of using one or more
UAVs in a collaborative procedure. The results of these two contributions can
determine the quality of the path planning schedule of the multi-UAVs that are
exploring an unstructured simulated environment. That is, it is expected that
the proposed procedure will manage the multi-UAVs in order to, as quickly as
possible, explore all the unknown scenario.
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The paper is organized as follows. Section 2 presents the related work. Then,
the developed algorithms and the simulation environment are explained in
Sect. 3. Results are presented in Sect. 4, and finally, the last section draws the
conclusions and points out future work directions.

2 Related Work

The control of one UAV is treated by some researchers as complex, due to the
multiple directions it may have, so controlling multiple UAVs has a higher com-
plexity considering all the possibilities. Therefore, [6], defines that the coop-
erative control is divided into three areas: complexity, information structure,
and uncertainty. The difficulty in moving in unknown environments and with
dynamic obstacles is pointed out by [7] and demonstrates the importance of
communication between the UAVs to optimize the discovery of the environment
through a path planner. Recent surveys, such as [13-15], highlight the challenges
and issues on coverage and path planning using UAVs.

In [9], the problem of controlling multiple UAVs is addressed as algebraic
and dynamic constraints, formulating the problem as optimal control. That work
goal is to treat reconfiguration of UAVs with bio-inspired algorithms, combining
Particle Swarm Optimization (PSO) and Genetic Algorithm (GA).

Sometimes UAVs can be shot down because of the events in the hazardous
environments. In [8], an algorithm is proposed to regroup the UAVs when a
member of the group is knocked over. In this way, the UAVs team carry out
flight training in order to always carry on the mission. Considering a low-lying
urban environment, [10] presents two safety systems for UAVs. The first system
is developed to identify the static objects on the map, through geographic data
of the environment. The second method makes the relation between the static
map with unknown objects found, identifying them as dynamic objects.

The work presented in [11] merges the Dijkstra algorithm and Simulated
Annealing (SA) to streamline the process aiming to decrease the search time for
survivors in a real earthquake situation. Even if the developed system has failures
in the mathematical model, a reduction in search time and obstacles avoidance
is demonstrated. Another approach [12] to the problem of co-operation between
drones assigns basic problems to each element of a UAV team by determining
Pareto dominate the front.

Similar to cited previous works, this paper focuses on offering a task plan-
ning method for multi-UAVs. The difference between the studies listed is in the
definition of a search strategy to command the UAVs not to perform the paths
already found. Hence, the main goal is to optimize the search of the UAVs to
map all the environment. In this way, the rescue teams can reduce the time of
service or decision making in a catastrophe environment.
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3 Multi-UAYV Indoor Environment Mapping

A simulation environment in the V-REP platform is used to validate the pro-
posed approach and the implementation of the proposed algorithms was per-
formed in MATLAB. Therefore, the following subsections are designed to demon-
strate the work developed.

3.1 Overview

The proposed approach, to develop a UAVs management system, is inspired by
how the honey bees build their hive. Honey bees use hexagonal pattern cylinders
to construct a complex structure progressively by adding waxes produced and
manipulated by several bees [16].

The proposed indoor mapping approach aims to produce a 3D occupancy
map (based on the ideas of the Octomap [17]) that may be used by the res-
cue teams in the victims rescue planning. To improve the search, multi- UAVs
will create the 3D map from the scenario collaboratively, i.e. several UAVs will
explore/navigate the indoor environment to inform the rescue teams. Conse-
quently, the team can detect the obstacles that may hinder their movements.
The 3D maps provide not only the information on the space occupancy (i.e.
the possible accesses to the places with the indoor environment) but also other
information such as photos and thermal images of the region.

In this context, the main objective is to map the neighbour cells as faster
as possible. Case the cell has neighbours (up to six cells), the UAV informs if
the neighbour cells are reachable/unobstructed. Therefore, a maximum of six
new cells is included in the global list of unvisited cells which indicates the
places that need to be visited/explored by the UAVs team. While the global
list contains someplace to search, the management system of the multi-UAVs
is enabled. Then, the task manager starts to select an available cell from a list
based on a given criterion. This selection is addressed in Subsect. 3.3. Besides,
the Point Cloud is used to build the 3D occupancy map, but a discussion on this
is out of the scope of this paper due to space limitations. On the other hand, it is
essential to highlight that the UAVs will not use such a 3D map for localization,
navigation, or obstacle avoidance.

3.2 Simulation Environment

A simulation scenario was used as a case study to analyze the behavior of the
management system of multi-UAV and also validate the proposed approach using
V-REP [18] platform. The V-REP has APIs that allow communication with
many programming languages. Due to this, the proposed management system is
implemented in MATLAB because of its robust library kits. Figure 1 shows the
simulated environment in V-REP software.

The scenario is an area of 10 m x 10 m, with four rooms divided by walls,
demonstrated by Fig. la. Three similar UAVs (i.e. the same configurations) are
used for the simulation. The selected architecture is composed by four-rotor
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= |

(a) Full scenario with three (b) Isometric view of one UAV
UAVs waiting for start searching.

Fig. 1. Simulated scenario in V-REP software.

UAV arranged on a “X” frame type, as shown in Fig. 1b. The UAVs can perform
Vertical Take-Off and Landing (VTOL) and are equipped with a front laser
sensor which produces a Point Cloud that represents the environment within
the sensor range at a given position. The simulation starts with the first UAV,
called Uy, performing the first cell exploration, i.e. the construction of the first
hexagonal cell, which is identified with an ID number, e.g. C; for the first cell.
When any UAV is chosen to explore one cell given by the management system,
it rotates in order to detect six faces of the hexagon using the laser sensor.
Considering a radius of 0.5m (this is the size of each UAV structure), the UAV
assesses each face in order to check whether it can reach the center of a possible
adjacent hexagon, i.e. a new neighbour cell. If possible, it means that adjacency
exists and a new neighbour cell is identified and its identifier is placed in the
global list of unvisited cells, SC. Once the first UAV (U;) finishes the first cell
(C1) exploration, it navigates to one neighbour cell. This decision is performed
by the management system, and it is the work’s focus explained in the next
subsection. In this way, the indoor environment is released for other UAVs to
be explored. For this, each UAV requests a cell to explore from the global list
of unvisited cells. At the end of the cell exploration, its identifier is removed
from the unvisited cells list and added into the visited cells list. The indoor
environment mapping process continues until the unvisited cells list is empty.
By ensuring that all UAVs begin their exploration from cell C1, it is possible to
maintain the uniformity of the topological map, avoiding the area overlap of two
cells with distinct identifiers.

3.3 Strategies to Select the Cell to Visit

An important issue is how the set of UAVs will deal with the cluster of the
global list of unvisited cells, SC', and which cell should be chosen to be explored
first. In this work, is used the simulation scenario in V-REP with three different



512 R. Rosa et al.

strategies to evaluate the best approach to select the new cell to search. To
implement the management system is used the MATLAB and its libraries, and
the command to coordinate the multi-UAV is sent to V-REP.

The management system implementation establish a set of of n UAVs, SU =
{Uy,...,U,}, and a set of nc of unvisited cells SC' = {Cs,...,Cy,.}. All UAVs
elaborate the set SC' in a collaborative way, where each UAV, U;, collaborates
for the global list SC' through its particular list of unvisited cells SC; in a given
time when exploring a given cell. To perform the path between each selected
UAV and the chosen cell, it is applied the Dijkstra’s Method [19]. It is crucial to
highlight that Dijkstra’s is a common and established method for path planning.
Therefore, it is used only to execute the trajectories when any UAV need to
navigate between the cells.

In this work, three strategies to selected the cell to be explored were tested
as detailed.

Strategy 1: based on First In First Out (FIFO) order. In this case, the
oldest cell inserted in the global list of unvisited cells, SC, will be the first to
visit and mapped.

Strategy 2: based on Euclidean distance with respect to the first cell C}.
Considering that each cell has associated GPS coordinates, the cell that will be
chosen to visit is the cell C; = argmin||C; — G|, for i = 2, ..., |SC].

Strategy 3: based on Relative Euclidean distance with respect to
the first cell C; and the location of each UAV. In this case, the
selected cell that will be visited by UAV, U, located in the cell C; =

arg min 311 [|Cy — Cif| + |G = G|

4 Simulations and Results

The proposed approach to manage the search tasks of UAVs to map a catas-
trophic environment has been validated via simulation. The V-REP simulator
runs on a computer with 6-Core Intel Xeon 3,33 GHz CPU, 6 GB of RAM, and
a GPU ATI Radeon HD 5770. The three proposed strategies were analysed on
how they affect the UAVs behavior in the simulation of two different situations:
Case 1 - the mapping is done by one UAV; Case 2 - three UAVs accomplish the
same mapping.

Strategy 1 - FIFO. Mapping the simulated scenario always begins in Cell 1.
In Fig.2, the red lines represent the order of UAV task planning and not the
actual path. The red lines indicate the way the UAV received the cells from the
global list of positions to be searched. For example, it is possible to verify that
during the execution of Strategy 1, the UAV starts in Cell 1, and it explores
the scenario in a sequential manner, that is, going through all the cells obeying
the increasing numerical order (Fig.2a). Next, the same Strategy 1 is tested
with the three UAVs. The operation of this approach can be seen in Fig.2b. To
differentiate each task planning, the red line indicates the task schedule of Uy,
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the yellow line is a U mark, and the blue line is the third UAV. In the same
way, as in the previous test, the marking of these three lines represents only
the decisions of the task manager to supply the cells that are in the list of not
researched.
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(a) Strategy 1 - One UAV (b) Strategy 1 - Three UAVs

Fig. 2. Task planning with Strategy 1 for environment mapping

Strategy 2 - Euclidean Distance. The tests of the second approach take
place under the same conditions as the previous test, that is, the same simula-
tion scenario, the same number of robots in each analysis situation, the same
computational configuration. The result obtained is shown in Fig. 3, where, once
again, the objective is to verify the behavior of UAV task planning. Therefore,
Fig. 3a represents the Case 1, when the system management determines the next
cells to be explored by the shortest distance from the initial cell. For example,
(3 is chosen before C5 because it has the center point closest to Cy. In the next
stage, Strategy 2 is applied to Case 2, that is, with 3 UAVs exploring the scenario
with the second proposed method (illustrated by Fig. 3b).

(a) Strategy 2 - One UAV (b) Strategy 2 - Three UAVs

Fig. 3. Task planning with Strategy 2 for environment mapping
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Strategy 3 - Relative Euclidean Distance. The third test is shown in Fig. 4
with Strategy 3 for both proposed situations. It is performed in a similar way
to that presented in Strategy 2, however, in this test the decision of the task
management system is based not only on the distance between the chosen cell
and the initial cell. In this approach, two distances are considered, the first one
is from the cell selected to be explored with the initial cell, and the second one
is the distance from the idle UAV with the chosen cell. Both Cases are executed
with Strategy 3 and shown in Fig.4a and Fig. 4b, respectively.

To compare the different strategies it was considered that each movement
between two neighbour cells needs 10s and to map the environment of a given
cell a UAV needs 60s. The Table1 presents the obtained results, where T'N
represents the time needed to map all the environment (in seconds) and NC
represents the number of total Cells identified by the UAVs.

Table 1. Time needed by the set of UAVs to mapping the environment (seconds).

Strategy I | Strategy II | Strategy III
TN |[NC | TN |[NC | TN |NC
Case 1 (1 UAV) | 387043 |3550 |39 3150 | 41
Case 2 (3 UAVs) | 3440 | 38 | 3580 | 39 3260 | 41

AT PN
(R

(a) Strategy 3 - One UAV (b) Strategy 2 - Three UAVs

Fig. 4. Task planning with Strategy 3 for environment mapping

Considering the rate between the total TN and the value of NC, it is possible
to conclude that, in average, the Strategy I has 90s, Strategy II has 91s and
Strategy III has 70s.

Therefore, considering Strategy I, it is possible to verify that the time
increases 1% for Strategy I and, for Strategy III, the time decreases 15%.
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As it can be identified in Table 1, the different number of cells for different
strategies is due to the dynamic and real simulation environment.

Considering the Case 2, with three UAVs, the best strategy was the III, where
it was possible to identify 41 cells. In terms of rate, the Strategy I obtains 91s,
Strategy IT 92 s and Strategy III obtains 80s, that means a decrease time of 12%
with respect to Strategy I. The Fig. 4 presents the final result in the simulator
environment.

It is possible to conclude that Strategy III obtains better results with a lower
time and will be the selected one for further developments and implementations.

Discussion. To validate the proposed approach, it is expected that UAVs will
be able to spread in the best possible way. During the analysis, it is noted that
the use of each task management method changes the identification number of
each cell found (shown in Sect. 3.1). This behavior is explained by the fact that
each method makes the UAVs spread more and more (or less) from the initial
point, so the order of the cells can be different when compared between the
proposed Strategies. So, for the comparison between the Strategies to be fair,
it must be established that the performance must take into account the spatial
position of each cell.

For example, based on Figs. 2, 3 and 4, it is possible to compare the perfor-
mance of each strategy by observing the behavior in the exploration of Css (in
Strategy 1), with the exploration of Cy3 (in Strategy 2) and the research during
C4 (in Strategy 3). These three cells correspond to the same spatial point. In
this case, considering this spatial point, it is possible to notice that in Strategies
1 and 2, UAVs make fewer jumps and thus carry out the mapping in a uniform
way in relation to C7. In other words, UAVs take longer to distance themselves
from C1. It is possible to observe that in these two strategies each UAV needs
more interactions to reach cells with higher values. It is enough to observe the
behavior at the same spatial point to verify the number of necessary interactions
that each UAV took to arrive at a coordinate.

The number of cells found should be the same for all strategies, since the
space is the same size for all tests. A possible explanation for the number of cells
found not being equal during the three tests is the tolerance that the simulator
can deliver in terms of sensing. When comparing the three tests, it is observed
that the identification of cells in the corners of the environment walls can cause
disturbances in the laser sensor used in each UAV.

5 Conclusions and Future Work

This paper presented a multi-UAVs task planning system for mapping unknown
indoor environments. The proposed approach was inspired on how bees build
their hive. The multi-UAVs explored the indoor environment in order to map it
in a efficient way. The proposed strategies were tested and validated in simulation
environment and with case studies that simulates the rescue of people in difficult
access places. Two cases were tested, with one UAV and with three UAVs to
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map the unstructured environment. The obtained results allow to conclude that
the task planning should combine the distance from initial Cell, to ensure a
uniform mapping from the initial place, and also information about the cell
location of the UAV. As future work, the strategy III should be combined with
a populational optimization algorithm to minimize the time and the travelled
distance. According to the final task manager method, an implementation with
a real scenario and UAVs should be arranged.
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