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Abstract. This paper proposes an algorithm based on a fuzzy logic
approach, capable to guide a robot swarm with the aim to keep a leader-
follower formation without colliding with other swarm agents. The fuzzy
system is programmed and evaluated originally in Matlab, where several
experiments were performed. The results depicted a robot swarm showing
some bio-inspired behaviors, such as swarm agents surrounding the leader
when it is in a static position or when it is traveling from one place to
another place. Finally, the proposed fuzzy system was implemented on
a drone swarm using V-Rep. The drones simulation shows the swarm
navigating together and keeping the leader in the center of the swarm
when it is static and following the leader when it is moving. These results
could be evaluated in a future work using drone robot swarm in real
environments.
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1 Introduction

The use of robots’ teams for the realization of multiple tasks has become more
extended in the recent years, since it is a more reliable system because, in the
possibility that one or more robots get to damage the development of the task
can take more time due that reduces the number of robots working but the

© Springer International Publishing AG, part of Springer Nature 2018
L. Rutkowski et al. (Eds.): ICAISC 2018, LNAI 10842, pp. 740-751, 2018.
https://doi.org/10.1007/978-3-319-91262-2_65


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91262-2_65&domain=pdf

Leader-Follower Formation for UAV Robot Swarm 741

task will be satisfactory contrary to what happens in the systems of a single
sophisticated and expensive robot as it was decades before. Obviously, the arrival
on the market of cheaper and improved robotic platforms such as quadcopters
opened the possibilities of the implementation of this type of systems at present
how is shown in [1], thus improving the performance of the robots in the tasks
assigned to them optimizing the time.

There are many applications where multi-robot systems become important
because they can perform well in multiple tasks, for example in [2] they show how
to make localization of the robots using relative observation between them, this
is one of the main challenges to work with multi-robot systems, it is necessary
to know all time about the self-localization and the distance with the neighbors.
Another approach has been bioinspiration of animals such as ants or the case of
swarm bees presented in [3,4], since it may be the case to have a swarm of robots
working on the same goal, avoiding collisions and seeking for points of interest
how is shown in [5]. Similarly in [6] explore the idea of the implementation of
heterogeneous robot network for search and rescue operations. On the other
hand, the use of robots’ teams have been highly researched and implemented in
the case of decentralized navigation and in exploration and mapping tasks, these
ideas have been exploited in [7,8] respectively.

The formation control problem has been widely studied in the recent years as
a useful tool for the control of multiple homogeneous and heterogeneous robots
during the execution of multiple missions such as autonomous formation flight
presented in [9]. They consider autonomous aircrafts that can present commu-
nication and transmission failure among them and the needed of redundancy to
accommodate it. In the same way, other approach was developed in [10] where
they used leader and follower formation control on under-actuated autonomous
underwater vehicles, it is worth to mention that underwater vehicles have com-
munication range problems taken in to account in this work.

In this work, we present a fuzzy logic based approach oriented to the leader-
follower formation control of a swarm of homogeneous robots that allows the
swarm to avoid collision between robots and keep the formation based on the
leader movements. The other sections that complete this paper are organized
as follows: Sect.3 Swarm Navigation, Sect.4 Experiments and Results, Sect.5
Conclusions.

2 Related Work

In the recent years, there have been multiple approaches to the formation con-
trol problem from different perspectives. Some of the most representatives are
the behavior-based, the artificial potential based and the leader-follower based
among others. The behavior-based formation control strategies impose multiple
high-level instructions or desired behaviors on the robot’s team that allow them
to fulfill the mission requirements. In particular, in the work presented in [11]
there are presented behavior-based strategies that allow a robot team to navigate
through environments with multiple obstacles preserving some basic geometric
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formations implementing the control signals based on 4 high-level behaviors:
avoid static obstacles, avoid robots, maintain formation and move to goal. With
those considerations, a robot team is capable of navigating through environ-
ments with obstacles without colliding restoring the formation once the obstacle
has been sorted.

Alternatively, the artificial potential formation control based strategies
employ certain functions called artificial or virtual potentials that in a simi-
lar way as the effect of an electromagnetic field or a spring, cause that the
robots move according to the desired behaviors. In particular, a repulsive artifi-
cial potential may be employed for the robots to avoid collisions. For instance,
in the work presented by [12] there is artificial potential based control laws that
allow a robots team to maintain formations employing only local information.
This distributed approach minimizes the individual artificial potential function
of each robot and guarantees the connectivity maintenance and the rigidity of
the formation.

On the other hand, regarding the leader-follower formation control based
strategies, those employ two types of agents, the leaders who are in charge of
determining the formation parameters (position, scale, and rotation) and the fol-
lowers that maintaining certain distances to their neighbors and to the leaders
achieve the desired behaviors. It is worth to mention that there are approaches
that do not consider the leader agent as one of the actual robots, but a virtual
agent that is tracked by all the roots of the team. For instance, in the work
presented in [13] there is presented a leader-follower formation control algorithm
where all the robots on the team define a virtual leader that is only a virtual arti-
fact of the optimization process that allows each of the robots to move referenced
to it achieving the desired behaviors.

Another example of the leader-follower approach is presented in [14] where
it is introduced the idea of combining the Complex-Laplacian matrix with the
mutator replicator dynamics. In this work, there are two agents that are the
leaders and the rest of them are considered followers. The formation is rigidly
defined by the position of the two robot leaders and the position in the graph of
each one of the robots is decided through an agreement protocol that employs
the mutator-replicator dynamics. Once the positions are decided, the Complex-
Laplacian matrix is employed to achieve the appropriate position of each robot
on the formation completing the task.

Although most of the formation control algorithms are based on traditional
logic principles, there are also approaches that employ the fuzzy logic ideas in
order to obtain flexible behaviors with uncertainty and/or with different desired
operation regions. In [15] it is presented an exploration and monitoring scheme,
where employing fuzzy operators with multiple inputs and outputs, it is possible
to control a team of robots to maintain a formation while they are avoiding
collisions. In this work, in particular, the robot’s model has an important con-
sideration that is that their sensing range does not cover the whole 360 degrees
around the robot but only 240 degrees increasing the complexity of the analysis.
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3 Swarm Navigation

The principal challenge of the present work is to propose an algorithm to guide a
swarm of robots. The robot swarm has to follow a leading robot without colliding
with the other robots, but not too far from the nearest robot. To accomplish this
requirement, it is proposed a system based on fuzzy logic and this algorithm is
simulated using MATLAB and V-Rep for drone robot simulations.

3.1 Initial Variables

Three input variables are taken into account: the number of robots without
including the leading robot (Nr), optimal distance to the nearest robot (Lr) and
optimal distance to the leader (Ll1). The simulation tests were performed with
different values for each of input variables.

3.2 Fuzzy System

A fuzzy system is proposed with the aim to accomplish the requirements of the
challenge. The robots have to navigate following a leader and at the same time,
it has to avoid colliding with other robots of the same swarm. The proposed
system has two fuzzy subsystems using the Mamdani approach. The complete
system has two outputs, one that determines the velocity towards the closest
robot and the second output determines the velocity towards the leader. Also,
each fuzzy system has two inputs: the first one is the distance from the robot
to the leader and the second one is the distance from the robot to the nearest
robot, so two fuzzy subsystems were defined for output 1, output 2 respectively.
Figure 1 shows the schema of the complete system, including a vectorial adder
of the outputs for determining the final velocity and direction of the reference
robot.

Input 1: Distance to Output 1: Speed in the
Nearest Robot Nearest Robot Direction
Fuzzy Set Rules:
N Speed in the Nearest | "
\ N\ Robot Direction VAN
NN/ \ AVAVASAN
Velocity
Direction
Input 2: Distance to Fuzzy Set Rules: Output 2: Speed in the
Leader Robot Speed in the Leader Leader Robot Direction
/" RobotDirection
A \ ”
X X // \
/ iy / N

Fig. 1. Outputs of the fuzzy system
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Inputs: As was explained previously, the fuzzy system has two inputs, first one
depends on the distance to the nearest robot and the second one is the distance
to the Leader. Both inputs are composed of five fuzzy set defined as Very Close,
Close, Optimal, Far, and Very Far. These fuzzy sets are defined by triangular
fuzzy function for the three central sets and two trapezoidal functions for Very
Close and Very Far sets as shown in Fig. 2. The universe of discourse for inputs
is defined by the optimal distance to the leader robot (Ll) and the nearest robot
(Lr). For these, the optimal value is located in 1, the closest distance is zero,
and farther distance is 2.

Jrop, Distance Nearest Robot

08 1 12
Distance to nearest Robot

Input2

iy Distance Leader Membership

14 16 8 2

8 1 12
Distance to Leader Robot

Fig. 2. Inputs of the fuzzy system

Outputs: The fuzzy system has two outputs to determine the displacement veloc-
ity toward the nearest robot and the leader respectively. Both outputs have five
fuzzy set defined as Moving Far Faster (MFF), Moving Far (MF), Stop (S), Mov-
ing Close (MC), and Moving Close Faster (MCF). These set are represented by
trapezoidal functions except the “Stop” fuzzy set who uses a triangular function
as shown by Fig. 3.

Distance Calculation: The robot that is executing the action of movement is
taken as reference robot. All distances between each swarm robot and the ref-
erence robot are calculated. The smallest distance is taken as distance to the
nearest robot (Lr). This distance is the first input of the fuzzy system. The
distance between the reference robot and the lead robot (Ll) is also calculated
since this is the second input of the fuzzy system. The aforementioned distances
calculation is performed for each of the robots that make up the swarm. The cal-
culation of the distance is made using the formula 1 of distance in the Cartesian
plane.

LI, Lr = \/(z2 — 21)% + (y2 — 91)? (1)
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1gn SPEd to Nearest Robot Membership

“o01 o X 002 003
Speed in the Nearest Robot Direction

Output 2

1ng, Speed 1o Leader Membership

002 003 004 005

-005 “004 “003 “002
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Fig. 3. Outputs of the fuzzy system (Color figure online)

Fuzzy system rules: Given the system has two outputs, there are two sets of
decision rules. The rules of each set calculate the minimum product between the
membership of two sets, each set belongs to a different system input. The output
is calculated by the rule belongs to one of the sets that belong to the system
output. The general form of the rule is shown in the Eq. 2

If(Input(1) is mf (7)) and (Input(2) is mf(j)) then Output is mf(k) (2)

where ¢ and j are the subindex for the membership function of the input 1
and 2 respectively, and k is the subindex of the fuzzy set output that is being
evaluated.

The fuzzy set rules for output 1 and 2 are depicted in Tables 1 and 2 respec-
tively.

Table 1. Set of Rules: Speed in the nearest robot direction

Distance to nearest robot
Very Close | Close | Optimal | Far | Very Far
Distance to Leader | Very Close | MFF MF |S MC | MCF
Close MFF S S S MCF
Optimal MFF S S S MCF
Far MFF S S S MCF
Very Far | MFF MF |S MC | MCF

Finally, to generate the output data, the defuzzification process is required.
This method calculates a single scalar quantity from each fuzzy output set. This
work used the bisector method for defuzzification process.
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Table 2. Set of Rules: Speed in the leader direction

Distance to nearest robot
Very Close | Close | Optimal | Far | Very Far
Distance to Leader | Very Close | MFF MFF | MFF MFF | MFF
Close MF S S MF | MF
Optimal S S S S S
Far MC MC |MC MC |MC
Very Far | MCF MCF | MCF MCF | MCF

Final calculation of the speed: The fuzzy system output was described in the pre-
vious section. It represents the magnitude of the movement towards the nearest
robot and towards the leader since they are two fuzzy systems for two outputs. If
the magnitude is negative, it means that the robot must move away from either
the nearest robot or the leader respectively. The two outputs are vectorial added,
taking into account the angle with respect to the leader and the nearby robot,
to generate the vector of movement that points to the direction in which the
robot must move. Finally, the new position of the robots is updated according
to the vectorial addition of the fuzzy system outputs.

4 Experiments and Results

Several experiments were performed with the aim to test the proposed navigation
system based on fuzzy logic approach.

4.1 Initial Robot Position

Since the robots are not initially organized in a specific formation. The robotic
agents were initially located randomly within the navigation space. The algo-
rithm does not depend on the initial position of the robots and instead try to
organize robots through the navigation process.

4.2 Experiments

Five experiments were performed, where the three first show the behavior of the
simulated swarm using MATLAB. These three experiments try to show how the
robots are grouped around the leader and how the robots follow the leader when
it moves to a different place. In these experiments, the leader robot is a red star
and swarm robots are depicted by blue circles. The last two experiments were
performed using VRep (Robotics simulation software). These two experiments
depicted the self-organization of drones around the leader using the proposed
algorithm, and how the drone swarm navigates following the leader when it is
moving.
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Fig. 4. Experiment 1 (Color figure online)

Experiment 1: This experiment was performed using 8 robots. These robots
where localized randomly in a universe of 10X10 units of area. Figurel shows
the sequence about how robots navigate from the original random position to
the nearest point close to the leader. At the end of Fig. 1 is shown how the robot
swarm is organized surrounding the leader.

Experiment 2: This experiment uses 40 robots initially localized randomly.
The complete sequence shows how the swarm navigates through the field
approaching the leader. Once robots have arrived at the nearest point to the
leader, it shows how the swarm is organized in layers around the leader and
keeping the distance among the robot swarm partners.

Experiment 3: This experiment shows the swarm following the leader robot.
The experiment was performed using 15 agents and they were localized randomly
at the beginning of the simulation. The sequence shows how the robots navigate
close the leader and when the leader starts to displace to another position all the
robots navigate following him and keeping the formation established initially.
The trace of every robot is shown in green lines in Fig.3. As was explained
initially the leader robot id red and the swarm robots are blue.

Experiment 4: This experiment tests the proposed algorithm using VRep
Education Edition. This software allows the simulation of real robots as Drones,
humanoids, and several mobile robots. Figure 4 shows the drone swarm navigat-
ing towards the drone leader. The initial position of every drone was assigned
randomly. At the end of the sequence is shown the final position of the drone
swarm, it is showing how the drones are surrounding the leader and keeping the
distance to the leader and the distance among other drones.

Experiment 5: This is the last experiment and it uses 15 drones to evaluate
the navigation of the drone swarm following the leader. The initial position
of every drone was defined randomly as previous experiments. Figure5 shows
the navigation sequence where the drones approach the leader and follow him
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Fig. 6. Experiment 3

through the free navigation, just following him. The simulation shows the swarm
keeping the formation and the distance among all the swarm robots and avoiding
collide with other members of the swarm while they are navigating following the
leader (Fig. 6).

5 Conclusions

The present work shows the use of fuzzy logic theory for the generation of leader-
follower behavior in a robot swarm (Fig. 7).

The used fuzzy system is based on the Mamdani model. This system is in
charge of calculate the velocity and movement direction of every robot in the
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Fig. 7. Experiment 4

Fig. 8. Experiment 5

swarm. The fuzzy system uses as input two different distance approaches. The
first one is the distance between evaluated agent and each other swarm agent.; the
second one is the distance between evaluated agent and the leader. Using these
two distance approaches, the fuzzy system determines the navigation direction
of the evaluated agent (Fig. 8).

The robot swarm presents two very interesting behaviors. The first behavior
appears when the leader is static, the agents are grouped around the leader,
leaving the leader in the center of the swarm. The second behavior occurs when
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the leader moves from one place to another, in this behavior the swarm follows
the leader towards the new location. Once the leader arrives at the new location,
all the swarm agents localize themselves around the leader.

In both behaviors, the swarm agents move according to the leader’s location
and at the same time, they avoid colliding with the other agents of the swarm.
These behaviors were observed through several simulations carried out in Mat-
lab. In addition, the same fuzzy system was programmed in a swarm of 17 drones
using the robot simulation software called VRep. The simulations of the drone
swarm depicted same behaviors that were observed in the Matlab simulations.
In conclusion, this work shows how it is possible to generate navigation systems
for swarm robots based on fuzzy logic and at the same time get behaviors from
systems inspired by animal swarms such as bees.

Future work is based on the implementation and evaluation of the proposed
system on real robot platforms and studies of some navigation features such as
generated trajectories, traveled area, and efficiency in the evasion of obstacles.
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