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This paper proposes an approach to manage the collective movement of robot groups, based on virtual
fields, situation awareness and basic behaviour blending. Being of reactive nature, the method is intended
for local navigation. The robots are anonymous, the navigation system is fully decentralized and there in
not need of leader or specific coordination protocol. Robots can simply navigate holding the cohesion of
the group or they can also navigate building up some kind of formation. The method can be implemented
providing a set of simple suitable rules to the robots. It has been consistently tested both in simulations
and experiments carried out on robot formations, proving to be reliable. The main results achieved are
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1. Introduction

This paper presents some of the results achieved both from
simulated and real experiments, for the navigation guidance and
control of a team of autonomous mobile robots. The experiments
explore the application of a novel method of cooperative control
for multi-agent systems.

A detailed description of the method was published in previous
papers, Cifuentes, Giron-Sierra, and Jimenez (2012a, 2012b) and
also in a Ph.D. Thesis, Cifuentes (2013). It combines the use of
potential fields and a behaviour-based approach to guide the
robots and maintain the structure of a prescribed formation, whilst
avoiding collisions among robots or with other obstacles.

Usually, behaviour based approaches employ a blending pro-
cess to merge the different behaviours that guide the robots. The
method proposed in these previous papers was intended to sys-
tematise such blending process.

Potential fields provide a way to gather and synthesise the
information a robot captures by its sensors. Each potential field
is associated with the description of a specific situation the robot
can be involved in. For example, proximity sensors detect the dis-
tance from the robot to different obstacles. This information is
gathered in a single obstacle potential, the positions of other
robot-mates are merged in a single other robots potential, etc. Thus,
each potential reflects a particular situation in which a robot can
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be. It is interesting to notice that several situations can coexist
for the same robot as far as they are not contradictory. For exam-
ple, a robot could be near an obstacle and near also to another
robot.

The situations generated by the different potentials are further
evaluated to establish proper actions. This evaluation is based on
the so-called behaviour-based approach (Mataric, 1999). Each pos-
sible behaviour, the robot is provided with, establishes a hight level
rule the robot will try to seek. For example: reach the goal or avoid
collision. Besides, each behaviour leads to a set of specific actions
which determine how such high level rules are implemented.

The behaviour-based approach has to decide how to take the
most suitable action when several behaviours coincide and, in par-
ticular, to cope with the problem of incompatible actions. This rises
whenever the actions prescribed by simultaneous behaviours
clash. For example, when an action, intended to avoid a collision
with an obstacle, makes a robot move opposite to the goal direc-
tion or leave the formation the robot belongs to.

Usually, these problems are solved by some external arbitration
function which helps to blend behaviours. The two classical
approaches are: (a) To establish a hierarchical relationship among
behaviours, such is the case of the Subsumption Architecture,
(Brooks, 1986). (b) To seek a consensual solution, where all beha-
viours are simultaneously considered but with different relevance.
This last is the case of the Motor Schemas (Arkin, 1998). Eventually,
some mixed methods, which combine both approaches, have also
been developed; for instance, the Null Space method (Antonelli,
Arrichiello, & Chiaverini, 2008).
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In our approach, the problem is tackled in a slightly different
way. There are no specific actions belonging to each behaviour.
Instead, all possible robot actions are evaluated to ascertain how
well they suit a specific behaviour. These evaluations stablish a
degree of suitability for each action.

In a second step, The behaviour blending process works with
this information on the suitability of the actions and the relevance
of the behaviours to obtain a final single action. The arbitration or
blending function acts as a cost function which analyses the com-
plete action space.

Simulated and real experiments have been successfully carried
out for single robot navigation in scenarios with static and moving
obstacles, and also for robot groups and robot formations (for
details, please, see Cifuentes et al. (2012a, 2012b) and Cifuentes
(2013)). This paper focuses on the results achieved in formation
setting up, because such process illustrates well the fine features
of our approach. A clear advantage of it is that as far as the action
suitability is represented in the same way, the same blending func-
tion can work with different behaviours, different actuations or
even with different kinds of robots.

Although the pertinent background has been partially intro-
duced in the articles Cifuentes et al. (2012a, 2012b), it is conve-
nient to mention landmarks, important reviews and current
works concerning the main aspects of our research.

One specific contribution in our proposal is to take decisions
based on the discrimination of several potential fields. The use of
virtual fields was proposed in Khatib (1986). This seminal paper
awakened an intensive research, as it was an intuitive method
for mobile robot obstacle avoidance. Some inherent limitations
were discovered (Koren & Borenstein, 1991), like for instance local
traps. Ways of alleviating these problems have been introduced in
a number of papers, like the vector field histogram (Borenstein &
Koren, 1989, 1991) or more recently the nearness diagram,
(Minguez & Montano, 2004). Another question is the optimised
design of the potential field, like it is done in Palm and
Bouguerra (2013) using particle swarm optimisation. Even though
many papers consider several potential fields, they are usually
added to form a resultant and so important information that can
be obtained from discrimination- is lost.

Typically, virtual fields are used for reactive control, while high-
er level navigation functions such path planning- are solved with
other methods.

In our proposed approach, robot navigation decisions are taken
with a geometrical basis similar to some aspects of fuzzy logic.
Actually, there are many papers that apply fuzzy logic for mobile
robot control (see the chapter Hong, Karasfi, & Nakhaeinia (2012)
for an overview). Like other methodologies based on rules, a main
practical problem is to write and specify those rules. In fact, when
one considers non-trivial control of mobile robots, the number of
fuzzy control rules increases, as it can be noticed in Mucientes,
Alcala-Fdez, Alcala, and Casillas (2010) or in Rodriguez-Fdez,
Mucientes, and Bugarin (2015). Another problem is that the result
can easily become too specific for a particular robot, so a new robot
may require significant changes in the rules. One of the main tar-
gets of our proposal is to provide a structured decision framework
easy to generalise.

Another way of looking at the questions involved in mobile
robot navigation, is that it requires a multi-objective behaviour
control. This is the perspective adopted in Pirjanian and Mataric
(2001), which sees contradiction difficulties in case of using fuzzy
logic, and so it recommends behaviour blending.

Situated robotics is described in Mataric (2006) with examples
of mobile robots that move in complex and challenging environ-
ments, like city streets, a museum, teams of interacting robots,
etc. This was in contrast with robots living in fixed, highly struc-
tured environments. The motion of a situated robot implies spatial

reasoning, which is more complicated in case of robot groups
(Bandini, Manzoni, & Simone, 2002). Spatial reasoning involves
many possible cases, as reflected by the many rules that arise when
using fuzzy logic. A recent article, Wang, Liu, Liu, Dickson, and
Wang (2014) proposes a multi-granularity approach. Another
alternative is mereology (Polkowski & OSmiatowski, 2008), which
can be combined with potential fields (Omiaowski, 2009).

As shown in Cifuentes et al. (2012a), the proposed methodology
can be homogeneously extended for situated multi-robot systems,
with a moderate increase of reasoning effort.

Multi-robot systems have attracted a lot of research activity.
They can be regarded as examples of multi-agent systems
(Ferber, 1999; Wooldridge, 2009). The evolution of multiple mobile
robot systems can be followed by a series of reviews that have
been published along the years (Arai, Pagello, & Parker, 2002;
Kernbach, 2013; Parker, 2000, 2008a, 2008b). Aspects concerning
cooperation and coordination were considered in Cao, Fukunaga,
and Kahng (1997) and Pirjanian (1999).

Social potential fields were proposed in Reif and Wang (1999)
and Balch and Hybinette (2000) for the control of several mobile
robots. Virtual leaders and potentials were combined, for the same
purpose, in Leonard and Fiorelli (2001). A recent interesting appli-
cation can be found in Bennet and Mclnnes (2012). There, authors
propose a virtual field method for spacecraft formation flying. They
use a classical virtual field approach and introduce bifurcation the-
ory to shift the virtual field and, subsequently, the shape of the
spacecraft formation. Such scenario fits very well with the method
proposed in the present paper.

Robot groups can be spatially disordered, or be in a certain for-
mation. This aspect, formation control, has been considered by
many papers, as reviewed in Chen and Wang (2005). A number
of papers have employed potential fields in different contexts, like
Barisic, Vukic, and Miskovic (2009) for ships formation or, in the
case of aerial robots, (Chen, Yu, Su, & Luo, 2015) using a virtual tar-
get point, and Dang and Horn (2015) based on leader following.
Repulsion forces are used for swarms in Goswami, Saha, Pal, and
Das (2014), which includes an interesting review. Indeed, target
tracking is a clear objective in the case of robot soccer, as in the
case of Conceicao, Scolari, Nascimento, and Moreira (2014) that
combines predictive control and potentials. Other recent contribu-
tions that use potential fields are Hernandez-Martinez and Aranda-
Bricaire (2013) and Seng, Barca, and Sekercioglu (2013). Of special
interest is the approach of Ge and Fua (2005), which imposes the
formation geometry via potential trenches with suitable shapes;
in our work a similar concept is applied for the considered
potentials.

There are recent works that include extensive reviews of multi-
robot systems, and that devote sections to the use of virtual fields,
like Hoy (2014), and the dissertations Cai (2013) and Schneider
(2013).

An alternative for formation control is the use of virtual struc-
tures. In the case of Urcola, Riazuelo, Lazaro, and Montano (2008)
this is combined with a leader, for evacuation application in com-
plex urban environments. A virtual structure is also experimentally
used by Wagdy and Khamis (2013). Commonly, virtual structures
are associated to rigid formations, perhaps with some tolerances
if a spring-damper analogy is chosen. Instead of it, our approach
considers non-rigid formations in the sense that it is enough for
our robots to fit inside the desired formation shape, so mutual dis-
tances between robots may vary.

In his famous book on turtles, termites and traffic jams, Resnick
(1994), the following crucial observation was done: bird formations
work in silence, no communication of messages is needed. In line
with this remark, Fredslund and Mataric (2002) proposed a robot
formation algorithm requiring minimal communication. Recently,
a non-communicating multi-robot system was introduced by
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Cezayirli and Kerestecioglu (2013). Our proposal also belongs to
this general approach of minimising communication between
robots.

A popular way for establishing a formation is to assign roles to
robots. Typically one of these roles is to be a leader, so the rest of
the formation follows it. In our proposal there is no leader, and the
robots are anonymous. The consideration of formations of anony-
mous robots is becoming a new area of interest for the research, as
reviewed in Yamauchi (2013). Moreover, our robots are oblivious,
which is also a characteristic contemplated in Dieudonné, Petit,
and Villain (2010) and later on in Fujinaga, Yamauchi, Kijima, and
Yamashita (2012). Most of these studies define the robots as punctu-
al (just a point in space), and analyse how a formation geometry
could be attained, if possible. In Ekanayake and Pathirana (2009) a
swarm of punctual, communicating robots is considered, and forma-
tions can be obtained using potential fields. In general, punctual
robots can be only simulated. In our proposal, robots are real,
non-punctual, and formations are experimentally confirmed.

The rest of the paper is organised as follows: Section 2,
describes the approach set forth in this introduction and how it
is implemented for mobile wheeled robots. Section 3 specifies
how to apply the method to experiments on robot formations. Sec-
tion 4 describes the simulation and experimental layout and pro-
poses a collection of different scenarios to study and test the
soundness of the approach when applied to formation of robots.
Section 5 shows the results achieved on the proposed scenarios.
Eventually, Section 6 draws some conclusions.

2. Methodological approach
2.1. Virtual potentials for situation perception

Robots are supposed to be able to gather relevant information
about their own environment. This information is processed
accordingly and associated with a virtual potential field. Each robot
computes the value of the potential fields at its local position.

In general, the number and kind of virtual potentials employed are
problem dependent. Three different potential fields are employed for
the coordinated navigation problem this paper is devoted to.

Obstacles. Obstacles are usually detected with some kind of
proximity sensor. They can also be pointed out to the robot using
a map of the scenario and the current robot position, obtained by
GPS, beacon systems, etc.

Each detected obstacle i generates a repulsion potential defined
as,

b= (1)

which can be associated with a force field in the classical way,

fi:*v¢:*rz_3'ﬁi (2)
1

where r; represents the distance from the robot to the detected
obstacle, and ; is an unit vector pointing towards the obstacle.
The detecting robot position is the origin of i;, hence the extra
minus sign.

Different obstacles or different measures scanned from several
spots of the same obstacle are added to obtain a single value for
the obstacles potential and a single value for the obstacles field,

1
(Dobszzr_z (3)
i i
- 2
Fobszzfrj'ui (4)

i 1

Eventually, F,, is employed to calculate the location of an equiva-
lent obstacle, i.e the location of a single obstacle which would pro-
duce the same obstacle field value as the set of real obstacles
detected by the robot,
- 2 2
FobsEfaeq = _rT‘uoeq (5)
oeq

The virtual location of the equivalent obstacle is determined by the
distance roq and the vector tgeq.

Integrating (5), the equivalent obstacle field can be associated
with an equivalent potential.
¢)oeq = rzl (6)

oeq

The fact that, in general, @55 7 ¢, is used to provide additional
information to the robot, concerning the obstacles layout.

Robot-mates. Other robots present in the scenario are in some
way obstacles too; robots should avoid collisions among them.
Nevertheless, robot-robot interaction is handled separately, using
a specific potential.

1
e = Y 7)
i i

FRab:Z—rzj‘ﬁi 8)
i i

where r; represents the distance from the detecting robot to the i-th

detected robot and i; is an unit vector pointing towards robot i. The

detecting robot position is the origin of i;. These equations are iden-

tical to those previously defined for obstacle avoidance. Also, an

equivalent robot is similarly defined as,

- 2 2
Frob Efreq = *rT'ureq (9)
req
and,
1
(nbreq = T'z_ (10)

req

As in the case of obstacles, the difference between @y, and ¢, will
be exploited to obtain additional information on other robots layout.

Formations. Formations are also defined by potentials and their
associated fields. A formation field defines the configuration a team
of robots should acquire. In a very explicit way, the formation
potential will adopt the shape of the desired formation and the
robots will move towards the basin (minimum) of the formation
potential.

These formation potentials are intended mainly for loose
formation, i.e. the robots distribution preserves the shape of the
formation but each robot position is not fixed inside the formation.

Being the formation potentials associated with the formation
shape, it is possible to define countless formation potentials. The
following definitions include just some straightforward examples.

e Column formation. Robots are aligned behind each other in

a row.

by =¥ (11)
e Line formation. Robots are aligned side by side and move

abreast.

b =X (12)

e Wedge formation. Robots adopt the symmetric v-shaped
formation typical of some flying birds.

by = (x+|y])? (13)
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e Circular formation. Robots are distributed making up a circle
or radius ry

b= (r—1o)° (14)

In the three first cases, the formations have been described
using a two-dimensional (x,y) reference system, where x+ points
towards the formation advance direction. The circular formation
uses the distance r to the origin of the reference system.

Robots perceive their situation inside the formation according
to their position in the formation potential reference system.

Fig. 1 shows some instances of the potentials described in Eqs.
(11)-(14).

2.2. Descriptive elements and situations

The virtual fields and potentials, described in the previous sec-
tion, concentrate the information gathered from the robot sensors
in a set of distances and angles between the robot an a few virtual
field sources. This information, although fundamental, is not suffi-
cient to build a behaviour-based system. It is also necessary to
evaluate this information bearing in mind the features of the
robots and the characteristics of the problem.

Descriptive elements are defined by evaluating the mentioned
set of distances and angles. They retrieve a numerical value, usually
between 0 and 1 or —1 and 1, which represents the degree of fulfil-
ment of a specific situation. Descriptive elements define simple -
atomic- situations and add on the own robot’s perception features.
Complex situations are defined combining atomic situations.

For distance evaluation a sigmoid function is enough to build
descriptive functions,

1

S Fr )

(15)

where ¢ and o, are parameters that can be adapted according to the
robot features and the atomic situation described.

The orientation associated to a virtual field, 0,s, represents the
angle between the unit vector in the field direction and a reference
system fixed to the robot. In the case of wheeled robots, the robot
heading direction is usually taken as the O reference angle.

Descriptive elements designed for evaluating orientation are
derived from basic trigonometry, for example:

o) = 1=

Eq. 16 can be employed to describe situations in which it is impor-
tant to evaluate if “something” is “ahead” the robot. So, an obstacle
located opposite to the robot will take an orientation 6,,s = 7 and
thus, O(0gps) = 1.

Descriptive elements are intensified and combined following
basic rules, similar to those used in fuzzy logic; for example: A
descriptive element, S, is intensified squaring it: S — very(S) = &%
The complement of a descriptive element S is defined as
S =1 — 8. The coexistence of two situations described by S; and
S, is defined as a product $1&S; = S; - Sy, etc.

e (-7, 7 (16)

2.3. Situations and actions

Actions are intended to answer to those situations the robot
perceives at any time. For mobile robots, actions should end up
selecting set points for heading and speed. On the other hand, there
could be different actions compatible with a given situation. Some
of then will fulfil the situation requirements better than others.
The “degree of fulfilment” of an action to a given situation is
expressed using a bell-shaped function covering the complete
circumference around the robot,

_(0-(u-9)?
w-e 22
Y0, 0,6,0)=q w

H—Tt<O<U—96
U—0<O< U+ (17)

U+T =0 p+0

<
<

_(0-(u+0))?
w-e 22

Parameters w,u,6 and ¢ are intended to link situations with
actions.

Fig. 1. Column, line, wedge and circular potencials.
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For instance, if a robot perceives an obstacle field in direction 0,
and at distance ryq, it can employ Eq. (17) to establish an action
aimed to avoid getting nearer the obstacle. Eq. (17) will represent
then, the “degree of rejection”, for any direction 0, brought on by
the obstacle presence. Parameters may then be derived from situa-
tions using Eqs. (15) and (16) as follows: @t = T — Opeq, W ox D(Toeq)-
O(0oeq), 6 < D(Toeq) - O(Ooeq) aNd T o D(Tgeq) - O(Ooeq)-

To particularise the example further, it can be considered that
the obstacle is perceived by the robot as located ahead, i.e.
0oeq = 7. This leads to O(m) = 1. Thus, all parameters on Eq. (17)
are directly proportional to D(Toeq).

Besides, going on with the example, function D(r,) can be fit to
saturate to D(roeq) ~ 1 for req <20cm, and to D(reeq) ~ 0 for
Toeq = 50 cm, the centre of the bell should be u=0, and the
remaining parameters can be derived as the product 7 - D(Toeq).

Fig. 2 shows the resulting bell-shape distributions obtained from
such example, for several values of rqq. Notice how, when roeq
increases, w decreases, diminishing the tendency to avoid the obsta-
cle, 6 decreases, narrowing the bell function around the obstacle
direction and o also decreases, making milder the transition
between headings to be avoided and headings to be allowed. Con-
versely, if r,q decreases, the tendency to avoid the obstacle rises,
the bell function width tends to spread and the transition between
headings to be avoided and headings to be allowed gets sharper.

Lastly, notice that different obstacle-robot orientations, have a
similar effect in Eq. (17) shape: if 0, tends to 0, which means
the obstacle is left behind, the tendency to avoid the obstacle
diminishes, the bell function tends to be narrower, etc.

Different situations can lead to the same kind of actions. Contri-
butions to the same action derived from different situations, g,
can be combined as a sum,

s = Vs (18)
S

or as an union,

Vs = msax(l//s) (19)

taking in this case the maximum value of the contributions coming
from different situations. The resulting combinations are denoted as
Action Maps.

In our case, the actions are reduced to select directions for head-
ing, to forbid directions for heading and to brake (reduce the

3.5 T T T T T T T T T

3.0 1

2.0r 1

1.5¢ 1

1.0p / \ 1

\

0.5 \ ]

0.0

-180°--135° --90° --45° -0°

-45° -90° -135° -180°

robot’s speed). Actions Maps for heading selection are built using
Eq. (18). Actions Maps for heading banning and Action Maps for
breaking are built, on the other hand, using Eq. (19).

2.4. Drawing a final decision

Action Maps contain relevant information on the value of the
different actions a robot can do. It is now necessary to establish a
final arbitration process. As it was introduced in the previous sec-
tion, this process takes place in two stages. First the suitability of all
possible actions is established.

In our case, this means to blend together the heading selection
map with the heading banning map. This blending is carried out
combining both Actions Maps in the following function,

Fe(0) ) (20)

5(0) = (1 —Ye(0)) - <1 +m

where Wr(0) represents the heading banning Action Map and Wg(6)
represents the heading selection Action Map. Parameters u, o, d and
¢ have been omitted from the Action Maps expressions to simplify
the notation.

Notice that S(0) can achieve 2 as maximum value and O as a
minimum.

A robot can reach a selected heading by turning to one side or
the other. In addition, the wheeled robots employed cannot spin
or move backwards. Thus, whenever they select a new heading
they need to describe some longer or shorter turning trajectory
before getting the selected heading.

These robot features just described, must also be taken into
account in the arbitration process. To establish the degree of safety
to turn left or to turn right, a cumulative product of values, taken
from the heading banning map is worked out,

n

LT(0,) = H(] —q- <‘I’F(01) 7111.1;'131[%(9,4)])), 0<0;<0, <21 (21)

i=0

n

L™ (6,) :H<1 _q. (lyf(a,-) —qfi(pm(ai)]», 0>0;>0,> 2
] 1

(22)

Eventually, L*(6,) and L™ (0,) are normalised as follows,

270°

Fig. 2. An example of action for avoiding an obstacle located ahead the robot. Left side graphic shows the action bell-shaped distribution for different distances between robot
and obstacle. Right side graphic shows the same curves this time on polar representation. The black arrow represents de robot heading direction.
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Goal

Obstacle 3) (4)

(1) Action map : Recommended heading.
(2) Action map: Forbidden heading.

(3) Heading suitability.

(4) Turning safety factor.

(5) Turning map.

Fig. 3. An example of decision process for robot heading selection. Left: Robot,
obstacle and goal layout. Right: schematic polar representation of situation, action
and decision maps. The black arrow represent de final heading value.

SF*(0) = 2 L*(0n), On1 <O<0 23
) 1— min?” ¥ (0;) (). s " 23
n
SF(0) = 2= Mol O] -y 5050, (24)
1- mmoizo[‘PF(O,)]

where SF* defines a safety factor for turning left and SF~ for turning
right. The number of samples taken from ®(0) around the circum-
ference and the parameter q are set to fixed values or can be fitted
according to the robot speed.

Suitability (Eq. (20)) and safety (Eqs. (23) and (24)) are blended
to obtain a Turning Map, according to the following expression,

0

TM* (0) = (5(9) - Wil

) . SF* (25)

where the term w;- | 0/27m|, establishes a penalty to heading
changes, which increases linearly with the angle.

The final heading value is selected as the maximum value of the
turning maps,

0 = max [TM*] (26)

270°

Table 1
Actions prescribed for a robot located far away from the formation it belongs to.
Action u o 5 w
wi(0) Otead + % - Ors - Pf* z 0 Dre
¥1(0) Olead z 0 Dge - Opr - Py
V2 (0) Otead z 0 Die - Oge - (1 - Py}

* Pr=1— O (1 — Dgg).

Table 2
Actions prescribed for a robot located close to or inside the formation it belongs to.
(Formation shape keeping).

Action u c 5 o

VE(0)  Oad +5 Ors-Orr-Drr 5 0 Dy Opr - (3+1Drm)

V1 (0)  Otead 5 0 0.1 -DwOpr-Dru - [Véyl
Ui2(0)  Oread 5 0 02.Dw(1-Om-(1-Dre)?)

? Dy =1 — Dir.

Table 3
Actions prescribed for a robot located close to or inside the formation it belongs to.
(Robot insertion allowing).

Action u o 1 w
Ve(0) Otead + 5 - Ogs - Dre 3 0 0.5 - Den"(1 — Dgr)
Vg1 (0) Otead z 0 0.6 - Den(1 — Drr) - Opr

@ Dy =1 — Dgr.

In our scenario with wheeled robots, robot’s speed is fit following a
straightforward evaluation of the brake action, ¥3(6),

Ur = Umax - (1 — ¥5(0)) (27)

where vy is the speed selected and v is the maximum speed
allowed to or reachable by the robot.

Fig. 3 shows an example of the whole decision process described
so far: a single robot is located in from of an obstacle, represented by
ared rectangle, and is trying to reach a goal, represented by a green

270°

- OAI?
- OBR
- OSR

Fig. 4. Example of robot situations described by Eqs. (30), (31) and (34), (35). The arrow labelled as 6rop, indicates the heading direction of the robot.
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Fig. 5. One of the wheeled robots used on this work.
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Fig. 7. Left: A snapshot taken with one of the top-view cameras. Right: The previous image after identifying and labelling the robots shown on it.
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circle. The robot sensors detect the obstacle and makes up an obsta-
cle repulsive potential. Likewise, from the position of the goal, the
robot makes up also an attractive potential towards the goal. From
these potentials, and others that could be present, the robot elabo-
rates descriptive elements accordingly. They have been represented
in the upper right corner of the figure as green and red circular sec-
tors around the robot. From the descriptive elements, all the infer-
ence chain, Action Maps - heading suitability - turning safety -
turning map - heading selection, is triggered.

3. Experimental study of formations: preliminaries
3.1. Formation characteristics

Formations are usually related with a specific configuration
which is imposed to a group of moving agents. These last should
maintain the configuration while navigating. The approach delin-
eated in Section 2 has been used to assemble and manage forma-
tions of robots.

Each robot performs the analysis for its next motion steps.
There is no leading robot, nor any kind of external coordinator.
The robots are able to communicate among them, but they only
share information on their current position. Besides, all the robots
are anonymous; their locations in the formation can be swapped
without any consequence.

A robot knows beforehand the formation shape, using a forma-
tion potential. Some examples of these were presented in
Egs. (11)-(14).

Formation potentials (see Fig. 1) should be positioned and ori-
ented inside a specific scenario. The origin of the potential P(n),
the (0,0) point for the potential equations introduced above,
moves with the robots movement. At the starting time of an
experiment, the origin of the potential is located at the centroid,
C(n) of the robots that belong to the formation, P(0) = C(0). After,
the origin of the potential is shifted at specific sampling times n, to
the new positions getting by the centroid of the robots. This origin
updating is smoothed employing the value of the mean of the
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(a) Simulation with 5 robots

(b) Formation with 6 real robots

Fig. 8. Wedge formation.
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gradients of the formation potential E(n), measured at the posi-
tions the robots are located, according to the following equation,

B(n) = C(n) + KE(n) + K; > _E()) (28)
j=0

This equation, inspired by classical proportional-integral (PI) con-
trol law, helps the robots to converge on the basin of the formation
potential and remain there.

Formation potentials are also oriented. The x+ axis of the poten-
tial points always towards the prescribed direction the formation
should move as a whole. This prescribed direction, that we will call
from now on the leading direction, is supposed to be supplied by
an external agent, i.e the position of a goal, an external supervisor
or planner, etc.

Note that each robot calculates by itself the location of the for-
mation potential origin using the positions of their robot-mates,
the leading direction, and Eq. (28).

3.2. Formation-related situations an actions

Following our approach, belonging to a formation adds new
situations to the robots and, subsequently, it calls for new actions.

Such new situations and actions were defined and discussed in
a previous paper (Cifuentes et al., 2012a). We will limit here to
briefly describe them avoiding to repeat the technical details.

A first descriptive element, D¢(r) is defined, using Eq. (15), to
qualify the distance from the robot to the basin of the formation
potential. This distance is obtained from the formation potential
gradient at the robot position as,

_ Vol
2

It is valuable to notice that Eq. (29) suits well with the formation
potentials defined in Egs. (12)-(14).

Parameters on Eq. (15) are set in such a way that the sigmoid
takes values Dgp(rmin/10) = 0.01 and Dgr(rmin) = 0.99, where 7y,
is equal to the robot’s minimum turning radius. Beyond 1, the

r (29)

S
[

(b) formation with 3 real robots

Fig. 9. Column formation.
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robot is considered outside of the formation. Between r,;;, and
min/ 10 the robot is near enough to the formation as to manoeuvre
to get inside. Lastly, a robot closer than ry,;,/10 to the formation
potential basin is considered inside the formation.

Taking the heading direction of the robot as a reference, the
direction 0fmn, towards the formation basin is drawn from the gra-
dient of the formation potential. Both directions are combined with
the, previously described, formation leading direction, 0,4, to
define a set of situations. They are obtained following the model
of Eq. (16) and the intensificator very (squared),
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where Eq. (30) wraps two descriptive elements: Oyf, being ahead of
the formation (plus sign in the equation) and Ogr, being behind the
formation (minus sign in the equation). Likewise, Eq. (31) repre-
sents being to the right of the formation Ogr (plus sign) and being
to the left Oy (minus sign). These equations enable to evaluate
the position of the robot related to the formation location and the
formation heading. For example, when 0, and 0Opqq are equal, the
robot perceives that the direction towards the formation and the
direction the formation is following are the same. Thus, the robot
is located right behind the formation. Likewise, if the difference
Ororm and 0Ojeqq is 7 this means that the robot is located in front of

1 % c0S(0porm — Oread)\ > X
Ont Vo — D) = (- n =) (30)  the formation.
To take into account the presence of other robots, the gradient
0 0 0 (1 £ sin(Oporm — Oread) 2 31 of an equivalent robot potential, defined as in Eq. (10), is employed
e 15 (Oporm — Otead) = 2 GD to draw both the distance r and the direction 0y.,. The correspond-
ing descriptive elements are defined likewise in the formation case
Oss(0form — Otead) = SIN(Oform — Oteaa) (32)  just described.
o 75
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(a) Simulation with 11 robots

(b) Formation with 4 real robots

Fig. 10. Line formation.
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Dre(r) is defined following Eq. (15) and it enables to qualify the
distance to other robots.

1

r=——

vV ¢req
Parameters on Eq. (15) are now set in such a way that the sig-
moid takes values Dgg(3 - Imin/10) = 0.01 and Dgg(5 - Imin) = 0.99.
These clearances allow robots to manoeuvre more easily.
The relative orientation elements are defined as,

33)

1 %+ c0S(Oreqg — 0 2
Ot (O~ O = (252t (34)
Ok (Oreq — Orcad) = SIN* (Oreq — Oicaa) (35)

The orientation elements described so far, are shown in Fig. 4 in
polar representation.
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A further descriptive element is necessary to compare the direc-
tion toward other robots 0,4 and the direction towards the forma-
tion Oform,

2
1- Cos(aform - Hreq)) (36)

ORF(Qfonn - 9req) = ( 2

Notice that in this last case, the sensing robot is only interested in
knowing whether or not the sensed robot is blocking the path
towards the formation basin.

According to the descriptive element Dgr, a robot could be con-
sidered far from the formation when Dgr ~ 1 and getting into or
already inside the formation when Dgr ~ 0 or 1 — Dgr ~ 1 . In the
first case, the goal for the robot will be to approach the formation.
Three actions are then prescribed: First, ;(6), to select a heading
direction for the robot which combines the formation leading
direction, 0,q, and the direction towards the formation Ofpmn.
Second, Y, (0) to brake the movement of the robot in the leading
direction whenever it is located ahead of the formation. Both

\l“W

(a) Simulation with 20 robots

(b) Formation with 5 real robots

Fig. 11. Circle formation.
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actions are described using Eq. (17). Parameters for both distribu-
tions are defined in Table 1. Third, y,(0), to break deadlocks when
two robots are symmetrically located relative to the formation
leading direction axis.

Notice how y is built in such a way that it mainly selects the
formation leading direction, 0,4, as the heading direction for the
robot. This election is in turn modified by the value taken by the
descriptive element Ogs and the presence or not of other robots
into the path towards the formation. A descriptive element, P, is
derived from Ogr and Dgg to deal with the effect of such potential
nearby robots. Py takes high values, ~ 1, when the path between
the robot and the formation basin is free from robot-mates.

Supposing a clear path towards the formation basin, the robot
tends to follow a heading direction that will be bounded between
Oleaa — /5 and 0Opqq + 7/5 . The limits are reached only when 0qq
and Op, are normal, i.e when the robot is located at one side or
the other of the formation. This means that the robot follows the
leading direction with a speed, ¥y - COS(7T/5) ~ 0.8 - ¥jnqy, When-
ever it is not located ahead of the formation. This value established
also the maximum speed the formation can take, in order to allow
approaching robots to reach it.

On the other hand, if the path towards the formation is not
clear, then, P; will be close to 0 and the robot will tend to pace
itself, moving parallel to the formation, until the path gets clear
of other robots.

The braking action g, can be described in a similar way, The
leading direction is selected as the main braking direction, but this
selection is weighted with the descriptive element O4r which takes
a relevant value only if the robot is ahead of the formation. At the
same time, Py prevents the robot braking if there is another robot
close to its back.

Lastly, the braking action v, makes a robot located on the right
side of the formation to brake, giving way to robots located on its
left.

When a robot is getting into or is already into the formation,
1 — Dgr ~ 1, the applicable actions change. Now, the robot goal is
to preserve the formation shape, whilst it moves on the leading
direction and allows other robots to come inside.

Tables 2 and 3 summarise the actions taken to preserve the for-
mation shape and to allow new robots insertion. The effects of the-
se actions can be deduced in a similar way to the case, already
described, of a robot located far from the formation. A detailed
explanation can be found in Cifuentes (2013).

4. Simulation and experimental scenarios

The final goal of our work is the coordinated navigation of
robot teams. The situations and actions described in the previous
section are derived from the elements that make up the scenario
under consideration. There are three elements to be taken into
account:

4.1. Robots

The first fundamental element considered is a set of six small
differential wheeled robots. Fig. 5 shows one of them.

The robot dimensions are 11.5cm long x 9.5cm wide and
13.5 cm high. The main actuators are two steeper motors directly
coupled to the wheels. These motors are driven by two ULN2803
Darlington drivers. The core of the robot control system is a Micro-
chip PIC18F4550 microcontroller. A MRF24]J40MA radio board pro-
vides communications among robots and with a base station.
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Fig. 12. Evolution, for several formation size, of the mean and standard deviation of the distances from the robots to the formation basin. (Line formation simulation).
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The microcontroller provides an elementary control loop for
robot heading and speed, supplying pulse signals to the Darlington
motor drivers. It also computes robot displacement from wheel
encoders data.

The robots are operated in a remote brain configuration. The
microcontroller on board the robots receives from the base station,
via the radio board, set points for speed, turning ratio and heading
and sends back to the base station the current robot speed, turning
ratio and the wheel encoders data.

Maximum robot speed is set to . = 10 cm/s. Although the
robots can spin and move backward, they are not allowed to do
so; a minimum turning radius r,; = 10 cm has been also estab-
lished. This, in turn, limits the robot turning rate.

| 9 |< |Umux| (37)
T'min

The selection of such a simple sort of robots was motivated for

the need to keep a whole team of them: They are easy to operate

and maintain, they can be simulated using simple models, they

can operate in a reduced space, inside the available laboratory

facility and they are reasonably cheap.

4.2. Base station

The base station is a software application specifically built to
work in combination with the robots. It runs on a standard com-
puter. The base station creates an operates an avatar for each robot
present in a scenario. These avatars act as software agents, running
the core of the navigation algorithm, tracking the movements of
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the robots they represent and displaying and logging the informa-
tion gathered during the experiments. Conversely, It is possible to
send information from the base station, through the avatars to the
robots. Fig. 6 shows a screen shot of the base station graphical
display.

In addition, the base station can be used alone to simulate a full
scenario, without the presence of the real robots. In this case the
agents run also a kinematic model of the robot behaviour to simu-
late their movement on the scenario. This feature has allowed us to
study scenarios with a number of robots varying from 3 to 30.
Some preliminary results have been reported -elsewhere
(Cifuentes et al., 2012a, 2012b).

At last, it is also possible to combine real and simulated robots
in the same scenario, in a hardware-in-the-loop fashion.

4.3. Positioning cameras

The positions and orientations of the robots are obtained from a
couple of top-view cameras. Each robot has on top a plate with a
colour pattern (see Fig. 5). It is composed of three strips: one blue
at the front of the robot, one composed by black and white patches
to form a numerical code, and one red that marks the robot rear.

The cameras take snapshots at a 10-15 Hz rate. The resulting
images have a resolution of 800 x 600 pixel and cover a surface
area of 4 x 3 m. The base station is also on charge of processing this
image to obtain the position of all the robots present in a scenario.
Fig. 7 shows a snapshot of the robots (left) and the same image,
after being processed, where the robots have been identified and
labelled (right).
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This information is merged with the data obtained from the
robot encoders to obtain a final estimation of the robots positions.

5. Experiments

The next sections describe the results achieved from experi-
ments on formation setting up, which is probably the most crucial
step in the whole formation navigation process.

The experiments were conducted first in simulations and after
using real robots.

Simulated experiments enable to test the validity of the
approach in a wide number of scenarios. It is possible, for instance,
to increase arbitrarily the number of robots involved or repeat the
same scenario departing from so many different initial situation as
you wish. This last allows asserting the robustness of the algo-
rithm. Besides, as it is shown below, simulations can be employed
to illustrate the influence of the elements involved in the decision
taking process, e.g. situations, actions, etc.

Real experiments although limited by restrictions of space, time
and the available number of robots, are necessary to demonstrate
the viability of the approach in the real word.

The scenario starts with a set of n robots located at random
positions inside a square of side [ = 50 - n cm, being the initial dis-
tance between robots r; > 3 - rp;;; cm. The robots start off guided
by information on the leading direction, 0,4, and the location of
other robots. The specific formation potential, ¢, determines the
formation shape the robots will eventually display. The avatar
associated to each robot triggers the chain process: Potentials-
Situations-Actions-Final Decision, and provides the robot with

100
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speed and heading set-points. The experiment finishes when the
robots have adopted the prescribed formation and are navigating
in the leading direction.

For experiments conducted in simulated scenarios, noise
were added to the position (normal distributed, zero mean,
im/2 variance) and to the heading of the robots (normal dis-
tributed, zero mean, ©/30 variance). Also the orders sent to
the step-motors were altered +5% normal randomly around
their set-points.

The formation setting up process supplies a very useful scenario
to validate the methodology proposed in the previous sections. It
covers all the stages from a disordered and scattered robot initial
layout to an ordered final one.

5.1. Overview of experiments in simulation and with real robots

For simulated scenarios, the experiments were conducted using
ten different formation sizes: 3,4, 5,6, 7,9, 11, 15, 20 and 30 robots
and four different formation potentials: line, column, circle and
wedge.

Part of the experiments performed in simulated scenarios were
repeated later with the team of real robots described above. There
are obvious limitations due to the number of robots available and
the size of the laboratory area scanned by the top-view cameras.
These limitations restricted the size of the formation tested to 3,
4, 5, and 6 robots.

Figs. 8-11 show several examples of experiments on formation
setting up. Real and simulated experiments have been grouped
according to the formation shape to be achieved. This facilitates
the comparison among simulated and real robots behaviour.
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The upper sequence of frames on these figures, from left to right
and from top to bottom, shows the evolution of the simulated for-
mation from the initial random positions and orientations of the
robots (top left frame) to the thoroughly developed formation (bot-
tom right frame). All the examples are represented in the forma-
tion reference system, being the positive X axis the leading
direction. The line behind each robot represents its trajectory trail.

The lower part of the figures shows sequences of frames from
the real experiments. Each frame shows two slightly overlapped
images taken simultaneously with the top-view cameras and cov-
ering the whole scenario: a 3 x 4 m area. The frames are ordered
from left to right and top to bottom. The top left frame shows
the initial layout and the bottom right frame the final formation
shape achieved by the robots.

The trails of the robot trajectories have been added to the
frames, thereby allowing to follow the evolution of the formation
setting up. Notice that the avatars employed to rule the robots in
real and simulated experiments are identical.

Fig. 8(a) shows the setting up of a, five robot size, wedge forma-
tion. Departing from the initial layout shown in the first frame,
robots turn to the leading direction, approaching the formation
at the same time. Frame three, in the upper part, shows how the
leftmost robot (see the trail) advances parallel to the formation
because there are other robots in its way towards the formation
basin. These behaviours arouse from action v of Table 1. In frame
four this same robot is already ahead the formation and begins to
brake, following action y;, of Table 1. In the following frame, the
robot is getting into the formation and shifts its robot-mate located
at its left. This shifting process comes from actions ¥ and ¢ of
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Table 3. Eventually, the last frame shows the robots making up
the formation and moving steadily in the leading direction.

A wedge formation setting up performed by real robots can be
seen if Fig. 8(b). The number of robots is now 6 and the initial lay-
out differs from that employed in the simulated scenario. The
robots behaviour is quite similar to their simulated counterparts
one. Note, for example, the interchange of position, between the
second and third topmost located robots.

Fig. 9(a) shows the setting up of a, seven robot size, simulated
column formation. A larger number of robots increases the
scenario complexity. Thus, it takes a larger distance to set up the
formation. It is important to notice that, due to the reactive nature
of the method, the distance and time consumed are not optimal.

Frames four and five show how the robot located at the right
side of the formation (in the lower part of the frame) brake to let
those located at the left get into the formation. In the case of the
last two robots, which arrive to the formation from almost sym-
metrical positions, this is a consequence of action , of Table 1.

The real robot experiment, Fig. 9(b), is performed in this case
using three robots. Notice how the uppermost robot in the firs
frame waits until the other two are ahead before to joint the
formation.

Fig. 10(a) shows a simulated experiment, now for a line forma-
tion of eleven robots. Probably, this is the easiest to set up forma-
tion. The second frame shows one robot turning around to get the
leading direction. Robots ahead the formation brake to wait for it
and some lateral shifts can be observed, when other robots reach
the formation line. In the last frame the robots appear being evenly
distributed inside the formation basin. This is a consequence of the
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number of robots involved and their initial distribution. Once all
the robots have reached the potential basin, they keep the dis-
tances among them.

Fig. 10(b) shows the same line formation experiments using
four real robots. Particularly interesting is the behaviour of the
robot located on the left-upper corner of the initial layout (first
frame). It can be seen how this robot tries first to approach the for-
mation turning right. As the access is blocked by two other robots
locate ahead, the robot turn left then, eventually reaching the left
tip of the formation.

Lastly, Fig. 11(a) shows the setting up process for a, twenty
robot size, circular simulated formation.

Circular formations have an special interest for two reasons:

First, because they are an example of a closed structure in
which the available space to locate the robots is limited. Anyway,
ro in Eq. (14) should be large enough to allow the robots fit in
the formation. we take ro equals to the number of robot times 1.

Second, because circle formations supply a wider combination
of leading, formation and other-robots directions than the other
kinds of formations described before. It is possible to identify in
the frames, behaviours coming out of all the actions included in
Tables 1-3. For instance, comparing the last two frames, a reloca-
tion of the robots, already inside the formation, can be noticed. This
comes straight from action ; in Table 3, which modifies slightly
the heading of the robots, once in the formation, to take them apart
from one another a distance equal or greater than 5 - 1.

The real robots version of the experiment is shown in Fig. 11(b).
In this case, due to the initial robots layout, the formation setting
up takes place in a smooth way.
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5.2. Systematic experiments in simulation

Simulated scenarios allow reproducing systematically the same
experiments. For each combination of the previously mentioned for-
mation size and formation shape, 100 experiments were conducted
departing in each case from a different random initial situation.

A first important result achieved was that, in all tested cases,
the robots set up the expected formation.

The evolution of the distance between a robot and the forma-
tion basin can be used to describe the degree of robot inclusion
in the formation. Departing from a random layout, the distance
between each robot and the formation basin should decrease, as
they reach the formation basin. Once there, such distance should
present a rather steady value close to zero.

These distances are obtained using a simulation step and sam-
pling time of 0.1s. Afterwards, the mean and the standard devia-
tion of the distances at each sampling time for each group of 100
experiments were obtained. These statistics allow the analysis of
the effect of the formation size and shape in the formation setting
up process.

Fig. 12 shows the time evolution of the mean and the standard
deviation of distances from the robot to the formation basin during
a formation setting up. The line formation was chosen for this
example. The results in all cases are averages of 100 experiments.

In that figure, it is clearly shown how the robots converge
towards the formation basin. Besides, the convergence of the stan-
dard deviation shows how the distances between the individual
robots and the formation basin tends also to homogenise, taking
values close to the mean as the experiment progresses.
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The convergence process presents a exponential decay, com-
mon to all the scenarios. When the robots start up, they are dis-
persed and the situations and actions described in the previous
section make the robots to quickly move toward the formation
basin. As the situation evolves, there are more robots into or close
to the formation, so it takes more time for newcomers to find a
place in it.

It can also be noticed that neither the mean nor the deviation of
the distances reach the zero value. This is a direct consequence of
the lower limit imposed to descriptive element Dgp(Tmin/10) =
0.01. Bearing in mind that r,;;; = 10 cm, the robot is perceived as
being inside the formation when it is located within 1 cm of the
formation basin, and then, the robot limits itself to hold the
formation speed and the leading direction.

Another interesting variable is the time taken to setting up the
formation. This time will be defined as the time when, being every
robot within a distance of ry;, /2 from the formation basin and all of
them strictly further than collision distance (> 3 - ;) from any
other robot, this situation lasts for 50 s, i.e, 500 simulation steps.

The distributions obtained for setting up times are shown in
Figs. 13-16. Each figure belongs to a different formation shape -
Line, circle, column and wedge - and shows the resulting
histograms for the ten formation sizes tested. There are some
properties common to all the scenarios: Time data follow skewed
histograms, which could be associated with the Gamma distribu-
tion. Obviously, the size of the formation affects the scale and
shape parameters of the distribution. This tends to be more spread
out and the setting up time tends to be larger as the number of
robot involved in the experiment increases.

The mean of the setting up time its related with the complexity
of the formation setting up problem which in turn depends on the
size and shape of the formation. These dependences are inter-
twined. For example, it is faster to set up a circle formation with
a small or moderate number of robots, but for more than ten robots
it is easier to set up a column formation. The wedge formation
appears to be the most dependent on the number of robots; for
small size the wedge formation setting up time is comparable to
the times of other formations but it increases the fastest with the
formation size.

Comparing the formation shapes tested, column formation pre-
sents the lowest disperse setting up times distributions. Circle and
line formations follow, with a similar dispersion. Lastly, wedge for-
mation which presents the largest setting times dispersion.

These results reflect the influence of the random initial distribu-
tion on the setting up process. For small formation size, the influ-
ence is also small, and the dispersion of setting times are similar.
When the number of the robots increases, the easiest formation
to be set up is the column, because robots just need to move
towards the formation central axis, following the leading direction.
Wedge formation instead turns out to be the most complex and the
setting up time depends more on the initial layout of the robots.

5.3. Systematic experiments with real robots

Systematic experiments with real robots were carried out using
a four robots size formation. The available experimental area lim-
ited the possibilities of initial random layouts. In fact, for formation
sizes larger than 4 robots, the setting up process could only be fin-
ished inside the cameras scope when the robots were initially
placed close to the edge of the experimental area. This situation
also holds for the 4 robots column formation. For this reason, the
results obtained for this last scenario have been discarded.

As in the case of the simulated experiments, in all real experi-
ments conducted the robots converged towards the formation.

Fig. 17 shows the evolutions of the mean and standard devia-
tion of the distances from the robots to the formation basin. The
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Fig. 17. Evolution of the mean and standard deviation of the distances from the
robots to the formation basin. (Real, four robots size formation.)

results have been averaged over twenty experiments, forty in the
case of line formation, departing from different random selected
initial layouts. As can be seen, the real experiment results resemble
those obtained from simulation; a similar exponential decay and
the same final stabilisation of the distance to the formation basin
due to effect of the descriptive element Dge.

6. Conclusions

This paper shows the application of a novel approach to rule the
coordinated navigation of robot teams. Such approach, based on
virtual fields, situation awareness and behaviour blending, has
been systematically tested in virtual and real scenarios.

In particular, the paper describes the results achieved in forma-
tion setting up processes.

There are several features of the approach worthy of note. First,
the distributed nature of the method. Each robot takes its own deci-
sions on heading direction and speed underpinned only by data on
the current position of the remaining robots and the leading
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direction followed by the formation as a whole. There is nor any
kind of centralised control neither real or virtual formation leader.
The coordinated behaviour among the robots can be considered as
an emergent property, there is not an explicit coordination method.
Besides, communication among robots can be reduced to a
minimum.

The fact that the formation arises as an emergence makes the
method appealing, from a theoretical viewpoint: There are many
physical and biological system in nature that exhibit emergent
properties. Such system are a never ending source of inspiration
for robotics, the developed method shows an example.

But also application prospects are enhanced: very large forma-
tions or groups of robots could be managed avoiding the classical
problems of communications, scheduling and coordination. A sim-
ple set of rules properly fitted and shared by all the robots involved
are enough to manage the whole scenario. New situations such the
presence of obstacles or other teams of robots can be added
modularly to the robot system. Robots can be added to or with-
draw from an scenario on the fly, without need to change or repro-
gramme anything.

It is also important to remark the reactive nature of the method.
It can assure the setting-up process and local navigation of the for-
mation. It also can avoid convex obstacles, using virtual potentials
to deal with them. But it is necessary to provide some kind of
supervision system, which deals with the global tasks, and that
can take into account situations, like for example concave obsta-
cles, that can not be solved by memoryless systems.

The method has been tested successfully for formations up to
30 robots size in simulation and up to 6 robots size in experiments
with real robots. In both cases four different formation shapes -
line, column, circle and wedge- were used.

The time taken by the robots to set up the formation depends
mainly on three factors: the robot initial layout,the number of
robot and the complexity of the formation shape.

The results appear to confirm that the proposed method suits
well with the coordinated navigation of the robots regardless the
specific features of the formation they belong to.

There are several areas, inside cooperative robotics which can
supply fertile field for future works. Since the experimental indoors
results are promising, the next step of the research would be to
study the method in wider real scenarios of outdoors robots. The
work will address both, to increase the number of real robots
involved in experiments and to include terrain obstacles in the sce-
nario in order to study the process of formation dispersion and
regroup. Another future work will be to apply the method to
autonomous ships. Here the interest is to study the fitness of situa-
tions and action parameters on vehicles which actuation is limited,
(no brake mechanism available, speed and turning radio highly
coupled). Besides, natural scenario perturbations, such waves and
wind, make challenging to keep a formation stable. Lastly, It could
be also interesting to apply the method to other robotic areas such
for example teams of robotics arms working together, or coop-
eration between robots and humans.
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