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Abstract: This paper proposes a new mobile robot formation control based on a multi-potential approach. The proposed
method provides a pure reactive local mechanism that allows multiple robots to fit into formation pattern. Robots can
deal with partially unknown scenarios and different formation patterns. The work is aimed to non-holonomic vehicles,

constrains in speed and turn radius are considered.
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1. INTRODUCTION

There is a significant research activity on groups of
robots, with many interesting aspects [1]. One of the
most important issues is navigation of robot groups in
scenarios with obstacles [2].

The robotic scientific fields pertaining to this article
are artificial potentials, and robot formations. The
artificial potentials are well covered by textbooks, such
[3]. In addition, there are many research papers on
artificial potential fields, a recent review of navigational
strategies of mobile robots [4] includes a section on
artificial potentials.

The potential field methods have old roots in robotics
[5]. The method is highly appreciated because of its
simplicity and elegance. The virtual forces or potential
fields are intuitive and can be easily modeled and
visualized. But the classical potential field methods
have some problems, as it was noticed by [6] showing
the existence of local minima points in the potential
surface, meaning the robots may fall in traps. The
contribution of [7] about the inherent limitations of
potential fields, including traps and navigation
difficulties, awaked an intense research effort to
overcome the identified problems. Books like [3] give
an extensive account of this area of research.

The objective of this work is to supply a method for
robot formations to perform local navigation. We
understand for this the capability to move in a particular
environment avoiding collision among the robots of the
formation and with other (unmapped) simple obstacles.
This results in the reduction of a given high level path
planner work load (not covered in this text), since it
only needs to care about the global formation and not
about the individuals. It will be also a task for the high
level path planner to provide solutions for unforeseen
complex situations that the local navigation is not able
to solve.

2. CONTEXT

2.1 Mobile Robots

The mobile robots considered in this article are
non-holonomic vehicles, which supposes an extra
challenge compared with the more common holonomic

case. This imposes limitations to the robot movements
approaching those of a normal wheeled vehicle.

The forward speed can take any value between 0 and
vyux- The turn radius of the robot is limited to a
minimum value of r;;,. Taking r;;, >0 implies that the
robots are not allowed to spin.

The local navigation system is mainly centered on
the robot’s steering control. The speed can also be
altered when necessary, to avoid collisions, etc. The
robots cannot move backwards, imposing in this way a
new restriction to the manecuverability of the robots.
However, this results in smooth trajectories for the robot
motions. With these limitations the robots can reach
blocking situations; it is a task of the local navigation
system to avoid this situations.

At this stage of the research, inertia, and slip effects
are not considered. The robots have their own motion
control loops for speed and steering. It is supposed that
position and orientation of each robot is known by all
robots. The deployment of far from robot obstacles can
be unknown, nearby obstacles are known. Obstacles are
only considered when a robot is near them. The fields
are built locally by each robot using this information.
The goal direction is given to the robots by a higher
level path planner.

In a real environment these parameters could be
obtained in different ways depending on the nature of
the vehicles: indoors vehicles could use visual tracking
or beacon systems, outdoor vehicles could employ
differential GPS devices and a digital compass. For
obstacle detection a proximity sensor or laser ranger
could be used. A wireless communication device could
cover the interchange of information among the robots.

2.2 Potential Fields

The essence of this approach is to discern between
the different contributions to the global potential at the
location of interest. This approach reduces the impact of
local minima traps, since the robot does not react to the
global field, but to the different kind of contributions
that built the global field.

All the virtual fields correspond to central force
fields, which can be expressed as negative gradient of a
potential, Eq(2)~(3).
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Where r represents the distance to the potential source i
and the constants ai and pi shape each potential. In the
present work, instead of employ the total potential
the superposition principle is used to gather different
field sources of the same kind in ‘partial potentials’,
Eq(3).
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When building the virtual force fields associated to
objects with given shape such as the obstacle or the
formation field only the closer distance to the object
border is considered. Also to keep the system with
maximum simplicity ai=1 for all fields while pi is either
2 for attractive fields or -2 for repulsive fields.

The local navigation system developed in this work
uses these potential groups (goals, obstacles, robots, etc)
to guide the robot behavior. The use of these potential
groups represents a trade-off between using each
independent element in the scenario and using the
unified final field of the classical approaches. This
results in a reduced the amount of information managed
by the algorithm while keeping independent the most
relevant data

2.3 Control scheme overview

For each potential field source, the robot uses the
potential value and its gradient. The final aim of the
robot motion is to move in the goal direction while
being inside the formation field. At the same time, other
conditions like avoiding collisions with obstacles or
other robots should be taken into account.

The used control scheme consists on a collection of
situations and their solutions that the robot evaluates
constantly. The situations are described in terms of the
data obtained from the different fields in use. Each
solution contributes to one or all of the three main
actions that the robot can perform: Elect a movement
direction, Avoid a movement direction, and establish a
limit speed in a given movement direction. Each of
these main actions: Elect, Avoid and Brake, is expressed
in the form of a distribution along all the directions
surrounding the robot. Once all the situations have been
evaluated and all the proposed solutions have
contributed to the three main distributions, these
distributions are evaluated and a final steering and speed
is provided to the robot.

The employed system differs form the classical
voting schemes in two main points. First, each rule or
situation contributes to the final decision trough three
different ‘votes’; this means that it can provide
a ’reason’ on why a given direction is voted. The second
difference is that the voted directions are not a single

point addition, but a spread contribution to a distribution.

Usually each vote is given in the form of a normal
distribution centered in a desired direction with given

amplitude. Each ‘vote’ to the Elected distribution is
added to the previous ones, the ’votes’ to the Forbidden
and Braked distributions are overlapped to the previous
ones, as expressed in Eq. (4)~(6)

Elected (0)=Y"w,¢(u,,0,)

Elect (4)
Forbidden(@) = U [w1 5(/11 ,0, ),..., w, 5(/1, Nog )]
Forbide (5)
Braked(ﬁ) = U [Wl '5(/11 >0 - Wi ‘a(fui’ O; )’]
Brake (6)

Each of the terms of the form can be considered a
high-level command resulting for a given situation.
High level commands specify the three main
considerations for the robot motion: which directions
should not be followed —forbidden distribution-, which
directions could be followed —elected distribution-, and
how much to limit the speed in a given direction
—braked distribution-.

Once the three distributions are built, a set of
equations (7 to 11) is applied to establish the target
speed and direction.

The suitability of each direction is evaluated
combining the Forbidden and Elected distributions.
Suitability, as described in equation (7), determines the
directions than can be selected by the robot and their
relative interest. The directions which are indifferent
(Elected = 0) or that lead to a collision (Forbidden = 1)
are not good directions for the robot to take (S = 0).

$(6) = [1 - Forbidden(8)]x (1 + Elegible(6)/ max(Elegible))
(M

Also a Risk Factor, as established in equations (8a)
and (8b) is considered. This factor corresponds to the
accumulated danger involved in crossing from the
current direction, #,=0 to any new one. The factor is
computed by evaluating the Forbidden distribution
along the turning path. Equation (8a) represents turning
clockwise and equation (8b) represents turning counter
clockwise.

RF(6)= l:j (1 —af '(ag}oajgj(l — Forbidden(@))—(1— F orbidden(a)))j)

max (1- Forbidden(®))
(8)
w=6
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max (1 - Forbidden(19))

e[27.6)]
(8b)
In equations (8a) and (8b) the term af is a degradation
factor that restricts how much travel trough a partially
forbidden direction is allowed before the value of the
risk factor, RF , rises up from zero to 90%.

Finally, equation (9) represents the turning map
which is built up by combining the suitability of each
direction (7), with the risk involved into turning to
that direction (8a, 8b) and the cost of the turning itself
represented by the term tw.
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Equation (10) shows the criterion to select the final
direction that the robot will take. This will be the value

0 associated to the maximum value of TM.

Opinar TM(anNAL) = gz(rg?[?(z”)(TM(e)) (10)

The obtained value, Ory,;, is the reference supplied
to the robot motion control loop. Being a
non-holonomic vehicle the turn ratio is limited, so
eventually the robot speed v, is obtained as the
product of the max speed, v, and the value of the
Braked distribution in the instantaneous robot direction,
0.

Vobor =Vomae X Brake(6,)

robot ( 1 1)

The aspect of the three main distributions and the
resulting suitability is shown in Figure (1).

Elected
Forbidden
Braked

270

Figure 1. — Elected, Forbidden and Braked distributions,
and suitability estimation for each direction when the
robot is at the obstacle side.

3. SITUATION AWARE CONTROL

3.1 Descriptive elements

Along its motion the robot will face different
situations, for instance, to be near an obstacle or to be at
the rear of a formation. The robot control could be based
on a single expression involving all possible situations,
however the result will be highly complicated. For
humans is far more natural to divide a complex problem
into several situations, and to provide a simple solution
for each situation. The proposed control algorithm is
based on this last approach, which purveys reusability
and easiest development.

In this method mathematical expressions are
considered which corresponds to literal descriptions of
simple situations, like “to be near an obstacle”. These
expressions are denoted as “descriptive elements”. By
concatenating this descriptive elements complex
situations can be considered.

Descriptive elements are normalized as real value
(0..1). Concatenations of descriptive elements is done
by product operations and the negation of a descriptive
element can be done by a simple subtraction, (1-x). In
this way, a full logic system can be built while keeping
continuity. Consistency must be ensured: all events in a
situation must happen at the same time.

In order to normalize some measures which do not
have specific boundaries sigmoid functions are used
Since the considered vehicles have non-holonomic
nature, their constrains results in the use of some
parameters along the control scheme.

In order to restrain the robot-obstacle distance points
considering the vehicle constrains, two distance points
are established in Eq (12)

dor = (3 +3 }rLlM 3 doy = (1 +1 }VLIM
(12)

Were dor represents the distance at which the robot will
consider the obstacle being far, and the distance doy at
which the robot will consider the obstacle being near.
This two points are used as 0.01 and 0.99 references in a
sigmoid function whose result represents the descriptive
element of the robot-obstacle distance.
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For the robot-robot distance points a similar pair will
be established in Equation (13). A robot will consider a
near collision distance, dgy , and a far from collision
distance, dgr. A third distance point between robots has
been established for maneuvering within the formation.

dpse =51 A =31y 5 dpy =Ly, (13)

The space between dpy and dzr will be the
manoeuvring space to avoid robot-robot collisions. The
space between dir and dpy will be the manoeuvring
space to move the robots inside the formation. Since
the robots are non-holonomic these spaces should be
bigger than the turn radio of the robot

For the distance of the robot towards formation, three
points are established, Equation (14).

dpy =dpe 5 dp =4 5 dpy=1 (14)

The first one, dpy, sets the limit above which the
formation is considered far from the robot. The next
point, dg;, establishes the distance at which the robot
will start inserting itself in the formation. However the
robot is still not inside the formation and finally, dp,
delimits the distance under which the robot will
consider itself inside the formation. The approaching
manoeuvres of the robot to the formation will take place
between dry and dp. Next the insertion manoeuvres,
where the robot locates itself inside the formation will
take place between dp; and dry. Once the robot is at a
point below dry the robot will consider itself in correct
position in the formation an will move accordingly.

The descriptive elements regarding the relative
orientation of the robot with the different fields or the



relative orientations of different fields are already
bounded, simple linear and trigonometric operations are
then perform to shape them in the desired form and
bound them in the [0..1] range of the descriptive
elements.

Regarding the relative orientation between the robot
and the formation the used elements are shown in Eq
(15)~(17) :

O theaar = ((_ cos(‘gporm =0 )+ 1)/2)2 (15)
Oppr = ((COS(HForm =0, )+ 1)/ 2)2 (16)

Ogiger = (Sin(aFurm =010 ))2 (17)
Where Eq.(15) represents when the robot is ahead of the
formation, Eq(16) when the robot is at the back of the
formation and Eq.(17) when the robot is at the side of
the formation.

Similar terms have been defined with the position of
the robot related with the other robots, with the
obstacles and with the general movement direction.

3.2 Situations and solutions

While the complete mathematical expression for the
considered situations is too extensive to be shown here a
depiction of them is shown here.

Obstacle avoidance is triggered when there is an
obstacle nearer that dOF and the robot is moving
towards it. The provided solution is a simple wall follow
scheme until the normal movement direction is
available again. The sharpness of the manoeuvre
depends on the distance and relative orientation of the
robot towards the obstacle.

Robot-robot collision avoidance is solved in a similar
way, however no wall follow scheme is included. In
addition when a robot feels the presence of another one
at its back it moves slightly to a side to easy the
avoiding manoeuvre.

The main effort in the current work has been put in
the formation deployment of the robots. To work with
this problem this three main situations have been
considered for the robot behavior: a)when the robot is
far form the formation, b)when the robot is
manoeuvring near/around the formation looking for a
insertion empty place to get inside the formation and
finnaly c)when the robot is inside the formation.

In the first case, when the robot is far form the
formation the robot will move in a direction given by
the relation between the leading direction and the
formation field direction. If the robot is ahead of the
formation it will align itself with the leading direction
and slow down until the formation approaches him.

The second case, when the robot is near the
formation but not inside it, their normal behaviour is to
move skirting the formation at a given distance, distance
given by the dRF and dRM values, until it finds a spot
where the robot field is weak enough meaning that an

empty space is available for insertion. In the case of a
robot skirting the formation ahead of it, the robot
movement will not be opposite to the leading direction
at any moment, letting the formation to reach it instead
of moving itself to towards the formation.

In the third case, when the robot is at insertion
distance or already inside the formation, the robot
movement will be to align itself with the leading
direction and use the speed control to keep itself inside
the formation. Once inside the formation it will only
perform light side movements to easy other robots
insertion or achieve a equally distribution of the robots
inside the formation, but always keeping a direction
near the leading direction.

The formation control situations are subdued to the
collision situations, if a collision situation is sensed the
intensity of the formation control rules is decreased.

4. RESULTS

To provide a real world reference frame, the
employed simulated robots have a footprint of 10x10cm,
a minimum turn radius of 10 cm and a maximum speed
of 10cm/s. Along the following tests the distances are
measured in cm and the time in seconds.

4.1 Formation arrangement

Formation arrangement in the presented work
represents the most important point of formation
navigation. Since the method can be considered fully
reactive and each robot is autonomous and independent
of the other robots the resolution of any situation
outside of the fully formed stable formation can be
considered a formation arrangement process.

In order the measure the formation achievement the
formation field gradient of each robot at any given time
is measured and the standard deviation obtained. Since
the formation field always follows a same law and its
expression is known, the value for the field gradient
module represents an indirect measure of the distance
between the formation and the robot.

Systematic testing has been performed in formation
arrangement. For this a 350+ random initial position and
orientation for each robot is generated and then the
robots evolution followed. Next are presented the
measurements of the mean gradient module along the
test series and a sample of the robot trajectories for one
of the test cases.

4.1.1 Series Formation.

The evolution of the formation achievement level can
be appreciated in Figure 2, were the mean formation
field gradient module, surrounded by it standard
deviation, is shown along the duration of the test. At the
beginning of the test a high value for the formation field
gradient module mean and a high value of its standard



deviation can be observed, this is due to the level of
disorder of the robots against the formation field. The
decreasing of those two values represents the formation
arrangement and manoeuvres of the robots to reach a
stable position inside the formation. The mean time for
the achievement of a fully stable formation can be
appreciated near t=120s, corresponding a travel distance
of 900cm. The final stable value of the formation field
gradient module is near 2.2+0.7, meaning a mean
distance to the formation center bellow lcm. Also the
robot-robot distance is measured, along the 350+ test
the minimum robot-robot measured distance for the
series formation arrangement is of 24cm.
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Figure 2 — Gradient module mean = its standard
deviation for 350 initializations of the series formation

The robot traces corresponding to the first of the
systematic tests is shown at Figure 3.
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Figure 3 — Robot paths for the initialization of a series
formation

Note that this specific formation does not try to
gather the robots together, only to maintain them
constrained along the line of the leading direction. This
can be appreciated in Figure 3 were near the end of the
test the robots are arranged in two groups, one of three
and other of two robots, however this two groups are
perfectly aligned along the formation field.

4.1.2 Parallel Formation.

Figure 4, shows a stabilization time near t=110s with
a mean gradient value on the stable zone around 3.7+3.
This means less than 1.5cm distance between the robots
and the formation line.

100

80 q

60

40

20

0
0 20 40 60 80 100 120 140 160 180 200

Figure 4 — Gradient module mean = its standard

deviation for 350 initializations of the parallel
formation

The trajectory followed by the robots stating form the
same first random position is shown in Figure 5.
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Figure 5 — Robot paths for the initialization of a
parallel formation

3.1.3 Wedge Formation.

The systematic testing of the arrangement for the
wedge formation, Figure 6, results in a stabilization time
around 70s with a mean gradient module near 4.5+1.5
along the stable zone, meaning an average error on the
robot position to the formation line of less than 2 cm.
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Figure 6 — Gradient module mean + its standard
deviation for 350 initializations of the wedge formation

It can be seen at Figure 7 how the wedge shape is
achieved, however the current field expression do not
aims for the symmetry along the y axis but only for the
gathering of the robots around the wedge vertex as can
be seen in the final formation
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Figure 7 — Robot paths for the initialization of a wedge
formation.

4.1.4 Round Formation.

In the systematic test of the initialization process for
the round formation, Figure 8, the average stabilization
time is short, near 60s, but the average gradient module,
6.5£3.5, is the higher one of the shown formations,
anyway the average position error of the robots is below
3cm form the formation line.
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Figure 8 — Gradient module mean + its standard



deviation for 350 initializations of the round formation
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Figure 9 — Robot paths for the initialization of a wedge
formation.

The shape of this formation, Figure 9, results in a
little less stable formation since all the robots are
affected by the proximity of all the other robots,
however still low enough given the size and speed of the
robots.

4.2 Formation maneuvers

Other tests have been done with already stable
formations to show the stability of the formations and
their reaction when clustered robots are perturbed and
the formation needs to rearrange. Tests on leading
direction changes at different speeds shows similar
results to that obtained in the arrangement maneuvers,
however the leading direction change ratio that
dismantle an stable formation depends on the geometry
of the formations.

When the formation is affected by one or more
obstacles then one or many robots are moved out of the
formation, once the obstacle is cleared by the affected
robot the arrangement process observed is identical as
the observed in the initial arrangement tests. During
these tests robot-robot distance and robot-obstacle
distance have been also measured, with minimum
values in the range of dRF and dON. In some situations
with close concave obstacles a jamming situation has
been observed when the obstacle move two robots
together to a sharp <90° concave corner; this situation
has not been observed for flat or concave obstacles
neither for soft surfaces in concave obstacles.

Since the robot control algorithm do not depends on
the formation shape and formation shape is only used to
build up the formation field transitions between
formations have been also successfully tested. The
change of the formation shape while the robots are in
movement achieving other formation or already inside
other stable formation have been tested and their result
is similar to the formation arrangement manoeuvres.
The main observed difference is that in some cases,
especially with the serial formation, the disassembling
of the original formation is not immediate. A short time
is needed by the robots to break the formation lines
aligned with the movement direction.

5. CONCLUSIONS

From the point of view of the potential field method
for robot navigation, the paper provides an alternative
approach to some of the usual problems of the classic

method, like being trapped in local minima since only
desired local minima will appear.

From the group navigation point of view the
proposed method offers a solution to the management of
a group of robots reducing the complexity by managing
it as a single entity by the means of the formation field.
The proposed method can be used along with a high
level path planner in order to manage a group of robots
without need of taking care of the individual robots.

Currently we are working in the implementation of
the system in real ground robots and the experimental
validation of the proposed method. Part of the future
work would be to conduct experiments with several
autonomous ships currently under construction in our
laboratory.
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