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ABSTRACT

Multi-robot systems is a very attractive field of research
in robotics, due to the fact that a team of robots is able to
accomplish certain tasks that a single robot cannot carry
out on his own. This paper presents a behaviour-based
method for multi-robot formations using computer vision.
A team of robots must move around the environment,
keeping a relative position between them and avoiding the
collision with possible obstacles. Computer vision has
been used for the localization of the robots using the
images captured by the camera they carry on their top.
Different methods have been tested to obtain the leader
robot pose, developing finally a very stable method to
calculate distance and orientation. The final control has
been built as a composition of several basic behaviours
that calculate an action model using the information of the
environment. These actions are composed using fuzzy
logic to obtain a high-level behaviour. The algorithms
developed have been tested over a team of WiFiBot
mobile robots, with good results.

KEY WORDS
Tracking, multi-robot systems, formations, behaviours,
control schema and fuzzy logic

1. Introduction

In the last years, the researching around multi-robot
systems has suffered a great develop due to several
reasons. A multi-robot system is able to accomplish
certain tasks that a single robot cannot carry out. Several
revisions around this discipline have been done, collecting
different applications of these systems [1] [2] [3].

One of the problems that rise in the field of collaborative
robotics is the maintenance of formations, what implies a
team of robots to move around keeping a relative position
between them, and avoiding the collision with possible
obstacles at the same time. Desai et al. [4] expose how to
carry out this task applying the control theory laws, for
example, with the aim of following one or more leaders
using a feedback, keeping a distance and orientation
previously known and avoiding obstacles. The problem of
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these controls is the complexity they suppose for
structures with a big number of robots. Spletzer ez 4/ (5]
use this method to pull objects that are contained in the
structure. A robust choice to coordinate the movement of
the formation is the virtual structures method [6] which
deals with the multi-robot system as if it was a rigid solid,
It presents a disadvantage in obstacle avoidance, which
would be included in a trajectory generator, in a level
more deliberative than reactive. Latombe [7] and Arkin
and Balch [8] use potential fields to calculate the control
actions. There is a potential field on all the points of the
space, that will depend of the environment, with the
contribution of different attraction fields (destination) and
repulsion ones (obstacles). The robot will move looking
for minimum potential points. The main drawback is the
presence of local minimums in the potential field, which
can cause the robot stops. To try to overcome this
drawback, a random field could be added. Barfoot and
Clark [9] created a system of autonomous trajectories that
generates an independent trajectory for each robot
knowing the trajectory the formation must go across.
They employed a global reference system to estimate the
position of each robot and a planner. At last, inspired in
biology, in the behaviour-based control proposed in [10],
the combination of several basic behaviours constitutes
the global behaviour. To carry out the control of
formations, a reference must be taken in the formation.
Each robot must have a relative position respect this
reference, and must include a behaviour that brings it to
that position. The major advantage of this method is its
simplicity, due to the fact that it splits the problem in
different simple behaviours, and the method can be
improved easily, just adding new behaviours.

This paper presents a behaviour-based method for multi-
robot formations. The objective is that the robots follow a
leader, keeping a pre-established distance and orientation.
The position of the leader is tracked using computer-
vision methods. The remainder of the paper is organized
as follows. In section 2, the location system based in
computer vision is described. Section 3 shows the
platform used to develop the control and the implemented
behaviours. In section 4, the experimental results are
presented. Finally, conclusions of this work are exposed.




2. Location system

The goal of this system is to obtain the position and
orientation of the leader robot [x, y, 6/, using the
coordinates system shown of fig. 1 through computer
vision techniques. The leader will be identified using a
mark on its back.

Fig. 1. Coordinates system for the localization of the
leader robot.

The follower must previously know the shape and size of
the graphics on the label to be able to localize the leader.
The mark must contain a minimum of four significant
points to avoid ambiguities in the reconstruction of the
pose. This way, we design a label with four black points
with 2.5 cm of diameter whose centers form a 4 cm side
quadrate over white background.

Three methods have been tested to calculate the position
and orientation of the leader. The first one is based on the
Thales Theorem. Fig. 2 shows how the system acquires
the image. Supposing the label is centered on the image
plane, the position of the center of the label and its
orientation can be estimated studying the proportions
between the triangles shown. However, this method
presents several disadvantages. The new measure is based
on the previous value, so the errors are propagated and
not corrected. Also, this method produces a very unstable
estimation and presents serious difficulties to estimate the
sign of the orientation. More accurate results can be
obtained using the principles of projective geometry [11],
but with this method, the position depends on the
orientation previously calculated so, errors are also
propagated. It just works correctly when the calibration is
very consistent and the object is situated close to the
camera.

Fig. 2. Formation of the image on the image plane.

Taking into account these facts, a new method has been
introduced, combining certain features of the two methods

commented. It will let us obtain independently the
distance and orientation to the leader in a very stable way.
Fig. 2 shows how the image of the four points is formed
when they are in an arbitrary situation. The distance to the
object can be calculated from the proportions of the
triangles on the figure.

d=dimg E (l)
h

where 4 is the distance from the camera to the object
measured on the Xy plane, di,, is the distance from the
optical centre to the projection of the centre of the object
in the image on the xy plane, H is the real height of the
object an / its height on the image plane. To transform the
distances to pixels the scale factor X, must be used:

d-d .k .2 2
img x hpx

being A, the height of the object on the image plane in
pixels. dj,,, will be equal to the focal distance only when
the object is perfectly aligned in the centre of the image.
In a general situation, as the one shown on fig. 2, for an
arbitrary position of the object and assuming that it has
just suffered a displacement and no rotation, or that it has
only been rotated on the z-axis, dj,, can be calculated as

follows:
dimg = \/fz +e_i :KL' \j(f.[<\)2 +e_ip.\' (3)

X

where e, is the distance from the centre of the image to
the projection of the object over the y-axis, and e, . is the
same distance in pixels.
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Fig. 3. Coordinates of the center of the object in the image
plane.

The angle «, between the x-axis and the line that joins the
optical centre with the object on the xy-plane, allows
calculating all the desired coordinates:

e' Ad
o = arctan| —£2
fK,

4
X, =d-sina @)
Y, =d-cosa
e\‘
ZL:d-d'

img

being e, the horizontal distance in the image from the
centre of the object to the centre of the image. This way,




the magnitudes 4, e, and e, must be measured over the
image. To do this, the collineation matrix, obtained from
several points in the image, will be used [11]. Previously,
a change in the coordinates system will be made so that
the homogeneous coordinates on the object plane of the
central point are [0,0,1]7. Then, its coordinates in the
image plane will be:

P.=C-[o o 1f 5)

where C is the collineation matrix. The height can be
obtained following the same procedure taking the points
[0, H/2, 1] and [0, -H/2, 1]". With this procedure, the
position (X, Y1, Z;) of the central point of the object will
be already known. The next step consists on identifying
its orientation. To do this, two opposite points P, and Pg
will be used, as shown on fig. 4.

Fig. 4. Points used to calculate the orientation.

The coordinates of these points are:

A . A
P, =(XL —7sm0L YL+ECOSHL ZLJ (6)
P, =[XL +Asne, v, -Acoss, ZL)
2 2
Using the Thales theorem on Fig. 2:
A
Y, +ECOSBL en
(M

X, —gsinﬁ,_ /K,

A
YL—ECOSHL ey

X, +§sinn9L K,

where ey and ey are the coordinates in pixels of the
projection of the points Pz and P onto the image,
measured along the x-axis of the image reference system,
that is the Y axis of the robot reference system. So, it can
be deducted:

2/K.Y; '"XL(eYR + eYL)

g(en _eYR)

®)

sinf, =

To obtain eyr and ey, the collineation matrix must be
employed again, applying it to the points [-4/2, 0, 1 7"
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and [4/2, 0, 1]*. This way, the desired position apqg
orientation of the leader are calculated independenﬂy ir?
very robust way. After several experiments, the positioz
measurement presents a reasonable relative error despite
the camera is far from the robot. The measure of the
orientation is also more robust comparing to the othey
methods. Fig. 5 shows these results. The Thales method
does not offer consistent results when orientation is peay
to zero and for long distances. The method used (methog
3) is the most robust in all cases.

+Thaies

® Projecive Copy "
abistogs oY

Angle {rad)

Digtanca (in)
Anjjle (rad)

Fig. 5. Distance and angle measured using the three
methods for a distance of 45 ¢cm and orientation 0 rad (a)
and (b), and for 3 m distance, 0 rad orientation (¢) and (d).

3. Implementation on the WiFiBot
3.1 Description of the system

The WiFiBot is a low-cost robot characterized by its
flexibility. There are two models: SC and 4C. Both of
them include an Ethernet camera, two infrared sensors
situated in the front part with a reach of 1.2 meters and
four optical encoders with 300 sectors to measure the
speed of each wheel independently. A PC-104+ board,
with Linux Debian operative system has been added in
both models. Fig. 6 shows both WiFiBot models.

Fig. 6. WiFiBot 4G and SC models.

3.2 Basic Behaviours

A behaviour is a system that transforms the inputs from
the sensors in an action pattern that will be used to carry




out certain task. In object-oriented programming, a
behaviour can be seen as a class with two methods,
perceptive_schemaf(), which implements the algorithm for
the perception and stores the results, and the method
motor_schema(), that uses the perception to calculate an
array which specifies the output direction.

ACTIVATION

SENSOR ACTION
BEHAVICUR

PERCEPTIVE FAOTOR
SCHERSA SCHEMA

Fig. 7. Behaviour composed by the motor and perceptive
schemas.

Then, in a behaviour-based system, there are several
behaviours that, when active, depending on the sensory
input, will return different action patterns that can be, for
example, a linear and steering speeds or a direction angle
(depending on the robot kinematics) in the case of robots
navigation. This way, it is pecessary to combine these
different responses to build the global control action.

An architecture has been developed over the WiFiBot that
allows the navigation while a team of robots maintain
some pre-defined geometric shape. To do it, four basic
behaviours have been implemented: Go To Destination,
Avoid Obstacles, Maintain Formation and Look For
Reference. These behaviours generate the control action
that must be applied over the robot. This action consists
on a linear speed and a turning speed. These basic
behaviours are combined using fuzzy logic [12] to create
two high-level behaviours: Navigate, that locates ‘the
destination and directs the robot towards it avoiding
possible obstacles, and Form, which allows maintaining a
constant position and orientation relative to another robot
that is moving. This hierarchy is shown on fig. 8.

HAVIGATE

Fig. 8. Basic behaviours and its combination to generate
high-level behaviours.

® Go To Destination: This behaviour makes the robot
move until it reaches a determined destination. It is
composed of a perceptive schema and a motor schema as
shown on fig. 9. The first one locates the target position
for the robot (using the captured image as explained in the
previous section). The motor schema calculates the speed
arrow that brings the robot to the destination.

491

PERCEPTIVE WOTOR
SCHEMA SCHEMA
Refative Position L. Go To Position|] LINEARAND
STEERBIG
VELOCITIES
CAPTURE iy
IRAGE |\ Aferiage

Fig. 9. Behaviour Go To Destination. Perceptive and
motor schemas.

The perceptive schema Relative Position determinates the
destination position making use of the position of the
reference (mark) adding a relative position. This schema
is used also by the behaviour Maintain Formation. In this
case, it finds the position that the robot must have in the
formation knowing the position of the leader, where the
label will be located, as shown on fig 1. The position of
leader respect follower is /X;, Y;, T;J" and the one that
must be found is /Xy, ¥y T

X, X, cosd, -—sinf, 0) (X,
Y, |=| Y, [+|sing, cosd, O|| Y, | O
g, 6, 0 0 1)\ 6,

where [Xz, Yr Tg/" is the relative position respect the
leader coordinate system to maintain the formation.

The motor schema Go To Position has been implemented
using potential fields [13]. To achieve this goal, the space
has been divided into three influence areas: The ballistic
zone, where the robot is far from the destination. In this
zone, the linear speed takes its maximum value and the
steering one is proportional to the angle between the
current robot direction and the direction to the destination.
The dead zome, in which the robot is inside an error
margin around the destination. In this zone, the speed is
zero. Finally, the controlled zone, the medium zone where
the advance speed is proportional to the distance that
separates the robot from the destination, and the steering
speed is proportional to the angle between the current
direction of the robot and the direction to the destination.

BALLISTIC ZONE

/- CouTROLLED 2D4E

Fig. 10. Influence areas to calculate the velocity in the
motor schema Go To Position.

Avoid Obstacles. It generates a repulsive effort when an
obstacle is ahead the robot. It is also composed by two
schemas, the perceptive one Obstacle Position and the
motor one Avoid. The perceptive schema Obstacle
Position calculates the position of a possible obstacle




situated in front of the robot, taking into account the
information of the two infrared sensors the WiFiBot robot
has in its front. According to fig. 11, the distance to the
obstacle can be calculated as:

X, =(dg +d,)/2
%, =0 (10)
8, =arctan((d,, +d, )/ D)

The motor schema Avoid makes the robot turn when it
finds an obstacle in front of it. The linear speed is null and
the steering one is proportional to the distance to the
obstacle, being null when the distance is over certain
threshold value and maximum when the obstacle is
situated at the minimum allowed distance.

Fig. 11. Detection of the distance to a frontal obstacle.

o Look For Reference. The robot moves around
describing circles looking for the reference. Taking into
account that the system does not provide communication
between the robots and neither a common global
reference system for all the robots, it is necessary to carry
out first a research of the leader.

o Maintain Formation. It allows the following of a
mobile object keeping a relative position and orientation
respect to it. It is composed by the same perceptive
schema than the behaviour Go To Destination and a
motor schema Follow Reference that is in charge of the
activation of the behaviour when the reference is detected.
The motor schema, knowing the position of the reference
(leader), calculates the necessary control action (linear
and steering velocities). To achieve it, the space is divided
in several zones, as shown of fig. 12. In this case, it is not
calculated the absolute linear speed but an increment over
the previous one. This way, if the robot is in the dead
zone, the current speed will not vary, and it will be
updated (increased or decreased) linearly in the controlled
zones, until the ballistic zones, where the increment will
be the maximum allowed. The steering speed will be
proportional to the orientation of the formation & in the
dead zone, and it will change linearly in the controlled
zone until the ballistic zone, where it will take a value
proportional to a. (Fig. 1). This way, in the ballistic zone,
the robot tends to its correct position in the formation, and
in the dead zone it takes the global direction of the
formation.

BALLISTIC 20KE

3 — CONTROULED Z0NE &

BALLISTIC ZOKE

BALLISTIC ZOHE
coNTROLLED zobE |
BALLISTC ZONE

Fig. 12. Influence areas to calculate the linear velocity
(left) and the steering velocity (right).

3.3. Coordination of behaviours

The previous basic behaviours must be combined in order
to create a high level behaviour that has all the features of
the basic ones. To do this, the basic behaviours will be
added, assigning them a weight that depends of the
current state of the robot. To obtain these weights, fuzzy
logic is used. As an example, when the robot does not
find any obstacle, the behaviour Avoid Obstacles must not
be activated. However, if an obstacle is detected, the
importance of the behaviour Go To Destination must
decrease and Avoid Obstacles must increase its weight in
the global action. Once the obstacle is avoided, the
behaviour Go To Destination must recover its initial
importance. Two high-level behaviours have been built:

e Navigate. This behaviour, active in the leader, is the
result of the combination of the basic behaviours Go To
Destination, Avoid Obstacles and Look For Reference.

e Form. This behaviour, active in the followers, is the
result of the combination of the basic behaviours
Maintain Formation, Avoid Obstacles and Look For
Reference.

4. Experimental results

Several experiments have been carried out over a team of
WiFiBot robots to test the performance of the high-level
behaviours. Fig 13 shows the results obtained for the
Navigation behaviour. Initially, the robot can not see the
reference, and the purpose is to situate the robot at 0.8 m
distance and 0° orientation to the reference. At first, the
Look For Reference behaviour is the most important. It
provides a constant steering speed to the robot. When the
robot finds the reference (t = 40 s), the robot is directed to
it stopping when it is situated in a threshold area around
the objective. In t = 10 s, the robot finds an obstacle, what
makes it to turn to avoid it (4void Obstacles behaviour).
On fig. 14, the results for the Form behaviour are
presented. The objective is that a robot follows the leader
at 0.8 m distance and O rad orientation. As can be seen,
the linear velocity increases to reach the same value as the
leader.
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Fig. 13. Results for the Navigate behaviour.
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Fig. 14. Results for the Form behaviour.

5. Conclusion

A behaviour-based system for multi-robot formations
control using computer vision has been presented.
Through the combination of several basic behaviours
using fuzzy logic, this system allows creating two high-
level behaviours to control the velocities of the robots.
The main goal of these two behaviours is to achieve that a
team of robots navigate to reach a destination maintaining
some predefined geometric shape between them and
avoiding possible obstacles.

A robust and consistent method for estimating the
position of the destination and the position of the leader
robot using projective geometry has been developed and
tested. Several experiments have been carried out to test
the performance of the system over a team of WiFiBot
robots.
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