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Preface

This book includes extended and revised versions of a set of selected papers from
the 12th International Conference on Informatics in Control, Automation and
Robotics (ICINCO 2015) which is sponsored by the Institute for Systems
and Technologies of Information, Control and Communication (INSTICC) and
co-organized by the University of Haute Alsace. ICINCO is held in cooperation
with the ACM Special Interest Group on Artificial Intelligence (ACM SIGAI),
EUROMICRO, Association for the Advancement of Artificial Intelligence (AAAI),
Associagdo Portuguesa de Controlo Automatico (APCA), The International Neural
Network Society (INNS), Asia Pacific Neural Network Assembly (APNNA) and
euRobotics AISBL (Association Internationale Sans But Lucratif). ICINCO is also
technically co-sponsored by IEEE Control Systems Society (CSS) and IEEE
Robotics and Automation Society and co-sponsored by International Federation of
Automatic Control (IFAC).

ICINCO 2015 received 214 paper submissions, including special sessions, from
42 countries in all continents, of which 44 % were orally presented (14 % as full
papers). In order to evaluate each submission, a double-blind paper review was
performed by the Program Committee. As in previous editions of the conference,
based on the reviewer’s evaluations and the presentations, a short list of authors
were invited to submit extended versions of their papers for this book. The selected
papers reflect the interdisciplinary nature of the conference as well as the logic
equilibrium of the four tracks: Intelligent Control Systems and Optimization,
Robotics and Automation, Signal Processing, Sensors, Systems Modelling and
Control, and Industrial Informatics. The diversity of topics is an important feature
of this conference, enabling an overall perception of several important scientific and
technological trends.

Furthermore, ICINCO 2015 included four keynote lectures, given by interna-
tionally recognized researchers: Krzysztof Kozlowski (Poznan University of
Technology, Poland), Gerhard Schweitzer (ETH Zurich, Switzerland), Oliver Brock
(TU Berlin, Germany), and Faiz Ben Amar (Université Pierre et Marie Curie,
Institut Systémes Intelligents et de Robotique, France). We would like to express



vi Preface

our appreciation to all of them and in particular to those who took the time to
contribute to this book with a paper.

On behalf of the conference organizing committee, we would like to thank all
participants, in particular all the authors, whose quality work is the essence of the
conference and the members of the Program Committee, who helped us with their
valuable expertise and diligence in reviewing the submitted papers. As we all know,
organizing a conference requires the effort of many individuals. We wish also to
thank all the members of our organizing committee, whose work and commitment
were invaluable. Aiming to provide the potential readers with an objective overview
of the latest advances in the four major topics of the conference mentioned above,
we hope that this book will be relevant for all researchers and practitioners whose
work is related to using informatics in control, robotics, or automation.

July 2015 Joaquim Filipe
Kurosh Madani
Oleg Gusikhin
Jurek Sasiadek
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Formation Control and Vision Based
Localization of a System of Mobile Robots

Krzysztof Koztowski and Wojciech Kowalczyk

Abstract This paper presents trajectory tracking algorithms for a group of mobile
robots. The dynamics of differentially driven mobile robots with nonholonomic con-
strains is taken into account. The paper describes simulation results for the formation
motion in the environment free from obstacles and with circle-shaped static obsta-
cles, the experimental testbed and experiments for the kinematic version of the Vector
Field Orientation algorithm. The collision avoidance utilizes local artificial potential
function that requires only the local information about the environment.

1 Introduction

Rapid development in the field of multirobot systems began in the 1980s. It was
possible due to continuous progresses in electronics (wireless communication, effi-
cient motor control, new sensors), computer sciences (reliable and efficient embedded
systems, advances in operating systems and programming languages), mechanics
(more effective motors, accurate and reliable gears) and electrotechnics (durable
high-capacity batteries), to mention only some of them.

It is clear now that there is no common approach for all applications. Making the
right choice about the control method should depend on the task for the robot group to
perform, the environment (space dimension, structured/unstructured), the type of
robot and its on board equipment which determines communication capabilities,
computing power and ability to determine the posture and the surroundings. The
possibility of autonomous operation depends on these features.
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The proper choice of the system architecture is another important problem. The
centralization makes some aspects of the control much simpler, however, the price is
that the system is not fault-tolerant. A large number of robots means that the central
part of the system is heavily loaded. The architecture also affects the communica-
tion in the system. In the centralized approach some data can be broadcast to the
robot-agents, while in the decentralized one it may be necessary to use peer-to-peer
communication links. As all agents utilize the same wireless medium with limited
capacity the extensive data exchange may lead to large delays.

In the tasks that require a very high accuracy and synchronization the centralized
approach is usually used. Virtual rigid body methods are the main area of their
applications [4, 8, 18]. Leader following methods [2, 17, 19] may be considered
as partly centralized because the leader plays the critical role in the reliability of
the system, while damage to the follower did not disturb the rest of the formation
continue the task. Behavioral methods [1, 11, 12] are entirely decentralized and
consequently they are fault-tolerant but ineffective if the precise and synchronized
motion must be performed.

The alternative to the local artificial potential function used in this paper is nav-
igation function [13, 14, 20]. In this method, however, the entire knowledge of the
environment is required. They require much more computing power in comparison
with local artificial potential function based methods.

Other methods that utilize an approach similar to that presented in this paper is
published in [15, 16]. The second presents experimental results for the algorithm that
takes into account the dynamics of robots and acceleration limits on robot wheels.
In [7] input-output linearization of the mobile robot dynamics is used to simplify the
formation control task.

In Sect. 2 amodel of the multirobot system is introduced. Section 3 presents control
methods. Section4 describes components of the experimental testbed. Simulation
results are given in Sect. 5. Section 6 presents experimental results. The last section
of the paper contains concluding remarks.

2 Model of the System

The model of the kinematics of the i-throbot (i = 1, ..., N), where N—number of
robots, is given as follows:

X; cosd; 0 e
yi | =] sin6; 0 [le:|’ (D
6; 0 1 wi

where x;, y;, 0; represent position and orientation coordinates of the center of the
i-th robot, respectively, and u; = [u,; Uy 1T is the input vector of linear and angular
velocity controls.
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The model of the dynamics of the i-th differentially driven mobile platform is
given by the following equation:

M,w,; + Ci(¢;)wu + Diw,; + Gi(q;) = 7;, (2)

where M; is mass matrix, C; (¢, )—Coriolis matrix, D;—damping coefficients matrix,
G,;—gravitational force vector, w,; = [wg; w;;]7—robot wheels velocity vector,
T; = [TRi rLi]T—input torque vector for left and right wheel, respectively.

M is a symmetric positive definite, constant matrix:

M, = [mlli mlzi]’ 3)
nmi; Mmii;
where {
myy = @Viz(mib?-i-li)-f‘lwi, 4
1
mii = Eizr?(mib? —I). (5)

Inthe above equations m; = m; + 2my;, I; = mciaf + me,-bi2 + 1 +21,me—
mass of the body of the i-th robot, m,;—mass of the robots wheel, I.;—moment
of inertia of the i-th robot body about the vertical axis through the center of mass,
I,,—moment of inertia of the wheel with the rotor of motor about the wheel axis,
I,,,—moment of inertia of the wheel with the rotor of the motor about the wheel
diameter, r;—robot wheel radius, a;—distance between the center of mass of the
robot [x;; .17 and wheel axis, 2b;—distance between the robot’s wheels (Fig. 1).
Coriolis matrix C(q;) can be written as:

. 0 —C,‘é,‘
Ci(4:) = [cié[ ) } : (6)
where ¢; = sz_risz,-a,'.
Damping coefficient matrix D; is as follows:
dii 0
D, = , 7
[ 0 d221} 2

where d;; and dy; are nonnegative damping coefficients.
Gravitational vector G; = [0 0] when robots move on the horizontal plane.
Transformation between linear and angular velocity vector @w; and robot wheel
velocity vector w,,; is as follows:

Wy = B,-wi, (8)
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1b
BF[EJ’@-] ©)

Transformation between force and torque for the platform T; = [F; 7;]7 and wheel
torques t; is given by the following equation:

where

T; = B;1;, (10)

_ 11
B,-=[g_g_’fb_l. (11)
Notice that B; = B!.

Substituting (8) and its derivative into (2) and left-multiplying by the B; model
of the robots dynamics can be rewritten as follows:

where

M;w;+C;(§,)w, + D;w, = B;1; (12)

where M,’ = B,‘MiB,‘, éi = Bici(qj)Bi’ and l_)[ = B,‘DiBi.
The right side of the Eq. (12) represents the force and torque controls applied to
the mobile platform.

3 Tracking Algorithms

This section presents two control algorithms of trajectory tracking for a group of
mobile robots. Collision avoidance is based on the artificial potential functions.

3.1 Do Algorithm

In this section a brief description of the algorithm originally presented in [3] is
given. The dynamics of the system is taken into account. Robots of the group track
desired trajectories (defined separately for each of them) avoiding collisions during
the motion. When the robots are close to each another repulsive component of the
control is activated. The shape of the robot is approximated with the circle, which
is a reasonable assumption in the case of the differentially driven mobile robot.
The algorithm takes into account uncertainties of the parameters of robots model
dynamics. It is assumed that the task space is free from obstacles other than robots.
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The parameter s represents the common trajectory parameter. The reference posi-
tion of the i-th robot is as follows:

| xai(s) | Lyi
T = [yd,»(s)} “dat [ly,»]’ (1

where g, is the common desired trajectory for the formation and [/,; lyi]T is the
constant vector of desired offset for the i-th robot. The reference orientation is as
follows:

Yai
64; = arctan (#) (14)

Xdi

where x; i y}; and partial derivatives of the desired position of the i-th robot with

respect to the s parameter: x/; = %, V= ag—;"

The following auxiliary variables are introduced:
Oie = 0; — ap; (15)
Vie = Vi — Oy (16)

where oy; 1y, are virtual controls of the orientation 6; and linear velocity v;, respec-
tively. They are given by the equations:

ap; = 04; + arctan (Q) , (17)
&

where
¢ = —kota; (—V(2:) sin(@a;) + ¥ (2y7) cos(0a;)) (18)
b = —kougi (¥ (2:) cos(0ai) + ¥ (£2y:) sin(64:)) + 1 (19)

and

oy = cos(ag;) (—koug; ¥ (2y) + cos(Oai)uai) (20)
+ sin(agr) (—koug; ¥ (2yi) + sin(0a)uai) , 1)

where k is positive constant, 1 (-) is a scalar function (it can be assumed that ¥ (-) =
arctan(-)), uy; is given by the equation:

wai = 5y ai)? + () (22)

and £2,;, §2,; are components of the sums of x and y of the position errors and
collision avoidance terms:
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2y <
2; = [Qiz] =q; =44 + Z Bii;- (23)

j=Lj#i

In the last equation ¢;; = ¢; — ¢ ; are partial derivatives of the potential functions
’ 0Bi
R —
Y 3(%”‘1:‘/”2)
Potential function 8;; € (0, co) is obtained as the result of mapping of the function
hij € (0, 1) using the formula:

(24)

In the above equation £;; is a bump function. One of the possible equations of
function B, is as follows:
1 for Il<r
!
B.(I) = ) fa=nf(R=T)dT - 25
D= = e fr T ST<R (23)
0 for [ >R

where f () is a scalar function that fulfills the following conditions:
o B = 0.8 = 0for |¢;;] = ;4
e Bij >0for0 < ||q,-jH < bij,

e 8ij=0,8,=0,8,=0,B =0for |q,,| = by,
e fB;; = oo for ”qij H < (ri+rj),

e Bij = 11, ’ﬂi/j < p2 and ‘ﬁf}qiTj‘Iij

s

< V(i 1)) < ||g;;| < bip,

2
e f;; is at least triply differentiable with respect to M for ||q ij ” > (r; +rj)

where ¢;;; = q;4 — qjq, bij is strictly positive constant satisfying the condition
(ri + rj) < b,’j < min(R;, Rj, qdija
For |g;; | < (r; + r;) functions g}, = o0, B}, = oo, B}] = ccoand ], =

), 1, U2, |43 are positive constants.
0Bij
3(%”‘1'7”2) |
0%Bij m 9°Bij
By = —— s Bl = ——F for g | > (R + R)).
Ya(lall) Y a(dllasl) N
1
For the function f(c) = e~ > Eq.(24) above conditions are fulfilled.
Control law of the i-th robot is as follows:

T, = (Bi)71 (—Liw,-e - ¢i@i - [Xl eie]T) (26)
where .
) i dan: 0y;: -
xi=e - Qieﬂ _ 2 ﬂ@ie _ ﬂg}.e Ay 27)
dq; . “— \dq; aqj;
=L R Jt
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and L; is symmetric, positive definite matrix of the coefficients. Model parameter
vector is as follows:

o e &
0, = [bici dyi dioi muyi 3 dai dyi m22i] , (28)

and the matrix of variables:

¢ |:a)2 —0yi — Qi —(5[,,1' 0 0 0 0 :|

0 0 0 0 —U,'é,‘ —0ly; — Oy _dwi @9

The product @, 0; in Eq. (26) is the adaptive component of the control (the algo-
rithm takes into account uncertainties of the robot dynamics parameters). Vector A,;

in (26) is as follows:
- cos b;
Ay = [sin b } . (30)

Virtual control of the angular velocity «,,; in Eq.(29) is given by the equation:

QA dag dag; - datg; datg;
w-:_keie_l—+_'0+ ‘90+ .o+ ui+Ai
o Bie 3‘1diqd 004 ' dug q; ( )
(31)
Y
01
+ Z 30 (i 4+ Ay — (uj + Ayy))., (32)
j=tzi O
where k is a positive constant and Ay; in (31) is as follows:
[ (cos(@e) — 1) cos(ep) — sin(6) sin(@pi) |
Ai = [sin(e,»a cos(etpi) + (cos(@,) — 1) sin(ay) | **" 53
The bounded control u; in Eq. (31) is given by the equation:
V(£2ix) .
u; = —kou3 + 4y 34
0% gi [w(Q ) 94 (34)

In [3] additional equations are available, including higher order derivatives needed
for implementation. Stability proof and asymptotical convergence of the position and
orientation to desired values is also presented in this paper.
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3.2 VFO Algorithm

Vector Field Orientation method (VFO) for a single differentially driven mobile
robot is proposed in [10]. Combining this approach with local artificial potential
function method a new control algorithm for multiple mobile robots is proposed [6].
It is assumed that the model of the system dynamics is known and accurate. In the
task space static obstacles can appear. They are modeled with circles as the robots
are. Similar to the previous algorithm the range of the artificial potential function
associated with the obstacle is limited, hence autonomous operation with only on
board sensor usage is possible. In Fig.2 APF as a function of distance to the center
of the obstacle is shown. It disappears at 1 = R.

Reference path for the i-th robot is given by the vector g, = [x4; vaill. Ref-
erence orientation can be computed using reference linear velocity: 6;; = atan2c

Fig. 1 Differentially driven y4
mobile robot, r;—radius of
the wheel, 2b,—distance
between wheels,
a;—distance between wheel
axis and center of mass of
the robot, [x; yi]T—robots
position, 6;—robots
orientation,

[xsi vsilT position of the
center of mass of the robot

X
Fig. 2 APF as a function of 20 - { . ,‘
distance to the center of the | |
obstacle (indexes omitted for : :
implicit
simplicity) 151 : :
| |
|
‘ l
) | |
S |
>° 0 | :
| |
| |
| |
5 L | |
| |
|
‘ l
| r | R
0 . | : |
0 0.5 1 1.5 2 25
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(Yai, Xqi) where atan2c(-,-) is continuous version of the atan2(-,-) function
described in [10].

Let’s define q; = [x; yi1" —position vector for the i-th robot. One can write the
position tracking error as follows:

€xi
ei=|: :|=qdi_qi- (35)

eyi

The dynamics of the robot can be linearized by the following control feedback:
v, = B, (M, + Cw; + D;w)), (36)

where v; is a new control input.
Substituting (36) into (12) one obtains an equation of linearized robots dynamics
in the form of integrator:

v = [“vi} . 37)
For the linearized dynamics of the robot the following linear control law can be

proposed:
vi =u; + kiU — ), (38)

where k., is positive definite diagonal gain matrix. New control u; = [u,; w1t is
computed using VFO (Vector Field Orientation) method [10].
According to this method a convergence vector is introduced:

hx,‘ kaxi + J'Cdi
hl' = hyi = kayi + }.)di s (39)
hgi koeai + Oui

where k,, kg > 0 are control gains for position and orientation, respectively.
Modified position errors are defined as follows:

Eii = ey + Wy (40)
Eyi = €y +wyi (41)

where w; = [w,; wy,-]T is the collision avoidance term that will be described further
in this paper; e,; = 6,; — 6; is the auxiliary orientation error. The auxiliary orientation
variable 6,; is defined as 6,; = atan2c(hy;, hy;). Next the following control law
u; = [uy, u.;]" for the i-th mobile platform is proposed:

Uy, = hxi COS 9,‘ + hyi sin 0,'

Uy = hgi “42)
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The VFO method requires the following assumptions be imposed.

Assumption 3.1 Desired trajectories do not intersect artificial potential function
areas of obstacles and robots do not interact when tracking is executed perfectly.

Assumption 3.2 If the robot position is in the repel area then the reference trajectory
is frozen:

qai() =qg4 (1), (43)

where 7~ is the time value before robot gets to the repel area. Higher derivatives of
qai (1) are kept zero until robot leaves the repel area [9].

Assumption 3.3 When ¢,; € (% +mwd —§, % + md + §), where § is a small posi-
tive value,d = 0, £1, 2, ..., then auxiliary orientation variable 6,; is replaced by
0ai = Oai + sgn (e — (% + 7d)) &, where ¢ is a small value that fulfills condition
¢ > 0 and sgn(-) denotes the signum function.

Assumption 3.4 When robot reaches a saddle point the reference trajectory is dis-
turbed to drive robot out of the local equilibrium point. In the saddle point the
following condition is fulfilled:

7] = o (44)

where h! = [hx,- hy; ]T. In this case 6,,;(¢) is frozen: 6,; (t) = 6, (t7).

There is one unstable equilibrium point (saddle point) associated with each obsta-
cle. It appears as a result of cancelling attraction vector (connected with the motion to
the desired position) and repulsion vector (connected with the collision avoidance).

In [6] stability proof is presented. It is also shown that the position and orientation
error can be reduced to the arbitrarily small neighborhood of desired values.

The presented algorithm can be applied to the simplified model of the system.
By neglecting the dynamics of the mobile platforms the control algorithm can be
simplified. The results of the Eq. (42) can be used as an input to the system (1). The
Assumptions 3.1-3.4 still hold in this case. Stability proof and asymptotic conver-
gence of the position and orientation to the desired values for kinematic version of
the VFO algorithm with collision avoidance are presented in [5].

3.3 Artificial Potential Function

Collision avoidance behavior is based on the artificial potential functions (APF).
All physical objects in the environment like robots and static obstacles are sur-
rounded with APF’s that rise to infinity near objects boundaries r; (j—number of
the robot/obstacle) and decrease to zero at some distance R; > r;.
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One can introduce the following function:

0 for ll] <7r;

lij=rj.
Buijlij) =y e" % forrj <lj <R; > 45)
0 for =R,

that gives output By;;(l;;) € (0, 1). The distance between the i-th robot and the j-th
object is as follows: [;; = qu —q ,—position of the i-th robot, g ,—
position of the j-th object.

In [3] APF given by Eq.(25) is proposed. It is smooth at the bound R;; where it
disappears as the function (45), however, it requires higher computing power because
the integral must be computed in the each iteration of the algorithm. In [9] simpler
APF is proposed but due to the limited degree of differentiability its usage (in the
original form) is limited to the kinematic version of the algorithm.

By scaling function (45) to the range (0, 0o) using equation:

vy = Bl
ey 1 — By (lij)’

(40)

APF is defined which is used to avoid collisions. Summing gradients of the APF’s
associated with robots and obstacles the term w; required to compute Ey; and E; is
as follows:

N

_ WVari; GDT n [0 Vaoir G "
T P
J=1j#

q; P g,

where M—number of static obstacles; V,,;; and V,,;x are the APF’s given by (46)
associated with the j-th robot and the k-th obstacle, respectively.

The first and second order time derivatives of the control algorithm equations are
calculated as follows: ) )
hyihyi — hyihy

b, =
ai B B
hxi + hyi

(48)

. hyih, +h,hx,h — hyihh? — W3y,
9(11‘: y y Yy Xi yi (49)

(5, 003)

~2hih2hyi A+ 202 iy — 20 hyih + 2y

(2 +02)

(50)

N M
Ei(t) _ éi . z |:3 Vartj (llj):| Z |:3 Vaolk(llk)] qi (51)

j=1,j#i 8‘11 k=1 Bq,
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33Varij(li_i) 33Varij<lij) 33Vari_i(1ij) 2

N 2 i
.. 0= VarijUij) ax3 9x2dy; ayZox; t
By =d - 3 Varij i) | & j P P | Lk 52
i) = ¢ > ([ 32 L B3 Varij Ui 93VariiUi)) 3 Varij Ui ;{t (52)

VarijGij) 97 VarijUij)

i1 2
J=1j#i ax?ayi Byizz')xi ayi3 i
Moty o 0 Voo lt) 0 Vagis ) 9" Vagis () x?
_ Z aozk( i) 4 ox} ax?dy; 3y, ox; XV (53)
aq ql 3 Vaotk (Zlk) B Vaolk (llk) 3 Vamk(lxk) i};l
i ax?dy; dy?oux; ay; Yi

iy = hyi cOS(6;) + hy; Sin(6;) + i (—hy; sin(6;) + hy; cos(6;)) (54)

i = koai (1) + Gai (1) (55)

4 Multirobot Testbed

This section presents the system architecture of the multirobot testbed. Software and
hardware modules of the system are described in detail.

The localization system is based on the digital camera uEye UI-1240SE-C com-
bined with PENTAX C418DX lens (focal length 4.8 mm) (Fig. 3) connected to the
PC computer via USB2.0 interface. The camera is fixed above the scene surface
at 2.7m and covers rectangular area 4 x 3.2m where the robots can operate. The

Fig. 3 USB top-view
camera
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(a) (b)

Fig. 4 LED markers. a View of the LED marker used for robot localization. b Task space view in
the marker recognition application

camera has a 1/2” CMOS sensor with resolution 1280 x 1024 pixels and ensures the
possibility of image acquisition frequency 25 frames per second with full resolution.

Vision server processes the data from the camera and recognizes current robots
posture using LED markers (Fig.4a) which are mounted on the top of each robot.
The LED marker consists of a line of 8 diodes which form a large area for rough
marker detection, 3 ‘corner diodes’ for accurate localization and 5 diodes for coding
the number of the marker/robot. Figure4b shows the screen-shot from the vision
server application. It consists of the top view of three robots. In Fig.5 MTracker
robot without marker is shown. Fig. 6a presents three robots equipped with markers.
In Fig. 6b MTracker robots in various hardware configurations are shown.

Single measurement requires an image from the camera which is processed in
order to determine the position of the markers on the image fram