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Abstract

This article introduces a novel methodology for dealing with collision avoidance for groups of mobile robots. In particular, full
dynamics are considered, since each robot is modeled as a Lagrangian dynamical system moving in a three-dimensional
environment. Gyroscopic forces are utilized for defining the collision avoidance control strategy: This kind of forces leads
to avoiding collisions, without interfering with the convergence properties of the multi-robot system’s desired control law.
Collision avoidance introduces, in fact, a perturbation on the nominal behavior of the system: We define a method for choosing
the direction of the gyroscopic force in an optimal manner, in such a way that perturbation is minimized. Collision avoidance
and convergence properties are analytically demonstrated, and simulation results are provided for validation purpose.
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Typically, the primary task of a mobile robot is defined
with the objective of reaching the desired configuration
(possibly optimizing some cost function). Nevertheless,
appropriate strategies for collision avoidance need to be
defined, when dealing with realistic applications. More-
over, it is often desirable to introduce a reactive behavior,
which allows the robots to handle unforeseen situations. A
remarkable example of application where a reactive beha-
vior is needed in the case where unknown obstacles may
appear and may be identified by means of onboard sensors.

Introduction

This article describes a collision avoidance control strategy
for a group of mobile robots whose dynamics are described
according to the Lagrangian model.'

In the field of mobile robotics, collision avoidance is a
primary issue that has thus been widely addressed in the
past. When driving a robot to converge to the desired con-
figuration, it is necessary to ensure that the interaction with
the environment, as well as with static and dynamic obsta-
cles, is sufficiently safe. This implies that the mobile
robot’s trajectory needs to be computed in such a way that
collisions are always avoided.

Even though providing a comprehensive review of the
literature on this topic is out of the scope of this article, we
will briefly describe some of the main approaches that can
be found in the literature, without claiming completeness,
with the purpose of highlighting the motivation for the
proposed methodology.
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In this case, the trajectory of the mobile robots must be
modified and adapted online, as an obstacle is acquired,
in order to ensure safety.

However, the introduction of additional control strate-
gies, defined for collision avoidance purposes, typically
generates interference with the primary task of the mobile
robots. Consider, for instance, artificial potential fields (see
the works of Rimon and Koditschek,? Bouraine et al.,’
Hokayem et al.,4 Leonard and Fiorelli,’ Lindhe et al., 6
Sabattini et al.,” Su et al.,® and Tanner et al.g), which are
a widely exploited and very effective method for avoiding
collisions. Exploiting these strategies, robots are driven to
perform the gradient descent of an opportunely designed
artificial potential field, whose gradient can be computed in
a decentralized manner, and produces a repulsive force that
drives each robot to move away from obstacles or other
robots. These strategies are very attractive because of their
effectiveness in creating a reactive behavior, which prova-
bly avoids collisions with unforeseen obstacles. Moreover,
these strategies are effective in coordinated multi-robot
scenarios as well.*® Furthermore, as shown in the work
of Stastny et al.,'® artificial potential fields can be com-
bined with advanced additional nonlinear control strate-
gies, such as model predictive control, for achieving
collision avoidance in groups of multiple robotic systems
characterized by complex dynamical models.

However, their main drawback is in the well-known
local minima problem'': Interacting with the primary task
of the mobile robots (e.g. convergence to a common posi-
tion, creating a formation), collision avoidance artificial
potential fields can create undesired asymptotically stable
configurations that prevent the robots from reaching the
desired configuration.

This article aims at defining a collision avoidance con-
trol strategy that allows a group of cooperative mobile
robots to avoid collisions among each other and with envi-
ronmental obstacles. The objective is to introduce the smal-
lest possible interference with the multi-robot system’s
primary task. In order to create a provably safe collision
avoidance reactive behavior, the dynamics of each robotic
system are explicitly taken into account. Therefore, the
collision avoidance action is defined as a gyroscopic force.

Several works on the use of gyroscopic forces for obsta-
cle avoidance can be found in the literature,'*"” typically
for mobile robots moving on a two-dimensional environ-
ment (i.e. the ground floor). Roughly speaking, a gyro-
scopic force is always perpendicular to the velocity of the
robot: This implies that these forces do not do any work.
Hence, this is the main motivation in using gyroscopic
forces: In fact, this property guarantees that they do not
modify the convergence characteristics of desired control
laws defined as the gradient of an artificial potential field.

The article is organized as follows. Related works are
analyzed in “Related work and main contribution” section.
“Problem statement and system definition” section pro-
vides a description of the model of the system and formally

introduces the problem analyzed in this article. The collision
avoidance control law is then introduced in “Definition of
the collision avoidance control law” section. Avoidance of
collisions is then demonstrated in “Collision avoidance and
convergence’ section. As an example application, in
“Application: Rendezvous for fully actuated spacecraft
vehicles, with global connectivity maintenance” section,
we consider a group of six degree-of-freedom fully actuated
vehicles that are required to perform rendezvous in a clut-
tered environment, while maintaining connectivity. Simula-
tion results are described in “Simulations” section. Finally,
“Conclusions” section contains some concluding remarks.

Related work and main contribution

In this section, we will analyze the main works that can be
found in the literature on the use of gyroscopic forces for
collision avoidance purposes. Subsequently, the main con-
tribution of this article will be highlighted.

When planning the path for a mobile robot, it is desir-
able to ensure both convergence to the desired configura-
tion and avoidance of collisions with environmental
obstacles and other robots.

In the works presented by De Medio and Oriolo' and
De Luca and Oriolo,'® the authors consider a path planning
problem for ground mobile robots. Specifically, the path
for each robot is computed exploiting the artificial potential
field method'®: The path for each robot is computed
according to the negative gradient of a global artificial
potential field, whose minimum is in the desired configura-
tion. Instead of introducing repulsive potential fields (as in
the standard artificial potential field method), De Medio
and Oriolo'® and De Luca and Oriolo'® introduce the so-
called vortex fields that are distortions of the global artifi-
cial potential field which make the robots turn around the
obstacles. This strategy can be extended considering non-
holonomic constraints while planning the path.'® This strat-
egy is formally guaranteed to avoid the creation of local
minima, which are undesired blocking points.

A similar result is obtained in the work of Antonelli
et al.'” and Antonelli et al.,>*' exploiting the null-space-
based (NSB) behavioral control. In these strategies, several
tasks are considered to be simultaneously accomplished by
the robots. This approach can encode the necessity of
reaching the desired configuration while avoiding colli-
sions. Roughly speaking, the lowest priority task (i.e. con-
vergence to the desired configuration) is performed as
desired only if it does not interfere with the highest priority
task (i.e. collision avoidance). If there is an interference
between the two tasks, the highest priority task is always
fulfilled, while only the projection of the lowest priority
task on the null-space of the highest priority task is accom-
plished. Therefore, collision avoidance is always guaran-
teed, while convergence to the desired configuration is only
partially fulfilled, in such a way that does not interfere with
collision avoidance.



Sabattini et al.

Both the vortex field and the NSB are very effective
strategies for collision-free path planning. Considering the
(possibly nonholonomic) kinematic model of a mobile
robot, these strategies ensure the definition of a trajectory
that drives the robot to the desired configuration while
avoiding collisions with obstacles. However, it is worth
noting that these strategies solve a kinematic problem:
Dynamics of the robots are, in fact, not considered. Even
though path planning is an inherently kinematic problem,
the dynamic behavior of a mobile robot cannot always be
neglected, when solving the collision avoidance problem.
In fact, considering the presence of unpredictable obstacles,
whose position is acquired by limited range sensors, it is
necessary to ensure avoidance of collision, regardless of the
velocity of the robot when the obstacle is identified. There-
fore, is it important to explicitly consider the dynamic
behavior of the mobile robots, when defining the collision
avoidance control strategy?

Along these lines, in the study of Arogeti and Ailon,*?
the authors consider a group of quadrotors, modeled as
nonlinear systems. Around each quadrotor, a forbidden
region is then defined: Path planning methods are then
used for ensuring that each quadrotor does not enter the
forbidden region related to other quadrotors. A similar
strategy is defined in the study of Jin et al.,**> where
obstacle-free regions in the environment are computed,
taking into account the obstacles’ velocities as well.
The motion of the robots is then constrained within
these regions.

In the studies of Chang et al.,'* Chang and Marsden,"’
and Mi et 211.,24’25 the authors model the mobile robots as
double integrator systems and develop a collision avoid-
ance strategy based on the combination of a gyroscopic
force and a braking force. In particular, the braking force
is an appropriately defined damping force that ensures
avoidance of collisions. Conversely, the gyroscopic force
is in charge of making the robot move around the obstacles,
thus ensuring convergence to the desired configuration.
Inspired by this works, in this article we design a collision
avoidance control strategy based on the use of gyroscopic
forces. Unlike previous approaches, we explicitly consider
the complete dynamics of the mobile robots, which are
modeled as Lagrangian dynamical systems. Moreover, we
consider the case where the robots move in a three-
dimensional environment. While a few preliminary
attempts on defining three-dimensional gyroscopic forces
for obstacle avoidance can be found in the litera‘rure,13’14 to
the best of the authors’ knowledge optimality in the choice
of the gyroscopic force has never been considered. In fact,
given the vector describing each robot’s velocity, there are
infinitely many directions that define a gyroscopic force,
namely, all the forces laying onto the plane that is perpen-
dicular to the velocity itself. Therefore, in this article, we
define a method to select the optimal direction for the
gyroscopic force, in order to introduce the smallest possible
interference with the desired control law.

Hence, the main contribution of this article can be sum-
marized as follows:

1. Gyroscopic forces are defined for obstacle avoid-
ance, considering the motion of the robots in a
three-dimensional environment.

2. The dynamics of the mobile robots are explicitly
considered, describing the robots by means of the
Lagrangian dynamical model.

3. Anoptimality criterion is defined to select the direc-
tion of the gyroscopic force.

4. Collision avoidance and convergence to the desired
configuration are analytically proven, explicitly
considering the dynamics of a system of multiple
mobile robots.

This article extends the preliminary results presented by
Sabattini et al.,?® providing formal demonstration of all the
presented results for the multi-robot application. Moreover,
the braking force is redefined, providing a less conservative
definition.

Problem statement and system definition

Consider a group of N homogeneous mobile robots, and
define ¢; € R",i=1, ... ,N as the position vector of the
i th robot. Assume then that the dynamics of each robots
can be described by the Lagrangian dynamical model:

M(qi)g; + C(qi,4;)q; + Dq; +g(qi) = u; ()

where u; € R” is the control input, the matrix
M(g;) € R™™ is the symmetric positive definite mass
matrix, the matrix C(g;,q;) € R"*™ represents the Coriolis
effects, the matrix D € R™*" is a positive definite matrix
that represents a dissipative term due to friction, and
g(g;) € R™ is the gravity term. Further details can be
obtained from the study of Ortega et al.’

Let x=1[¢" ... ¢/]" e R™ and =14 ... ¢/
€ RM be the position vector and the velocity vector of the
multi-robot system, respectively. The multi-robot system
can be considered, globally, as a unique Lagrangian
system,”’ defining the following quantities

]T

7(x) = diag(M(q:))
~(x.x) = diag(C(g:,4;))
Z = diag(D) 2

T

00 = lgla)” .. glan)”

where the operator diag(-) defines a block-diagonal matrix.
Hence, the matrices in equation (2) define the multi-robot
Lagrangian system. Namely, the matrix ~ () € RY™M" ig
the symmetric positive definite mass matrix, the matrix
7 (x, %) € R"™Nm represents the Coriolis effects, the
matrix € R¥™N™ is a positive definite matrix represent-
ing dissipation due to friction, and < (x) is the gravity term.
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Then, defining the multi-robot control input
7=l ... uf]" € RM, itis possible to write the overall

dynamics of the multi-robot Lagrangian system as follows:

7X)X+OGX)X+ ox+H () =7 3)

Moreover, we make the following assumptions on the
robots considered in this article.

Assumption 1.
i. The translational degrees-of-freedom of each robot
are fully actuated.

ii. The shape of each robot can be bounded within a
sphere.

iii. Robots are homogeneous, that is, they have the
same shape, and they are controlled by means of
the same control strategy.

iv. Each robot can identify the presence of an obstacle
and measure its relative position and the distance
from its boundary, within the detection range
R>0.

The collision avoidance problem will now be formally
defined. We will hereafter make the following assumptions
on the obstacles in the environment.

Assumption 2.
i. The obstacles are convex and static.
ii. The distance between two obstacles is greater than
the size of a robot.

Therefore, we are assuming that the only moving
obstacles are the robots themselves. Assumptions on the
convexity and separation of the obstacles can be relaxed
bounding each nonconvex obstacle (or each group of close
obstacles) within a convex shape.

We will take into account two kinds of collisions:

1. Collision between a robot and an obstacle.
2. Inter-robot collisions, that is, a collision between
two robots.

Considering assumptions 1 and 2, only translational
dynamics will be hereafter taken into account, as rotational
motion does not cause collision.

Hence, let:

gi =[x/ 0] (4)

where x; € R? is the Cartesian position of the robot, and
¥; € R"3 is the rotation of the robot, expressed with
respect to any parametrization.

Moreover, we will hereafter use the term obstacle to
indicate a generic entity with which a collision can happen.
Conversely, when explicitly referring to a static object in
the environment, we will use the term environmental
obstacle.

According to assumption 1 (iv), we now introduce the
definition of active obstacle.

Definition I. An obstacle is active from the i th robot’s
perspective, if the obstacle is within the detection range
of the robot, and if the robot’s velocity has a nonzero com-
ponent that points toward the obstacle.

According to assumption 1, it is possible to conclude
that this relationship is mutual, when referring to inter-
robot collision: Namely, if robot j is an active obstacle for
robot 7, then robot i is an active obstacle for robot ;.

Consider, without loss generality, the case where U;
obstacles are within the detection range of the i th robot.
Subsequently, define n; ; € R? as the vector from the i th
robot’s position to the nearest point of the j th obstacle,
Vi =1, ... ,9;: It is worth noting that, being the obstacles
convex, this vector is well-defined.

Hence, we introduce the function o, ; € {0, 1}, defined
as follows

1
%=\ 0

Namely, o, ; = 1 if the j th obstacle is active, from the
i th robot’s perspective, according to Definition 1.

The set of active obstacles A; for the i th robot is then
defined as follows

if||n; ;|| <R and x;"n;; > 0

otherwise

)

A; ={j € [l,¥]suchthat o; ; = 1} (6)
It is then possible to define o; € {0, 1} as follows
1A > 1
0i = . (7
0  otherwise

where |A4;| is the cardinality of set .4;. Therefore, o; = 1 if
an active obstacle exists, according to definition 1. In other
words, o; indicates the presence of an obstacle within the
detection range R and that the 7 th robot is moving toward it.

Throughout the article, we will consider the following
situation: The objective of the multi-robot system is
defined as the gradient descent of an appropriately defined
artificial potential field. Specifically, let

v=0"+7° (8)

where 74 € R™ is the desired control input for the
multi-robot system, and ~° € R¥™ will be subsequently
defined for collision avoidance purposes. Moreover,

=T udT), with w! € R™ and 20 =
W ... ug ), with ug € R",Vi=1,...,N. Therefore,
the control input «; is defined as follows
d o
i i i (9)

Vi=1,...,N

Defining then an artificial potential field 2“(y) :

RY"—IR*, the desired control input is defined as follows
7 = VU (x) (10)

Therefore, the objective of this control law is to drive the
multi-robot system to the following desired configuration
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ol
{ T (an
X = Onm
where x¢ € RV is defined such that 2?(x?) is a local

minimum of Z/ld(x), and Oy, € RM is a zero vector.
We make the following assumption on the desired
configuration.

Assumption 3.
i. When y = %, the distance between each pair of
robots is larger than the size of a robot.
ii. The distance between each obstacle and each posi-
tion a robot will take when y = x is larger than the
size of a robot.

This technical assumptions ensure that obstacles do not
prevent robots from reaching their desired position, and
that robots do not interfere with each other, when some
of them have already reached the desired position.

We also assume that the control law in equation (10) can
be computed in a decentralized manner from each robot.
Specifically, define the artificial potential field
Ul (g;) : R"—=R*,Vi=1,...,N, such that

= ZU?(%‘)

On these lines, we assume that the desired control term
ul?‘ is defined as follows

_ ') ouf(qn)

u
' 9q,i 0q;
Vi=1,...,N. Moreover, let u! € R be the transla-
tional part of u.

(12)

(13)

Definition of the collision avoidance
control law

According to the definitions and assumptions introduced in
Problem statement and system definition section, in this
section we will define the collision avoidance control law.
Specifically, for each robot, we define the control input u,
introduced in equation (9), as follows

= o (ut -+ b)) (14)

Vi=1, ... ,N. Then, define the following quantities
7(x,x) = [Ulu‘fT e aNu;’\,T] (15)
(%) = lob () ... ondT ()]

where 7%(x, %) € R and »(x, x) € R™. Then, the col-
lision avoidance control action ~° introduced in equation
(8) can be defined as follows

7 =7 (x %) + 2 (x; %) (16)

We will hereafter define the quantities introduced in
equation (14).

Braking force

The term b(%;) € IR™ in equation (14) introduces a braking
force, which acts as a selective energy dissipation along the
n; ; direction, for each obstacle j =1, ... ,¥;. As in the
previously defined terms, we consider only the transla-
tional motion: Hence, the force b(x;) is defined as follows

= [T (%) 04" (17)

where b'7(%;) € IR® represents the translational component
of b(x;), while 0,,_3 € R”~3 represents a zero vector,
Vi=1, ... N. The term b'(X;) is defined as follows

(%) = Z b?,_/(xi)
=1,

Then, let v; ; = %, n; ; € R be the projection of the i th
robot’s velocity along n;; and define §(v;;) : R—IR as
follows

b(x;)

(18)

B(vi,) =

where sgn(-) represents the signum function, and the para-
meter ; ; > 0 will be defined hereafter. Hence, we define
each component of the braking force as follows

_ Sgn(Vi.j)Vi,j <|Vi1j| + e‘lw.;\) (19)

b () = Blvig) ol

(20)
||”i,j |

It is worth remarking that the braking force is defined
only with respect to active obstacles: Therefore, according
to definition 1, we can consider only the case in which
vij > 0. Subsequently, equation (19) can be simplified as
follows

Bvij) = =i;(vij +e) 1)

Moreover, it is worth remarking that x” 7(y, x) < 0.In
fact, considering the definition of .#(x, x) given in equa-
tion (15), and considering the definition of b(%;) given in
equation (17), it is possible to obtain the following equality

ZU’ Thl(x;) = ZZO’,X bt (x;)

i=1 j=
Considering then the definition of & (x;) given in equa-
tions (20) and (21), equation (22) can be rewritten as
follows

(22)

v

i=1 j=1

X H || Vl](Vlj + e_Vi-/) (23)
l]

Since v; ; = x,-Tn,», j» and considering the definition of o;
given in equation (7), we can conclude that all the terms in
the summation in equation (23) are nonpositive, which
implies x7 7(x, x) < 0.
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Obstacle avoidance gyroscopic force

The term u{ € R™ in equation (14) defines the obstacle
avoidance action, which makes the i th robot escape from
the obstacles. As stated before, we consider only the trans-
lational motion: Hence, the force u{ is defined as follows

uf =" o) 5] (24)

where 1 € IR? represents the translational component of u?
and is defined as a gyroscopic force, while 0,,_3 € R" 3
represents a zero vector, Vi = 1, ... ,N. We define the
gyroscopic force uf as follows

7 Xi Xi

w =ul— i 5 T
: ' Sl ) [

(25)
W = Ke

i ey
[[will

where K > 0 is a constant.
It is worth noting that equation (25) defines a gyroscopic
force. In fact,

e The vector w; is perpendicular to X;, as it is obtained
by subtraction from u! the projection of u! itself
along x;. Hence, w; is the orthogonal projection of
u! on the plane that is perpendicular to x;.

e The vector w; is then normalized and multiplied by
the constant value K¥ > 0. Hence, the force uf has
constant magnitude and is always perpendicular to
Xi.

Since u$ is always perpendicular to x;, then

i =38 =0

(26)

According to equation (24), a similar property holds for
u?, namely

aTl -

u'lg, =g ut =0 (27)

Hence, u{ represents a gyroscopic force, which does not
do any work. On the same lines, it is possible to show that
#%(x, x) represents a gyroscopic force. In fact, according
to equations (27) and (15)

X706 X) = o1 (diuf) + ... +on(guuy) =0 (28)

As will be clarified later on, this feature ensures that
the presence of this force does not modify the conver-
gence properties of the desired artificial potential-based
control law.

It is worth noting that this property is verified for any
choice of the gyroscopic force, that is, any force u{ that is
perpendicular to the velocity vector ¢;. However, even
though the introduction of a gyroscopic force does not
influence the convergence properties, it clearly modifies
the transient behavior, with respect to the ideal situation,
which is in the absence of obstacles.

As is well known, given a vector £ € ]R¢, anda (¢ — 1)-
dimensional subspace @, the best approximation of £ along
® is the orthogonal projection of £ onto . Hence, the
definition of the gyroscopic force given in equation (25)
represents an optimal choice: In fact, it introduces the smal-
lest possible perturbation to the desired control law, since it
is defined as the orthogonal projection.

It is worth noting that, according to equation (25), the
force uf is not always well defined. It is possible to identify
different pathological cases:

1. The force uf is not well defined when ||x;|| = 0, that
is, when the translational velocity of the i th robot is
zero. However, in this case, any random force exhi-
bits the same property of a gyroscopic force, as
described in equation (26).

2. The force u} is not well defined when ||w;|| = 0.
This can happen in two different cases:

(a) If ||lu}|| = 0, which means that the i th robot is
in the desired configuration. Hence, in this
case, the robot is no longer required to move,
and it is possible to set uf to zero.

If u! = (ut7x;)(%;/]1%]]), that is, u! and x; are
aligned. Then, a small random perturbation
can be added to ; in equation (25). However,
in real applications, the possibility that those
two vectors are perfectly aligned is practically
Zero.

(b)

Hence, in order to take into account these cases, the
definition of u{ given in equation (25) needs to be modi-
fied. Define vector n; € R? as follows

v
N, j
m= i (29)
= il
Subsequently, define ¢; € R* as follows
X af ||x 0
- 0
n; otherwise
Vi =1, ... ,N.Note that the choice of the vector n; will
be clarified in the Proof of Corollary 2.
Subsequently, let 1, € IR® be defined as follows
= — (u,‘T - > L (31)
ledl/ el
Vi=1,...,N. Hence, the definition of w; given in
equation (25) is modified as follows
i if Jlibil| # 0
" ;i piTﬂ Pi otherwise (32)
el ] lleil

where p; € R is obtained adding a small random perturba-
tion to u!.
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Finally, the force u? is defined as follows

S ] # 0
s = [l (33)
0,,—3 otherwise

where 0,,_3 € R"3 is a zero vector.

Collision avoidance and convergence

In this section, we will show that the control action intro-
duced in Definition of the collision avoidance control law
section ensures both collision avoidance and convergence
to the desired configuration defined as the minimum of the
potential function 24“(y).

For this purpose, define £(x, %) : R x R™—R" as
the total energy of the system, that is, the sum of potential
and kinetic energy. Without loss of generality, we will
hereafter consider the case where the gravity term « (x)
is compensated by the control law. Therefore, in this case,
the potential energy of the system is represented by the
artificial potential field U?(x). Moreover, let
Ki(g:,qi) : R" x R"—IR" be the kinetic energy of the i th
robot, defined as follows

. 1. .
Kildna0) = 5.4,"M(4:)4; (34)
Vi=1, ... ,N. Subsequently, the kinetic energy of the

multi-robot system K(x, %) : R™ x R™—R™ can be
defined as follows

N

K003 = Y oKildna) = 5387 700K

i=1

(35)

Therefore, the total energy of the multi-robot system
E(x, x) can be defined as follows

S(Xv X) = ud(X) + K:(X’ X)

According to the definition of the artificial potential
field 44?(x) in equation (12), the total energy of the i th
robot £;(gi,4;) can then be defined as follows

Eigi ;) = U (i) + Ki(dinq:)
Vi=1,...,N

(36)

(37

The following theorem shows that the proposed control
law ensures that the total energy of the multi-robot system
does not increase, as the system evolves. This result will be
instrumental for proving collision avoidance and conver-
gence to the desired configuration.

Theorem |. Consider the dynamical system described in
equation (3) and the control law defined in equation (8).
Consider also the case where the gravity term < (x) is
compensated by the control law. Then, the total energy of
the multi-robot system &(x, ) defined as in equation (36)
does not increase, as the system evolves.

Proof. Consider the total energy of the multi-robot system
E(x, X), defined in equation (36). The time derivative of
the total energy can be computed as follows

. 1.
) = (Ta + A0k +3 A00K) 69

As the gravity term < () is compensated by the control
law, according to equations (3), (8), and (16), the dynamics
of the system can be rewritten as follows

7()X + 7 (GX)X + ox = =Vl + 74 (%) + 7 (X X)
(39)

Then, from equations (38) and (39), the time derivative
of the total energy of the multi-robot system can be rewrit-
ten as follows

000 = 1 (= (00X = 75+ 20 + 700 0) +5 700K )
(40)

This may be rewritten as follows

E0e ) = x(% (700 = 270600 i = 75+ 706 %) + /x(m)
(41)
Let

r06x) =70 = 20 (6 X) (42)

As is well known,? the matrix ~(x, ¥) can be defined
such that ./ (y, X) is skew symmetric. Hence, equation (41)
can be rewritten as follows

0 =X (= k406 + 7 06K) @)
As 7°(x, x) is a gyroscopic force, the condition in equa-
tion (28) holds. Moreover, as shown in equations (22) and
23), X7 7(x, %) < 0. As we have assumed ~ to be positive
definite, we can then conclude that £(x,x) < 0. This
ensures that the total energy of the multi-robot system func-
tion £(x, x) does not increase as the system evolves.
Using similar arguments, it is possible to demonstrate
that the total energy of the i th robot, that is, £;(¢;, ¢;), does

not increase as the system evolves.

Corollary 1. Consider the dynamical system described in
equation (1), and the control law defined in equation (9),
for the generic i th robot. Consider also the case where the
gravity term g(g;) is compensated by the control law. Then
the total energy of the i th robot &£;(g;,¢;) defined as in
equation (37) does not increase, as the system evolves.

Proof. The proof is analogous to that of theorem 1 and is
then omitted.

We will now exploit the results of theorem 1 and cor-
ollary 1 to demonstrate that the proposed control strategy
ensures collision avoidance. For this purpose, consider the
case where the j th obstacle becomes active, for robot i, at
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time # = fo. Let n; ;(f) be the vector connecting the i th
robot’s position to the position of the j th obstacle, at time
. Then, define n); as

n = nij(to) (44)

Moreover, with a slight abuse of notation, let 14?(z) be
the value of U?(x) at time . Then define I/; > 0 as

Ui = U (1) (45)

In order to completely define the collision avoidance
control action, the parameter y; ; > 0 introduced in equa-
tion (19) has to be defined. For this purpose, assume that
the velocity of the robots is bounded, and that the upper
bound on the velocity is known. Then assuming the mass
matrix of each robot to be bounded, the kinetic energy is
upper bounded as well. Namely, 3K > 0 such that

Ki(gi,g) <K Vi=1,...,N (46)

where K;(gi, q;) is defined according to equation (34). Spe-
cifically, IC may be defined as follows

— 1

K = max 5 ¢;" M(g:)g; (47)
(91,4;) 2

Then, the parameter y; ; can be defined as follows:
IC
+U, (48)

T =2

Based on the results of theorem 1, the following theorem
shows that this definition of 7;; ensures collision
avoidance.

Theorem 2. Consider the dynamical system described in
equation (1) and the control law defined in equation (14).
Then, the braking force in equation (20), with the parameter
7;; defined as in equation (48), guarantees:

1. avoidance of collisions with environmental obsta-
cles and
ii. avoidance of inter-robot collisions.

Proof- We show that the braking force is able to dissipate a
sufficient amount of energy, in order to avoid collisions.

i. Consider the j th active obstacle with respect to the
i th robot and consider the translational motion of
the i th robot. We will now take into account only the
component of the robot’s motion toward the obsta-
cle, that is, the component of the motion along #; ;.
Specifically, let s; ; € IR represent the displacement
of the robot along »; ;. Then

nij

(49)

X= §
C T gl

According to definition 1, in the presence of an active
obstacle, v; ; = X7 n;; > 0. Moreover, from equation (49),

vij = S$; ;. Define £(g;) : R"—R" as the amount of
energy dissipated by the i th robot. Considering equations
(17) and (19), the amount of energy £%(g;) that can be
dissipated by the braking force can be computed as the
absolute value of the integral of the dissipated power,
namely

e_v"-/<7)v,-7j(7')) dr

(50)

Considering the fact that, as stated before, when the j th

obstacle is active, v; ; = §; ; > 0, we can conclude that

&q) > "/i,j/fz’,j(T) dr =y jlsil (51
with s; ; being the i th robot’s displacement. Without loss of
generality, we considered s;; = 0 at time ¢ = ¢, and we
have dropped the dependence on time.

Then, assuming the available energy to the i th robot to
be equal to &£;(¢;,q;), and letting all the energy to be dis-
sipated by the braking force, the length of the i th robot’s
displacement is upper bounded as follows

&l (q:) _ &9 4:)

Isij| <
v Yij Yij

(52)

Hence, in order to ensure collision avoidance, it is suf-
ficient to guarantee that |s; ;| < Hn j|I. According to equa-
tion (52), this implies

gi(qi, QI)

i) < Yt
Vi

(53)

Consider then the definition of y; ; given in equation
(48), the condition in equation (53) can be rewritten as
follows

Eigi,g,) lIn ,,||
K+U; 2

With a slight abuse of notation, let £;(¢) be the value of
&i(qi,q,) at time ¢. Then, the condition in equation (54) can
be rewritten as follows

()II,/
K+U;

< [l (54)

< [l (55)

for time ¢ > t,.
Then, according to equations (45) and (47), it is possible

to conclude that
Eilt)) S K+U; (56)

From corollary 1, we know that the total energy of the
i th robot does not increase as the system evolves. Therefore

&i(1) < &) (57
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for all time ¢ > .
According to equations (56) and (57), it is possible to
conclude that

Ei(t)
K+U,

<1 (58)
Vt > ty. Therefore, the condition in equation (55) is
satisfied V¢ > ¢, which proves the statement.

ii. Following the same arguments, it is possible to
demonstrate that the proposed control law ensures
avoidance of collisions between the i th robot and
the j th robot. In particular, according to corollary 1,
both &i(gi,4;) and &;(g;,4;) do not increase, as the
system evolves.

Therefore, letting all the energy to be dissipated by the
braking force, the lengths of the robots’ displacements can
be upper bounded as follows

&g Elan g
oy < ELla) _Ea)
Vi.j Vi.j
. (59)
| | < 5] (q/) g(q]aqj)
S Vi Vji

In this case, the i th robot is an active obstacle for the j th
one and vice versa. Therefore, |[n{ || = [|n{;]|. Hence, in
order to ensure inter-robot collision avcndance it is suffi-
cient to guarantee that |s; ;| and |s;;| are smaller than
(I, 11)/2.

With a slight abuse of notation, let £;() and &;(¢) be the
values of é'f(qi,q,-) and Sj(qj,qi.) at time ¢, respectively.
Then, equation (59) can be rewritten as follows

(60)

for all time # > ¢,.

Consider then the definition of y; ;, y;; given in equation
(48), and consider the inequalities given in equations (56) and
(57). Therefore, equation (60) can be rewritten as follows

50 G
TR+ U, 2
(61)
15:4] < &) lndyll
i K+ U, 2

According to equations (56) and (57), it is possible to
conclude that

Ei(1)

&) &(1)
K+U,;

’ ]_C+j

<

(62)

Vt > to. Therefore, the condition in equation (61) is
satisfied V¢ > ¢y, which proves the statement.

In theorem 2, we have demonstrated that, thanks to the
braking force, collisions with environmental obstacles, and
among robots, are always avoided. However, the introduc-
tion of the gyroscopic force is necessary for correctly per-
forming obstacle avoidance and converging to the desired
configuration.

In fact, using only the braking force would ensure colli-
sion avoidance but might cause deadlock situations.
Namely, consider the case where the braking force
#(x, %) and the desired control input ~ are such that

2006 x) =~ (63)

In this case, the robots would be forced to remain in their
current positions, even though they are not in the desired
configuration (i.e. || #“|| # 0). This is the reason why the
introduction of the gyroscopic force is necessary.

In theorem 1, we have demonstrated that the total energy
of the multi-robot system does not increase, as the system
evolves. The following corollary shows that, thanks to the
gyroscopic force, deadlocks are avoided, and the multi-robot
system eventually converges to the desired configuration.

Corollary 2. Consider the dynamical system described in
equation (3) and the control law defined in equation (8).
Consider also the case where the gravity term G(x) is
compensated by the control law. Then, the system evolves
to the desired configuration defined as in equation (11),

l’lamely
{ X
X

Proof. Consider the total energy of the system &(x;, X),
defined in equation (36), as a Lyapunov function. Exploit-
ing the results in theorem 1, it is possible to conclude that
the Lyapunov function does not increase as the system
evolves.

We will now show that the only steady-state configura-
tions are local minima of U?(). For this purpose, it is
possible to invoke LaSalle’s principle,”® to show that the
only configurations where £ (x, X) = 0 correspond to the
desired configuration, defined as in equation (11).

According to equation (43), £ (x, X) = 0 if and only if
x| = 0, that is, ||¢;|| =0, Vi=1, ... ,N. Consider now
two different cases: without obstacles and with obstacles.

= ONm

1. In case there are no obstacles, when the multi-robot
system is not in the desired configuration, it is
always subject to a force #“ such that ||~¢| # 0,
which makes the system accelerate. Hence, the only
steady-state configurations correspond to local
minima of U“(x, X).

2. Referring, without loss of generality, to the i th
robot, consider the presence of U; active obstacles.
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As stated before, we are considering the case
llg;]| = 0, which implies also |x;]| = 0. Subse-
quently, it is possible to state that

T

V,‘ﬁj :)&i I’l,‘_j =0

Therefore, according to equation (21), B(vi;) = y; ;-
Subsequently, in this case, according to equation (20)

;
w= 1 =Y T 9
=1 i

Consider the vector n; defined as in equation (29),
namely

i
I’li’j
’ le Yl
Subsequently, let p;, ; € IR™ define a right-handed coor-

dinate system together with n;: namely, the (p;, 7;) plane is
the plane orthogonal to n;. Hence, it is possible to state that

d__(,dar Pi pi <dT Vi) Ti <dT ni) n;
u; = | u; + | u; + | uf
' < ’ ||pf|\> (il Yol Yol (|

(65)

According to equations (24) and (33), it is possible to
decompose 1, as follows

' Pi \ Pi ar i Ti dr M i
u! =K; {(uﬂ ) + (u ) + (u ) ]
’ S 224 /2 224 N (/2 N 1 A
(66)

where, according to equation (33), K; = [K%/(||wi||)] > 0.
Hence, equation (64) may be rewritten as follows

Di r T

ui:af——l—oz,-——&—ayl (67)
[l 7] [
where
of = (1+ K )ud? "
[l
ro__ N, dT i
aj = (1 + K )u; T (68)

o= (1 +K,»/)u§-” L Vi
(7]l

Hence, unless uj" is exactly aligned with n;, then of or o/
are guaranteed to be nonzero. Subsequently, it is possible to
conclude that the i th robot is subject to a nonzero force that
makes it accelerate.

Conversely, in case u;’ is exactly aligned with »;, as
described in Obstacle avoidance gyroscopic force section,
the definition of «{ is modified such that it can be rewritten
as follows

ug:K;KC;i)i+ (c? ) ri +(Cirl> L}
VAT AL Inill) Tl
(69)

where, according to equation (32), ¢; € R is a random
vector.

Hence, as in the previous case, it is possible to conclude
that the i th robot is subject to a nonzero force that makes it
accelerate.

It is then possible to conclude that the only steady-state
configurations are represented by the ones described as in

equation (1 1), l’lamely
{ X
X

where x¢ € RV is defined such that U?(x?) is a local
minimum of Z/{d(x), and Oy, € RM is a zero vector.

= ONm

Application: Rendezvous for fully actuated
spacecraft vehicles, with global
connectivity maintenance

In this section, we apply the previously described obstacle
avoidance strategy to a group of fully actuated spacecraft
vehicles performing rendezvous while keeping connectivity.

A decentralized strategy for global connectivity mainte-
nance for groups of Lagrangian systems, based on the gradient
descend of an artificial potential field, was introduced by
Sabattini and coworkers®® " and will now be briefly described,
as well as the dynamical model of the spacecraft vehicles.

Spacecraft vehicles dynamical model

We consider a group of six degree-of-freedom spacecraft
vehicles, whose dynamics are described by Kristiansen et al.*>

Specifically, the configuration of these vehicles is
described by the following state vectors

gi=W 91" 4 =[] (70)

where x; € R? represents the Cartesian position of the i th

robot, and ©J; represents the rotation of the i th robot, expressed

in terms of Euler params—:*telrs.33 % € R? and w; € R? are the
linear and angular velocity of the i th robot, respectively.

The following relationship holds

é,‘ = T(q[)wi (71)

where 7 (g;) is a properly defined transformation matrix.
Referring to equation (1), the matrices that describe the
dynamics of each spacecraft vehicle are defined as follows

mgly 0343
03><3 Js(qi)

Cy(xi, %) 033
Cr('lghwi)

M(q;) =

03x3
g,(x,-)

glgi) =
[O3xl
D= 033
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where 0/ ¢ € RE<E is a zero matrix, and I¢ € RE<E is
the identity matrix. The value m; represents the mass of
the spacecraft, while J(g;) is the matrix representing the
moments of inertia.

From equation (72), it is easy to see that translations and
rotations are decoupled and can be independently con-
trolled. Hence, hereafter we will consider only the transla-
tional dynamics of the system, as in the previous sections.
The matrix C,(x;,%;) is a Coriolis-like skew-symmetric
matrix and is defined as follows

0 -1 0
C,(x,-,)&,-) = 2ms)'C',' 1 0 0 (73)
0O 0 O
The gravity term g;(x;) is defined as follows
E
)
gle)=mp| N TN D (4
w
0 0 =
r

where 7; is the average radius of the orbit of the spacecraft.
Let G be the universal constant of gravity, and let M, be the
mass of the Earth, then u ~ GM..

Connectivity maintenance

The communication architecture among a group of robot
can be effectively modeled as graph, which is usually
referred to as the communication graph.** As is well
known, considering an undirected graph, the communica-
tion graph is connected if and only if the second-smallest
eigenvalue of its Laplacian matrix L is positive. For this
reason, this eigenvalue, which will be hereafter referred to
as \,, is known as the algebraic connectivity of the graph.

We consider the following connectivity model: Two
robots can communicate if their Euclidean distance is less
than or equal to the communication radius R, > 0. As a
consequence, as in the works of Sabattini and coworkers,*” '
we define a weighted communication graph, whose edge
weights are defined as follows

2
i = x|

w2
e i 1 — > < B2

0 otherwise

(75)

aij:

The scalar parameter v is chosen to satisfy the threshold
condition e~ (®)/2V*) = A where A is a small predefined
threshold. Hence, a;; > 0 represents the weight of the edge
connecting the i th and the j th robots: It is positive if the
robots are connected, zero otherwise.

This definition of the edge weights is motivated by the
fact that )\, is a nonincreasing function of each edge

weight®*: Hence, as two connected robots increase their
distance, the value of A\, decreases, until they disconnect.

The control law defined by Sabattini and coworkers®**°
drives the robot to perform a gradient descent of an appro-
priately designed function of \,, namely, ¢.(A;). Defining
€ > 0 to be the desired lower bound for \,, the function
U.(X2) : (€,00)—R? is defined as a nonincreasing func-
tion, which goes to infinity as )\, approaches e and goes
to a constant value as ), increases. As an example, in the
work of Sabattini and coworkers,?*>° the following func-
tion was used

Ue(\y) = coth(Xs — €) (76)

Robots are then driven to perform a gradient descent of
U ().

It is worth noting that, even though the algebraic con-
nectivity of the communication graph is a global quantity,
the connectivity maintenance control action can be imple-
mented exploiting an estimate of A, computed by means of
the bounded-error decentralized estimation procedure
introduced by Sabattini et al.*>~’

Rendezvous

As an example, we consider the following cooperative task
to be completed by the group of robots: meeting at some
common point, exploiting only local information. This task
is known in the literature as rendezvous.

It is easy to prove that, as long as the communication
graph is connected, rendezvous can be obtained making the
robots perform a gradient descent of the artificial potential
function U(x) : R¥—R" defined as follows

Ulx) =YY Kelxi —x)

[:leNi

)

where K, > 0 is a constant, and ; is the neighborhood of
the i th robot, that is, the set of robots that can communicate
with the i th one. It is worth noting that the gradient of this
potential field can be computed in a decentralized manner.

Simulations

In this section, we describe the results of the Matlab (ver-
sion: R2015b) simulations performed to validate the control
strategy presented in this article. Specifically, simulations
have been performed in the scenario described in Applica-
tion: Rendezvous for fully actuated spacecraft vehicles, with
global connectivity maintenance section, that is, a group of
fully actuated Lagrangian dynamical systems that, starting
from randomly chosen initial positions, are driven to achieve
rendezvous, performing a gradient descent of the artificial
potential function defined in equation (77), while moving
among randomly placed point obstacles.

The proposed obstacle avoidance control strategy has
been compared with a standard artificial potential field-based
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Table I. Comparison between gyroscopic forces and artificial
potential field-based collision avoidance strategy.

Distortion
Mean Standard deviation
Gyroscopic action 1.0851 0.1020
Artificial potential action 1.3650 0.4184

control law.” In particular, let z; € IR™ represent the position of
the k th point obstacle. Then inspired by the work of Leo-
nard and Fiorelli,” the obstacle avoidance action can be
defined as the gradient of the function Q;(q) : R"—R*
defined as follows

1
Q)= YK (s~ alf ~ Ralnlla, =)~ %)

keS;

where Ry = 0.1R is the minimum allowed distance
between a robot and an obstacle, and the set S; is defined
as the obstacles whose distance is smaller than the sensing
radius R.

In order to compare the performance of the two different
collision avoidance control strategies, we introduce a cri-
terion to evaluate the distortion of the control law. Consider
the total control law u in equation (1), and consider the
definition of u, as the desired control law, defined accord-
ing to equation (14). Then, u can be rewritten as
U = Uy + Uopst, Where uqpge € IR is the obstacle avoidance
control law. Hence, we define the distortion index 6 > 0 as
follows

_ ||ud + uobst”

(79)
[

Clearly, for the obstacle avoidance action to introduce
small interference with the primary task, 6 is required to be
close to 1.

We will hereafter report the results related to a repre-
sentative example, where four robots were utilized, moving
in a three-dimensional environment (x, y, z) filled with 150
randomly placed point obstacles.

The data reported in Table 1 summarize the results
obtained in 100 simulation runs (mean value and standard
deviation), starting from randomly varying initial positions.

According to the simulation results, it is possible to
conclude that the proposed control law introduces a much
smaller distortion in the resulting control law, if compared
with an artificial potential field-based control action:
approximately 8.5% versus 36.5%.

The results of a typical simulation run are summarized
hereafter. In particular, trajectories of the robots are
depicted in Figure 1: In particular, Figure 1(a) depicts the
trajectories obtained utilizing, for collision avoidance, the
method based on gyroscopic forces proposed in this article,
while Figure 1(b) depicts the trajectories obtained utilizing
artificial potential fields. It is possible to see that, in the

(2)

2.5-

Figure 1. Trajectories of the robots: collision avoidance per-
formed with (a) gyroscopic forces and (b) artificial potential field .
Initial positions are represented with stars and final positions with
diamonds. Green circles represent randomly placed point
obstacles.

presented example, due to the presence of local minima,
artificial potential fields prevent the robots from conver-
ging to a rendezvous configuration.

This fact is also highlighted comparing the distortion
parameter. In particular, Figure 2 shows the value of the
distortion index ¢ as the system evolves, with both colli-
sion avoidance control laws: Blue solid line represents
the results obtained with the collision avoidance strategy
presented in this article, while red dashed line is
obtained with the artificial potential field control law
in equation (78).

The two collision avoidance control laws were also
compared in terms of amplitude of the control action itself.
In particular, Figures 3 and 4 represent the maximum value
(among the different robots) of the amplitude of the control
action, along the three axes (x,y,z). It is possible to note
that the amplitude of the proposed collision avoidance con-
trol action based on gyroscopic forces is generally smaller
than (or comparable with) the amplitude of the correspond-
ing artificial potential field-based control action.

Moreover, to validate the effectiveness of the collision
avoidance strategy proposed in this article, Figure 5 shows
the value of the minimum distance between a robot and an
obstacle, as the system evolves, in a typical simulation run.
As expected, it is always bounded away from zero.
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Distortion index
W
T

Figure 2. Value of the distortion index é during a typical simu-
lation run: Blue solid line represents the results obtained with the
collision avoidance strategy presented in this article, while red
dashed line is obtained with the artificial potential field control law
in equation (78).
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potential fields.
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Conclusions

In this article, we propose a methodology for addressing
collision avoidance for groups of mobile robots. The meth-
odology is designed explicitly considering the full
dynamics of the robots that are modeled as Lagrangian
dynamical systems moving in a three-dimensional
environment.

Collision avoidance is achieved by means of an appro-
priately defined gyroscopic force. This choice is motivated
by the fact that, by definition, gyroscopic forces do not do
any work. Therefore, considering a multi-robot system
whose desired behavior is achieved with a potential-
based control strategy, the introduction of a gyroscopic
force does not modify the convergence properties. More-
over, the control law proposed in this article was defined in
an optimized manner, in order to introduce the smallest
possible perturbation with respect to the desired behavior
of the system.

The proposed control strategy was analytically proven
to guarantee collision avoidance and convergence to the
desired configuration for multiple robotic systems. Simula-
tion results were also provided for validation purpose.

Future work will aim at extending the proposed metho-
dology to underactuated and nonholonomic systems, mov-
ing in the presence of nonconvex obstacles. Moreover, we
aim at investigating the effect of the dynamics of realistic
actuators on the performance of the collision avoidance
control strategy. This will make it possible to perform
experiments in realistic applications.

Authors’ note

This article is a revised and expanded version of a paper entitled
Collision Avoidance Using Gyroscopic Forces for Cooperative
Lagrangian Dynamical Systems presented at IEEE International
Conference on Robotics and Automation (ICRA) held in Karls-
ruhe, Germany, in May 2013.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

References

1. Ortega R, Perez L, Nicklasson PJ, et al. Passivity-based con-
trol of Euler-Lagrange systems: mechanical, electrical and
electromechanical applications. London: Springer, 1998.

2. Rimon E and Koditschek DE. Exact robot navigation using
artificial potential functions. /EEE Trans Robotics Autom
1992; 8(5): 501-518.

3. Bouraine S, Fraichard T, and Salhi H. Provably safe naviga-
tion for mobile robots with limited field-of-views in dynamic
environments. Auton Robots 2012; 32: 267-283.

10.

11.

12.

13.

14.

15.

16.

. Hokayem PF, Stipanovic DM, and Spong MW. Coordina-

tion and collision avoidance for Lagrangian systems with
disturbances. Appl Math Comput 2010; 217(3): 1085-1094.
Special Issue in Honor of George Leitman on his 85th Birth
year.

. Leonard NE and Fiorelli E. Virtual leaders, artificial poten-

tials and coordinated control of groups. In: Proceedings of the
40th IEEE conference on decision and control, Vol. 3,
Orlando, FL, USA, 4-7 December 2001, pp. 2968-2973.
IEEE.

. Lindhe M, Ogren P and Johansson KH. Flocking with obsta-

cle avoidance: a new distributed coordination algorithm
based on Voronoi partitions. In: Proceedings of the IEEE
international conference on robotics and automation, Barce-
lona, Spain, 18-22 April 2005; pp. 1785-1790. IEEE.

. Sabattini L, Secchi C, and Fantuzzi C. Arbitrarily shaped

formations of mobile robots: artificial potential fields and
coordinate transformation. Auton Robots 2011; 30:
385-397.

. SuH, Wang X, and Chen G. A connectivity-preserving flock-

ing algorithm for multi-agent systems based only on position
measurements. /nt J Control 2009; 82(7): 1334-1343.

. Tanner HG, Jadbabaie A, and Pappas GJ. Stable flocking of

mobile agents, part I: fixed topology. In: Proceedings of the
IEEE conference on decision and control, Maui, HI, USA,
9-12 December 2003, pp. 2010-2015.

Stastny TJ, Garcia GA, and Keshmiri SS. Collision and obsta-
cle avoidance in unmanned aerial systems using morphing
potential field navigation and nonlinear model predictive
control. J Dyn Syst Meas Control 2015; 137(1): 014503.
Barnes L, Fields MA, and Valavanis K. Unmanned ground
vehicle swarm formation control using potential fields. In:
Mediterranean conference on control automation, Athens,
Greece, 27-29 June 2007; MED °07, pp. 1-8. IEEE.

Chang DE, Shadden SC, Marsden JE, et al. Collision avoid-
ance for multiple agent systems. In Proceedings of the 42nd
IEEE conference on decision and control, Vol. 1, Maui, HI,
USA, 9-12 December 2003, pp. 539-543. IEEE.

Chang DE and Marsden JE. Gyroscopic forces and collision
avoidance with convex obstacles. In: Kang W, Borges C, and
Xiao M (eds) New trends in nonlinear dynamics and control
and their applications, Vol. 295 of Lecture Notes in Control
and Information Sciences, 2003, pp. 145—159. Berlin, Heidel-
berg: Springer.

Zhang F, Justh EW, and Krishnaprasad PS. Boundary follow-
ing using gyroscopic control. In: Proceedings of the 43rd
IEEE conference on decision and control, Vol. 5, Paradise
Islands The Bahamas, 14-17 December 2004, pp.
5204-5209. IEEE.

De Medio C and Oriolo G. Robot obstacle avoidance using
vortex fields. In: 2nd International Workshop on Advances
in Robot Kinematics, Linz, Austria, 1990. Also In: Stifter S
and Lenarcic J (eds) Advances in robot kinematics, Wien:
Springer-Verlag, 1991, pp. 227-235.

De Luca A and Oriolo G. Local incremental planning for
nonholonomic mobile robots. In: Proceedings of the IEEE



Sabattini et al.

15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

international conference on robotics and automation, Vol. 1,
San Diego, CA USA, 8-13 May 1994, pp. 104-110. IEEE.
Antonelli G, Arrichiello F, and Chiaverini S. Flocking for
multi-robot systems via the null-space-based behavioral con-
trol. In: /EEE/RSJ international conference on intelligent
robots and systems, 2008. IROS 2008, Nice, France, 22-26
September 2008, pp. 1409-1414. IEEE.

Khatib O. Real-time obstacle avoidance for manipulators and
mobile robots. Int J Robotics Res 1986; 5(1): 90-99.
Bemporad A, De Luca A, and Oriolo G. Local incremental
planning for a car-like robot navigating among obstacles. In:
Proceedings of the IEEE international conference on robotics
and automation, Minneapolis, MN USA, 22-28 April 1996,
pp- 1205-1211. TIEEE.

Antonelli G, Arrichiello F, and Chiaverini S. The null-space-
based behavioral control for autonomous robotic systems.
Intell Service Robot 2008; 1(1):27-39.

Antonelli G, Arrichiello F, and Chiaverini S. Flocking for
multi-robot systems via the null-space-based behavioral con-
trol. Swarm Intell 2010; 4(1): 37-56.

Arogeti S and Ailon A. Collision avoidance strategies for
quadrotors in tight formation flying. In: 23th Mediterranean
conference on control and automation (MED), Torremolinos,
Spain, 16-19 June, pp. 847-852. IEEE.

Jin J, Kim YG, Wee SG, et al. Decentralized cooperative
mean approach to collision avoidance for nonholonomic
mobile robots. In: IEEFE international conference on robotics
and automation (ICRA), Seattle, WA, USA, 26-30 May
2015, pp. 35-41. IEEE.

Mi Z, Yang Y, and Yang JY. Restoring connectivity of
mobile robotic sensor networks while avoiding obstacles.
IEEE Sens J 2015; 15(8): 4640-4650.

Mi Z and Yang JY. Obstacle-avoidance connectivity restora-
tion for mobile sensor systems with local information. In:
IEEE international conference on communications (ICC),
London UK, 8-12 June 2015, pp. 6395-6399. IEEE.
Sabattini L, Secchi C and Fantuzzi C. Collision avoidance
using gyroscopic forces for cooperative Lagrangian dynami-
cal systems. In: Proceedings of the IEEE international

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

conference on robotics and automation (ICRA), Karlsruhe,
Germany, 6-10 May 2013, pp. 945-950. IEEE.

Rodri-Seda EJ, Troy JJ, Erignac CA, et al. Bilateral teleo-
peration of multiple mobile agents: coordinated motion and
collision avoidance. /[EEE Trans Control Syst Technol 2010;
18(4): 984-992.

Khalil HK. Nonlinear systems. 3rd ed. Englewood Cliffs:
Prentice Hall, 2002.

Sabattini L, Secchi C, and Chopra N. Decentralized connec-
tivity maintenance for networked Lagrangian dynamical sys-
tems. In: Proceedings of the IEEE international conference
on robotics and automation (ICRA), St. Paul, MN, USA,
14-18 May 2012, pp. 2433-2438. IEEE.

Secchi C, Sabattini L, and Fantuzzi C. Decentralized global
connectivity maintenance for interconnected Lagrangian sys-
tems in the presence of data corruption. Eur J Control 2013;
19(6): 461-468.

Sabattini L, Secchi C, and Chopra N. Decentralized connec-
tivity maintenance for networked Lagrangian dynamical sys-
tems with collision avoidance. Asian J Control (Invited
Paper) 2015; 17(1): 111-123.

Kristiansen R, Nicklasson PJ, and Gravdahl JT. Formation
modeling and 6DOF spacecraft coordination control. In: Pro-
ceedings of the IEEE American control conference, New
York City, USA, 11-13 July 2007, pp. 4690-4696. IEEE.
Arfken GB and Weber H-J. Mathematical methods for phy-
sicists. Brazil: Elsevier, 2005.

Godsil C and Royle G. Algebraic graph theory. Berlin:
Springer, 2001.

Sabattini L, Chopra N, and Secchi C. On decentralized
connectivity maintenance for mobile robotic systems. In:
Proceedings of the IEEE conference on decision and control,
Orlando, Florida, 12—15 December 2011, pp. 988-993. IEEE.
Sabattini L, Secchi C, Chopra N, et al. Distributed control of
multi-robot systems with global connectivity maintenance.
IEEE Trans Robotics 2013; 29(5): 1326—-1332.

Sabattini L, Chopra N, and Secchi C. Decentralized connec-
tivity maintenance for cooperative control of mobile robotic
systems. Int J Robotics Res (SAGE) 2013;32(12): 1411-1423.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


