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Achieving the Desired Dynamic Behavior in Multi-Robot Systems

Interacting with the Environment

Lorenzo Sabattini, Cristian Secchi and Cesare Fantuzzi

Abstract— In this paper we consider the problem of con-
trolling the dynamic behavior of a multi-robot system while
interacting with the environment. In particular, we propose a
general methodology that, by means of locally scaling inter-
robot coupling relationships, leads to achieving a desired inter-
active behavior. The proposed method is shown to guarantee
passivity preservation, which ensures a safe interaction. The
performance of the proposed methodology is evaluated in
simulation, over large-scale multi-robot systems.

I. INTRODUCTION

This paper proposes a general decentralized methodology

for achieving a desired overall dynamic behavior for a multi-

robot system interacting with the environment.

Typically, the behavior of a multi-robot system is defined

by the interplay among basic control actions, such as ag-

gregation, swarming, formation control, coverage and syn-

chronization [1]–[4]. Modifying those basic actions makes

it possible to change the characteristic properties of the

overall multi-robot system. Along these lines, several meth-

ods can be found in the literature that tune the inter-robot

coupling actions to modify global geometric properties of

the group [2], [5]–[7], in terms of relative positions.

Besides geometric properties, it is often of interest to

regulate some topological properties of the multi-robot sys-

tems, such as connectivity [5], [8], bi-connectivity [9], [10],

controllability [11] or rigidity [12].

In this paper we consider the problem of achieving a

desired dynamic behavior when the multi-robot system is

interacting with the environment, by means of appropriately

tuning the coupling among neighboring robots. This problem

was addressed in [13], where an observation and estimation

scheme was defined for understanding the behavior of hu-

mans. In particular, a common scaling factor was introduced,

to reduce the inter-robot forces and, thus, impose constraints

on the velocities and accelerations of the robots, when

needed.

However, it is worth noting that uniformly scaling down

the interaction forces among all the robots might lead to a

too conservative solution, where connections among robots

become too loose, and the primary objective of the multi-

robot system can not be correctly fulfilled.

In this paper we propose a strategy for achieving a desired

interactive behavior of a multi-robot system with the environ-

ment. To this aim we will adopt a passivity based approach.
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In fact, guaranteeing the passivity of the multi-robot system

is a sufficient condition for ensuring a stable behavior during

the interaction with the, even poorly known, environment

[14]. Given a general passive cooperative nominal behavior

of the multi-robot system, when a robot interacts with the

environment, a desired interactive behavior is achieved by

nonlinearly scaling the coupling with its neighbors. The

proposed control of interaction is intended as a low-level

control layer, to be coupled with some nominal control

action, and is designed in a local manner, in order to affect

as less as possible the nominal behavior of the multi-robot

system.

The paper is organized as follows. Section II introduces

the notation used in the paper. Problem formulation is

provided in Section III. A method for tuning the coupling

gains while preserving passivity is described in Section IV.

This methodology is exploited in Section V for achieving

the desired viscoelastic dynamic behavior. Simulations are

described in Section VI, and concluding remarks are given

in Section VII.

II. NOTATION

The symbol Im ∈ Rm×m will indicate the identity matrix

of dimension m, and the symbol Om,n ∈ Rm×n will indicate

the null matrix of dimension m×n. For ease of notation, we

will omit the dimension of the matrices when they appear

clearly from the context.

Let Ω ∈ Rρ×σ be a generic matrix. Then, we define

Ω [i, j] ∈ R as the element (i, j) of Ω. Moreover, the symbol

⊗ will be used to represent the Kronecker product.

III. PROBLEM FORMULATION

Consider a system composed of N robots moving in a

three-dimensional environment, whose dynamics are mod-

eled as follows:

miẍi = wi i = 1, . . . , N (1)

where xi ∈ R3 is the i-th robot’s position, mi > 0 is the

i-th robot’s mass, and wi ∈ R3 collects control inputs and

all the external forces each robot is subject to.

We consider the case where each robot is controlled

in such a way that some desired cooperative behavior is

achieved, while robots can interact with the environment.

Hence, we consider the following generic input model:

wi = −

N
∑

j=1,j 6=i

∇V (xi,j)−

N
∑

j=1,j 6=i

βi,j (ẋi − ẋj)+F c
i − biẋi+F e

i

(2)
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∈ R3N̄ (6)

where xi,j = xi−xj . The terms in (2) are defined as follows.

1) The term −

N
∑

j=1,j 6=i

∇V (xi,j) represents the coupling among

robots. In particular, we consider each robot to interact

with its neighbors, namely those robots whose distance is

smaller than a certain threshold R > 0, implementing a

gradient descent of the artificial potential field V (xi,j) ≥
0 [4], [14]–[16], that has a global minimum at the desired

inter-robot distance ‖xi,j‖ = δd > 0. The potential field

is then designed in such a way that an attractive force is

generated if δd ≤ ‖xi,j‖ ≤ R, and a repulsive force is

generated if ‖xi,j‖ < δd, such that the inter-robot distance

does never go below the safety value δs, with 0 < δs < δd.

A zero force is generated if two robots are too far away

from each other, namely if ‖xi,j‖ > R.

This kind of coupling represents an elastic interconnection

among the robots, by means of nonlinear springs.

According to this definition of the coupling potential, we

define the i-th robot’s neighborhood as follows:

Ni = {j 6= i such that ‖xi,j‖ ≤ R} (3)

2) Inter-robot damping is represented by the term

−

N
∑

j=1,j 6=i

βi,j (ẋi − ẋj), where βi,j is defined as follows:

βi,j =

{

βi,j ≥ 0 if j ∈ Ni

0 otherwise
(4)

Together with the definition of the previously introduced

coupling term, the design of βi,j leads to defining the

overall desired behavior of the multi-robot system.

3) The term F c
i represents an additional control input for

the i-th robot, that can be utilized for achieving different

objectives, such as imposing an offset [2] or obtaining

complex behaviors [17].

4) The local damping term −biẋi, with bi > 0, represents

both the viscous friction that characterizes the system and

any additional damping injection obtained through a local

control action.

5) The term F e
i represents the interaction force of the i-

th robot with the environment. It can be either a real

contact force, measured by means of force sensors, or a

virtual force, generated by an obstacle avoidance artificial

potential field [15], [18].

For ease of notation, we will hereafter define Vi,j =
V (xi,j). Hence, considering the input defined in (2), the

dynamics of the i-th robot introduced in (1) can be rewritten

as follows:

miẍi+biẋi+
N
∑

j=1,j 6=i

∇Vi,j+
N
∑

j=1,j 6=i

βi,j (ẋi − ẋj) = F e
i +F c

i (5)

Besides defining how the robots coordinate among each

other, (5) defines also how the multi-robot system interacts

with the environment: the coupling forces among the robots

define the overall viscoelastic behavior of the multi-robot

system.

In this paper, we address the following problem:

Problem Define the coupling forces among the robots in

such a way that the overall multi-robot system interacts

with the environment with some desired viscoelastic behavior,

while preserving its overall passivity.

IV. TUNING OF THE COUPLING AMONG THE ROBOTS

WHILE PRESERVING PASSIVITY

In this Section we will introduce a methodology for tuning

the coupling among the robots while preserving passivity. For

this purpose, we will rewrite the model of the multi-robot

system in port-Hamiltonian form. Define then pi = mẋi as

the i-th robot’s momentum, let N̄ = N(N−1)
2 , and consider

the quantities defined in (6).

Furthermore, let IG ∈ RN×N̄ be the incidence matrix of

the complete graph among the robots1. Define also B̄ =
diag (β). The inter-agent damping term can then be mod-

eled utilizing the weighted Laplacian matrix Lβ ∈ RN×N

defined, as shown in [5], as Lβ = IG B̄ IT
G . Define now

M = diag (m1, . . . ,mN) and

B = Lβ + diag (b1, . . . , bN) (7)

as the inertia and damping matrix of the multi-robot system,

respectively. Moreover, define I = IG ⊗ I3.

The model of the multi-robot system can then be given in

port-Hamiltonian form as follows:























(

ṗ
χ̇

)

=

[(

O I
−IT

O

)

−

(

B O

O O

)]

(

∂H
∂p
∂H
∂χ

)

+G(F e + F c)

v = GT

(

∂H
∂p
∂H
∂χ

)

(8)

where v =
(

ẋT
1 . . . ẋT

N

)T
∈ R3N is the velocity vector, G =

(

I3N O3N̄,3N

)T
, and H is the total energy of the system

given by:

H =

N
∑

i=1

Ki(pi) +

N
∑

i=1

N
∑

i=j,j 6=i

Vi,j ≥ 0 (9)

where Ki(pi) = pT
i pi/2mi is the kinetic energy associated to

robot i. For ease of notation, define Vk = V (χk). Hence, it

1By complete graph we refer to an undirected graph, in which each robot
is represented by a node, and an edge exists among each pair of nodes.



is possible to rewrite (9) as:

H =
N
∑

i=1

Ki(pi) +
N̄
∑

k=1

Vk ≥ 0 (10)

The following result can be trivially derived from [14,

Proposition 1].

Proposition 1 Consider the dynamics of the multi-robot sys-

tem described in port-Hamiltonian form in (8), and consider

the total energy of the system given in (10). Then, the system

is passive with respect to the pair (F c + F e, v).

Proof: Consider the definition of the total energy of

the system H given in (10). Then, considering the dynamics

of the multi-robot system given in (8), the time derivative of

H can be computed as follows:

Ḣ =
(

∂TH
∂p

∂TH
∂χ

)

(

ṗ
χ̇

)

=
(

∂TH
∂p

∂TH
∂χ

)

[(

0 I
−IT 0

)

−

(

B 0
0 0

)]

(

∂H
∂p
∂H
∂χ

)

+
(

∂TH
∂p

∂TH
∂χ

)

G(F e + F c) =

= −∂TH
∂p

B ∂H
∂p

+ (F e + F c)T v ≤ (F e + F c)T v
(11)

Thus,
∫ T

0

(F c + F e)T vdτ ≥ H(t)−H(0) ≥ −H(0) (12)

which completes the proof.

Thus, the multi-robot system can safely interact with the

environment, but its dynamic behavior is determined by the

inter-robot coupling. We will hereafter define a methodology

for scaling the coupling forces among the robots, with the

objective of achieving some desired dynamic viscoelastic

behavior.

For ease of notation, we will hereafter make the following

assumption:

Assumption 1 For every time t > 0, only one robot i =
1, . . . , N exists such that the interaction force with the

environment F e
i is different from zero.

Without loss of generality, in the rest of the paper we will

always assume the i-th robot to be in contact with the

environment at a given time t.
In order to modify the dynamic viscoelastic behavior in

the interaction with the environment, we need to let the i-th
robot adjust the force that couples it with its neighbors: this

is possible by introducing a scaling factor. It is worth noting

that such a scaling affects the relation between the robots and

the coupling actions (elastic and damping forces).

Define now AG = diag(α1, . . . , αN̄) as a diagonal matrix

containing scaling factors, one per each pair of robots. If

robot i is interacting with the environment, it is sufficient

to scale its interaction with the neighbors. Considering the

definition of the i-th robot’s neighborhood given in (3), the

elements of AG can be defined as follows:

αk =

{

α(t) > 0 if IG [i, k] 6= 0 and ‖χk‖ ≤ R
1 otherwise

(13)

In a similar manner, it is possible to introduce scaling

factors for modulating the inter-agent damping. Define then

CG = diag (c1, . . . , cN̄ ) as a diagonal matrix containing a

scaling factor per each pair of robots. As in the case of AG ,

define the elements of CG as follows:

ck =

{

γ(t) > 0 if IG [i, k] 6= 0 and ‖χk‖ ≤ R
1 otherwise

(14)

In this way, only the edges transmitting coupling forces

between i and its neighbors are scaled. In particular, the

matrix transmitting the scaled elastic forces to the robots is

given by (IGAG(t)) ⊗ I3. Exploiting the properties of the

Kronecker product we have that:

(IGAG(t))⊗ I3 = (IGAG(t))⊗ (I3I3) =

= (IG ⊗ I3)(AG(t)⊗ I3) = IA(t) (15)

where A(t) = AG(t)⊗ I3. Moreover, the matrix transmitting

the scaled viscous forces to the robots is given by

B = L̄β + diag (b1, . . . , bN) (16)

where

L̄β = IG
(

CGB̄
)

IT
G (17)

Thus, the model of the multi-robot system (8) is modified

as follows, with the introduction of the scaled coupling

forces:






















(

ṗ
χ̇

)

=

[(

O IA(t)
−IT O

)

−

(

B O

O O

)]

(

∂H
∂p
∂H
∂χ

)

+G(F e + F c)

v = GT

(

∂H
∂p
∂H
∂χ

)

(18)

Comparing (18) with (8), it is possible to note that scaling of

the inter-agent damping does not change the structure of the

model: in fact, both B and B are positive definite: therefore,

their role in the proof of Proposition 1 is analogous.

Conversely, due to the presence of the scaling matrix A(t),
the interconnection matrix in (18) is not skew-symmetric as

in (8). As a consequence, the result of Proposition 1 can

not be applied in this case. Intuitively, this is due to the fact

that scaling the exchanged forces destroys the power balance

among the robots. Nevertheless, we will hereafter show that

passivity can still be guaranteed.

Considering time varying gains, (18) can be rewritten as






















(

ṗ
χ̇

)

=

[(

O I
−IT O

)

−

(

B O

O O

)]

(

∂H
∂p

A(t)∂H
∂χ

)

+G(F e + F c)

v = GT

(

∂H
∂p
∂H
∂χ

)

(19)

As a consequence, the energy function (10) is now modified

as follows:

Hs =

N
∑

i=1

Ki(pi) +

N̄
∑

k=1

αkVk ≥ 0 (20)

Proposition 2 Consider the dynamics of the multi-robot

system described in port-Hamiltonian form in (19), and



consider the total energy of the system given in (20). Then,

if ∃αm, αM ∈ R, 0 < αm < αM , such that αm ≤ αk(t) ≤
αM for any time t ≥ 0, then the system is passive with

respect to the pair (F c + F e, v).

Proof: Consider the following energy function:

Hs(t) =

N
∑

i=1

Ki(pi) +

N̄
∑

k=1

αk(t)Vk (21)

Following the same steps taken in the proof of Proposition 1,

we have that

Ḣs = (F c + F e)T v −
∂THs

∂p
B
∂Hs

∂p
+

∂H

∂t
(22)

and consequently, by integrating and by reminding that B is

positive definite:

Hs(t)−Hs(0) ≤

∫ t

0

(F c + F e)T vdτ +

∫ t

0

∂H

∂τ
dτ (23)

Integrating by parts we get

∫ t

0

∂H

∂τ
dτ =

∫ t

0

N̄
∑

k=1

α̇k(τ)Vk(τ)dτ =

=

N̄
∑

k=1

αk(t)Vk(t)−

N̄
∑

k=1

αk(0)Vk(0)−

∫ t

0

N̄
∑

k=1

αk(τ)V̇k(τ)dτ

(24)

For any time interval [0, T ], and for any k = 1, . . . , N̄ , it

is possible to define the following subsets:

Φ+
k =

{

t ∈ [0, T ] such that V̇k(t) ≥ 0
}

Φ−
k =

{

t ∈ [0, T ] such that V̇k(t) < 0
} (25)

The subsets Φ+
k and Φ−

k are the union of a finite number

of disjoint time intervals2. Let T+
k and T−

k be the number

of time intervals that compose Φ+
k and Φ−

k , respectively. Let

t+k,h, t̄
+
k,h be the initial and final times of the h-th time interval

of Φ+
k , and let t−k,h, t̄

−
k,h be the initial and final times of the

h-th time interval of Φ−
k . Then, the subsets can be defined

as follows:

Φ+
k =

[

t+k,1, t̄
+
k,1

]

⋃

. . .
⋃

[

t+
k,T

+

k

, t̄+
k,T

+

k

]

Φ−
k =

[

t−k,1, t̄
−
k,1

]

⋃

. . .
⋃

[

t−
k,T

−

k

, t̄−
k,T

−

k

] (26)

where

0 ≤ t+k,1 < t̄+k,1 < . . . < t+
k,T

+

k

< t̄+
k,T

+

k

≤ T

0 ≤ t−k,1 < t̄−k,1 < . . . < t−
k,T

−

k

< t̄−
k,T

−

k

≤ T
(27)

2Pathological situations might exist in which the number of time intervals

that compose Φ+

k
and Φ−

k
is not finite. However, in practical situations this

does never happen.

Hence, we can rewrite the integral in (24) as follows:

∫ t

0

N̄
∑

k=1

αk(τ)V̇k(τ)dτ =

N̄
∑

k=1

(

∫

Φ+

k

αk(τ)V̇k(τ)dτ +

∫

Φ−

k

αk(τ)V̇k(τ)dτ

)

=

N̄
∑

k=1





T
+

k
∑

h=1

∫ t̄
+

k,h

t
+

k,h

αk(τ)V̇k(τ)dτ +

T
−

k
∑

h=1

∫ t̄
−

k,h

t
−

k,h

αk(τ)V̇k(τ)dτ





(28)

Since 0 ≤ αm ≤ α(t) ≤ αM , according to the definition

given in (26), it is possible to obtain the following inequality:

−

∫ t

0

N̄
∑

k=1

αk(τ)V̇k(τ)dτ ≤

−

N̄
∑

k=1



αm

T
+

k
∑

h=1

∫ t̄
+

k,h

t
+

k,h

V̇k(τ)dτ + αM

T
−

k
∑

h=1

∫ t̄
−

k,h

t
−

k,h

V̇k(τ)dτ





(29)

Hence, from (24) we obtain the following:

∫ t

0

∂H

∂τ
dτ ≤

N̄
∑

k=1

αk(t)Vk(t)−
N̄
∑

k=1

αk(0)Vk(0)−

−

N̄
∑

k=1



αm

T+

k
∑

h=1

∫ t̄+
k,h

t
+

k,h

V̇k(τ)dτ + αM

T−

k
∑

h=1

∫ t̄−
k,h

t
−

k,h

V̇k(τ)dτ





(30)

Thus, from (23), the following inequality can be derived:

Hs(t)−Hs(0) ≤

∫ t

0

(F c + F e)T vdτ +

N̄
∑

k=1

αk(t)Vk(t)−

−
N̄
∑

k=1

αk(0)Vk(0)− αm

N̄
∑

k=1

T
+

k
∑

h=1

Vk

(

t̄+k,h

)

+ αm

N̄
∑

k=1

T
+

k
∑

h=1

Vk

(

t+k,h

)

−

−αM

N̄
∑

k=1

T−

k
∑

h=1

Vk

(

t̄−k,h

)

+ αM

N̄
∑

k=1

T−

k
∑

h=1

Vk

(

t−k,h

)

(31)

Hence, considering the definition of Hs(t) given in (21), it

is possible to obtain the following inequality:

∫ t

0

(F c + F e)T vdτ ≥
N
∑

i=1

(Ki(t)−Ki(0))+

+αm

N̄
∑

k=1

T+

k
∑

h=1

(

Vk

(

t̄+k,h

)

− Vk

(

t+k,h

))

+

+αM

N̄
∑

k=1

T
−

k
∑

h=1

(

Vk

(

t̄−k,h

)

− Vk

(

t−k,h

))

(32)

Since both αm and αM are positive, and since both the

kinetic energy Ki (·) and the potentials Vk (·) are positive, it

is possible to obtain the following:

∫ t

0

(F c + F e)T vdτ ≥ −

N
∑

i=1

Ki(0) (33)

which proves the passivity.



V. TUNABLE INTERACTION WITH THE ENVIRONMENT

In this Section we will show how to utilize the method-

ology introduced so far for adjusting the parameters of the

inter-robot coupling, in a local manner, in order to achieve a

desired viscoelastic dynamic behavior in the interaction with

the environment. We will hereafter assume that the robots’

mass is sufficiently small, such that inertial forces can be

neglected. Hence, the force robot i applies to the environment

is equal to

Fi = α (t)

N
∑

j=1,j 6=i

∇Vi,j + F c
i + γ (t)

N
∑

j=1,j 6=i

βi,j (ẋi − ẋj) + biẋi

(34)

Since the elastic coupling term between any two robots

is only a function of their relative positions, it is always

possible to write it as follows:

∇Vi,j = κi,j (xi, xj) (xi − xj) (35)

For ease of notation, we will hereafter omit the dependency

of κi,j on xi, xj . Hence, (34) can be rewritten as follows:

Fi=α (t)

N
∑

j=1,j 6=i

κi,j (xi − xj) + F c
i + γ (t)

N
∑

j=1,j 6=i

βi,j (ẋi − ẋj) + biẋi

(36)

This force can be modeled as a single standard viscoelastic

force as follows:

Fi = κn (xi − x̄) + F c
i + βn (ẋi − v̄) + biẋi (37)

Let ∆ be a constant representing the rest-length of a standard

elastic element, defined based on the application. Then, the

nominal stiffness κn and rest position x̄ of the spring are

defined as follows:

(xi − x̄) = ±∆

N
∑

j=1,j 6=i

κi,j (xi − xj)
/

∥

∥

∥

∥

∥

∥

N
∑

j=1,j 6=i

κi,j (xi − xj)

∥

∥

∥

∥

∥

∥

(38)

κn =

∥

∥

∥

∥

∥

∥

α (t)

N
∑

j=1,j 6=i

κi,j (xi − xj)

∥

∥

∥

∥

∥

∥

/

‖xi − x̄‖ (39)

The value of x̄ is then defined according to (38) in such a

way that the following holds:

κn (xi − x̄) = α (t)

N
∑

j=1,j 6=i

κi,j (xi − xj) (40)

Parameters v̄ and βn are defined in an analogous manner.

It is worth noting that x̄ plays the role of the desired

position for robot i in stiffness control. Hence, it is possible

to define a desired dynamic behavior for the multi-robot

system, in terms of a desired viscoelastic dynamics, as

follows:

Fd = κd (xi − x̄) + F c
i + βd (ẋi − v̄) + biẋi (41)

for some desired κd > 0, βd > 0. As discussed in Section IV,

the damping coefficient can be freely adjusted with an

appropriate choice of γ (t). Therefore, imposing βn = βd,

we obtain

γ (t) = βd ‖ẋi − v̄‖
/

∥

∥

∥

∥

∥

∥

N
∑

j=1,j 6=i

βi,j (ẋi − ẋj)

∥

∥

∥

∥

∥

∥

(42)

Conversely, the desired elastic stiffness can be achieved

exploiting the results of Proposition 2.

In particular, it is possible to tune the coupling between the

i-th robot and its neighbors utilizing the parameter α(t): the

objective is that of minimizing the difference between Fi and

Fd. Namely, considering the elastic terms in (37) and (41),

it is necessary to minimize the following cost function:

f (α) =



κd (xi − x̄)− α
N
∑

j=1,j 6=i

κi,j (xi − xj)





2

(43)

Hence, we can define the following simple quadratic opti-

mization problem:

minimize f (α)
subject to αm ≤ α ≤ αM

(44)

where αM > αm > 0 are the upper- and lower-bounds for

α(t), respectively, defined according to Proposition 2.

In a decentralized multi-robot system, decisions are taken

in a local manner, without any centralized elaboration unit.

As a consequence, if the i-th robot is in contact with the

environment, it will locally solve the optimization problem

in (44) and find the desired value α⋆. It is then necessary for

the i-th robot to broadcast this value to its neighbors, in such

a way that the coupling actions can be tuned as required.

This procedure needs to be performed as soon as the i-th
robot perceives an interaction force with the environment.

Furthermore, the desired value α⋆ needs to be periodically

recomputed, every T̄ > 0 seconds, based on the current force

measurements.

VI. SIMULATIONS

In this Section we describe the results of the evalua-

tion of the proposed control method. In particular, several

simulations were performed in an environment developed

in MATLAB R©. Specifically, a variable number of three-

dimensional double integrator robots, modeled according

to (1), was considered. Let the three-dimensional environ-

ment be defined by the (x, y, z) axes.

We utilized the coupling artificial potential field defined

in [15], with the following parameter set: δs = 5, δd = 15,

R = 22. The additional control input F c
i ∈ R

3 was utilized

for imposing a motion of the group of robots along the x axis.

A point obstacle was then placed in the environment, and

a repulsive artificial potential field was activated for those

robots whose distance from the obstacle was smaller than

δd, in order to guarantee that the distance remained larger

than δs.

For each simulation run, the number N of robots was

defined, and initial positions were randomly chosen. Since,

as detailed in Section V, the parameter γ (t) can be arbi-

trarily chosen to achieve the desired damping, the evaluation
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(a) Cost function f (α) defined in (43): red solid line for the nominal case,
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Fig. 1. Simulation performed with 64 robots

focused on the stiffness tuning. Then, two cases were con-

sidered:

1) The nominal case, where we utilized a constant coupling

gain α (t) = 30.

2) The tunable stiffness case, where we utilized the desired

stiffness κd = 1. In this case, the optimization problem (44)

was defined with αm = 10−4, and αM = 102.

The results of a representative simulation run are depicted

in Fig. 1, where we utilized, N = 64 robots: the tunable

stiffness case is compared to the nominal one.

The value of the cost function f (α) defined in (43) is

depicted in Fig. 1(a). The cost function was evaluated only

when a robot was in contact with the obstacle. As expected,

the value of f (α) is typically very large for the nominal

case, while it becomes very small for the tunable stiffness

case.

In order to evaluate the deviation from the nominal be-

havior, we measured the position of the barycenter of the

multi-robot system. The percentage deviation in the tunable

stiffness case with respect to the nominal one is depicted in

Fig. 1(b) where, due to space limitations, only the component

along the x axis is depicted. It is possible to note that large

deviations are observed only during limited periods of time,

in particular when a robot is in contact with the obstacle.

The accompanying video shows a few examples of simu-

lation runs, where different numbers of robots were utilized.

It is possible to note that, in the nominal case, the multi-robot

system behaves as a rigid body, while in the tunable stiffness

case the coupling between the robots is locally weakened,

when in contact with the obstacle, in order to achieve the

desired dynamic behavior.

VII. CONCLUSIONS

In this paper we addressed the problem of controlling

the dynamic behavior of a multi-robot system interacting

with the environment. In particular, we proposed a general

methodology that, introducing a local scale factor on the

inter-robot couplings, leads to achieving a desired overall

viscoelastic dynamic behavior. The proposed method was

shown to guarantee passivity preservation, thus ensuring a

safe interaction.

Throughout the paper, we assumed only one robot at a

time to be in contact with the environment. Future work will

aim at relaxing this assumption, considering multiple robots

simultaneously in contact with the environment.
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[12] D. Zelazo, A. Franchi, F. Allgöwer, H. H. Bülthoff, and P. R. Giordano,
“Rigidity maintenance control for multi-robot systems,” in Robotics:

Science and Systems, 2012, pp. 473–480.
[13] P. Urcola and L. Montano, “Adapting robot team behavior from

interaction with a group of people,” in 2011 IEEE/RSJ International

Conference on Intelligent Robots and Systems, Sept 2011, pp. 2887–
2894.

[14] A. Franchi, C. Secchi, H. I. Son, H. H. Bulthoff, and P. Robuffo Gior-
dano, “Bilateral teleoperation of groups of mobile robots with time-
varying topology,” IEEE Transactions on Robotics, vol. 28, no. 5, pp.
1019–1033, Oct 2012.

[15] N. E. Leonard and E. Fiorelli, “Virtual leaders, artificial potentials
and coordinated control of groups,” in Proceedings of the 40th IEEE

Conference on Decision and Control (CDC), vol. 3. IEEE, 2001, pp.
2968–2973.

[16] R. Falconi, L. Sabattini, C. Secchi, C. Fantuzzi, and C. Melchiorri,
“Edge-weighted consensus based formation control strategy with col-
lision avoidance,” Robotica, vol. 33, no. 02, pp. 332–347, February
2015.

[17] L. Sabattini, C. Secchi, M. Cocetti, A. Levratti, and C. Fantuzzi,
“Implementation of coordinated complex dynamic behaviors in multi-
robot systems,” IEEE Transactions on Robotics, vol. 31, no. 4, pp.
1018–1032, aug. 2015.

[18] S. Bouraine, T. Fraichard, and H. Salhi, “Provably safe navigation for
mobile robots with limited field-of-views in dynamic environments,”
Autonomous Robots, vol. 32, no. 3, pp. 267–283, 2012.


	I Introduction
	II Notation
	III Problem Formulation
	IV Tuning of the Coupling Among the Robots While Preserving Passivity
	V Tunable Interaction with the Environment
	VI Simulations
	VII Conclusions
	References

