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Abstract: Given the huge rising interest in autonomous drone swarms to be employed in actual
marine applications, the present paper explores the possibility to recover a distressed vessel
by means of the other agents belonging to the swarm itself. Suitable approaches and control
strategies are developed and tested to find the highest performance algorithms. Different rules
are exploited to obtain a correct behaviour in terms of swarm interaction, namely collective
and coordinated, and individual. An innovative feedback control strategy is adopted and
demonstrated its effectiveness. Extensive simulation runs have been conducted, whose results

validate the approach.
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1. INTRODUCTION

Sea drones have the potential to revolutionize maritime
business, reducing time, cost and risk of several opera-
tions. The recent extraordinary evolution of the robotic
technology, together with the increase of computational
capabilities and the use of intelligent sensors, has driven
the intense implementation of robot swarms, i.e. cooper-
ative and coordinated sets of intelligent agents able to
achieve common goals. One of the major challenges in
this research field is related to the identification of intelli-
gent control logics capable of managing a large number
of robots working jointly for a common purpose. The
control systems, acting on every single agent, are meant
for a collaborative configuration. This duality is the key to
achieve high flexibility and the power to face and manage
unpredictable events.

This paper presents an innovative decentralized control
system applied to autonomous driving boats whose task is
the transport of a damaged or in distress boat by encir-
cling it. The proposed algorithm, named Feedback Local
Optimality Principle or FLOP Antonelli et al. (2018), Pepe
et al. (2018), Nesi et al. (2019), coordinates the individual
robots independently, allowing pushing and containment
maneuvers only.

The concept of swarm Mohan and Ponnambalam (2019)
arises from the social behavior of fishes, birds or insects
that are used to cooperate in order to fulfill a global goal
for their community as a whole. Different research aspects
are studied and developed such as control approaches (of
both the single agent and the entire swarm formation),
communication among the robots, coordination strategies,
learning methodologies, transportation problems. The em-

ployment of swarm based strategies has effectively proven
the reliability and robustness towards failures and unpre-
dicted events during operations; a resilience evaluation for
swarm algorithms is reported in Varughese et al. (2017).
This latter is of particular interest in the scope of au-
tonomous goods and material handling, where in the near
future the appearance of autonomous robotic couriers is
likely to happen Arbanas et al. (2016).

Another potential remarkable application for cooperative
robotic swarms deals with Search and Rescue activities.
Particularly, if in other domains (ground, air) such frame-
works are more advanced and robotics swarms result in
more effective operations, the marine environment poses
bigger challenges, in terms of both sensing capabilities
and control performance. In general, many surveys and
overviews conducted on existing rescue robotics systems
underline how there is much further work to be carried
on; in particular, work in Murphy (2012) highlights how
robotics systems employed in real disasters are still too
tied to human supervision, as well as they usually con-
sists of single-robots working alone. Specifically dealing
with search and rescue in marine environments, a focus
on the potentiality of autonomous underwater vehicles is
provided in Murphy et al. (2008), pointing out that there
is much work still to be performed in order to become
effective and timely in actual applications. A more recent
experience described in Matos et al. (2016) confirms the
need of further development and technology consolidation.
Because of the benefits provided, a number of studies have
been steered toward the development and employment of
swarm-based approaches for the guidance and control of
fleets of autonomous platforms in marine and maritime
contexts. The work Bibuli et al. (2014) presented the
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integration of a swarm aggregation scheme with a path-
following guidance module for USVs (Unmanned Surface
Vehicles): the swarm algorithm allowed the vehicles to
maintain a fixed-range formation, while the guidance sys-
tem drove the entire team along a desired path. The
work has been further extended including a path-planner
module allowing the employment of the swarm formation
within harbor contexts Bibuli et al. (2018). A number
of researches have been oriented towards the problem of
providing support to ships, e.g. tug operations for berthing
aid. The work Esposito et al. (2008) presents a strategy
that allows a swarm of autonomous tugboats to cooper-
atively move a large object on the water, keeping into
account the actuator limitations and complex hydrody-
namics; however it only examines some different tugboat
configurations without considering the approach strategy.
Furthermore, in the latter work, the vehicles are identical
and also the distressed agent is part of the robotic swarm
(making the towing operation more difficult); finally, in
Esposito et al. (2008) a PID control is employed. A similar
problem is faced in Braganza et al. (2007) where a team
of autonomous vessels is commanded to perform a coop-
erative towing operation employing an adaptive position
controller. A complementary result is provided by the work
Bui et al. (2012), where a nonlinear observer is designed
in order to estimate the state of a vessel towed by multiple
autonomous boats; a sliding mode controller is further
developed in order to guide the motion of the vessel by
means of the autonomous towing platforms.

In the present work, the problem of removing or re-
positioning of a vessel in distress through a swarm of
marine drones is considered. It is not unusual that a vessel
needs to be assisted during marine operations. One of the
major reasons of the assistance is failure, still it is not the
only one. One of the possible examples is related to sail
boats that have to enter the port. Their actuation is gen-
erally not able to perform a suitable maneuver within the
port restricted space, and hence they are usually supported
by one or more rubber boats. Indeed, particularly within
very restricted spaces, a vessel may need to be turned or
moved from a point to another one, due to lack in its
maneuvering capabilities, e.g. because its actuation system
is not suitable for that kind of motion. For these reasons,
given the interest in the application, the paper presents an
approach for the rescue maneuvering of a distressed vessel,
exploiting a swarm of marine drones. The distressed vessel
is assumed in a total breakdown, as the worst case is here
addressed.

The proposed paper improves the exploitation of the
swarm, with respect to the previously cited works, by in-
troducing both individual approach strategies, i.e. internal
avoidance and target reaching, and a smart aggregation
scheme for the collective transportation of the distressed
vessel. The final goal for the swarm is to transfer the dis-
tressed vessel from the breakdown location to an assigned
target area. The rescuing swarm is built in new genera-
tion smart and soft materials, thus making the “pushing
actions” possible without causing damages to the robotic
structure itself.

Given the novelty of the proposed approach, only the
methodological and theoretical aspects are dealt with at
this stage, neglecting technological issues such as sen-
sor modeling, communication infrastructures and non-

destructive bumping. These issues will be faced as soon as
a real-case framework will be set up for practical testing
of the approach. The paper is organized as follows: a
brief resume of the Feedback Local Optimality Principle
is given in Section 2. In section 3 the dynamical system of
each agent of the swarm is described, while in Section 4
different towing strategies are discussed. In section 5 some
preliminary results are shown and the final conclusion is
drawn in Section 6.

2. RESUME OF FLOP METHOD

The Feedback Local Optimality Principle, or FLOP, is
based on classical variational approach, and it is part
of a class of Variational Feedback Control (VFC) algo-
rithmsAntonelli et al. (2018), Pepe et al. (2018), Nesi
et al. (2019) Paifelman et al. (2019). The method succeeds
in providing a feedback control law for a class of affine
systems in the form & = ¢ (x) + Bu by using a local
optimality criterion. The classical theory is based on the
maximization/minimization along the time interval [0, T
of a performance index J which represents the integral
of the cost unction E(x,u) subjected to the dynamic
expressed by the affine system so that:

T
minj:/ E(z,u) +\'(& — ¢ (x) — Bu)dz. (1)
0

where o, u, A are the state, control and Lagrangian multi-
plier vectors. The solution of (1) provides both the optimal
control u*(¢) and the corresponding optimal trajectory
x*(t). The FLOP approach introduces a local optimality
principle through the split of the original integral (1) into
N = T/At integrals, with At to be the time horizon of
each new integral. The FLOP method introduces a weaker
minimization concept, based on the minimization of each
new integral, as it follows:

N N UB;
minJ = Zmin Ji = Zmin/ L(z, x,u, N)dt  (2)

i=1 i=1 LB;
where L(&, €, u, \) = E(x,u)+ A" (& —¢ (x)— Bu), UB;
and LB; indicates the upper and the lower boundary of the
i -th integral. Classical theory starts with two boundary
conditions, (0) = xg and A(T) = 0 . In analogy, FLOP
method uses two boundary conditions for each integral to
be minimized: (LB;) = (UB;_1) and A(UB;) = 0. This
approach, for the class of affine systems & = ¢ (x) + Bu,
provides a feedback control law that permits to overcome
one of the main drawbacks of the classical theories. As a
drawback, the FLOP method is not able to produce the
global optimum provided by classical theories, but only a
local optimum, i.e.:

minJ < minJ (3)
Equation (2), using the variational Euler-Lagrange ap-

proach and by discretizing it using A7 as discretization
step, leads to:

VeEls — (Vo f Ao, + 222 =0
VuE|rs, — (Vuf A5, =0

SRR = (oo, ULB,, )

Vi € [1,N]

(4)
The continuous counterpart of (4) leads to an augmented
form of the Pontryagin formulation:
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VoE —VafTA-A=0
VuE -Vuffa=0
&= f(x,u,t)

A=GX

()

where G = —(N/T)I represents the chosen time horizon
interval At . To be solved, the FLOP approach requires
the penalty function E(x,u) to be quadratic in the control
variable © and can be nonlinear in the state variable x ,
so it is usually chosen as F(x,u) = u’R u + g(x). The
FLOP control law can be written, after some math, as:

J = fOTuTR u+g(x)+ (& — ¢ (x) — Bu)dx
uprop = "B [Voo(2z)" — G 'Vag(z)"
(6)
The usage of the FLOP method can provide some inter-
esting advantages:

% COS Y — v sin
v €cos Y + usin
r
v+ -Fdragu
—1U + Frag,
Fdragr

=M1
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v
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v
7:.

/o
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Fig. 1. Fixed and mobile reference system

where M = diag [1;1;1;m;m; I]. The variables X, Y, 1,
w, v, r, m, I represent the coordinates in the 2D fixed
reference, the heading orientation, the longitudinal and
lateral speed, the rotational speed, the mass and the
rotational inertia of the single agent, respectively. The
symbols Firag,, Farag,» Farag, are drag resistances in the
mobile reference frame. Each agent has two aft propellers
and one lateral propeller, which produce ui, us and ug
respectively. All boats are here supposed identical, with
L, w, h to be the length, width and height of each boat
respectively. Forces and torques T;2Bp, Ti2j are between
the i — th agent of the swarm and the breakdown boat
and between the ¢ — th and j — th agents of the swarm,
respectively. Both T;2pp and Ti2; are intended of two
types: crash forces and frictional forces. Fixed and mobile
reference system are placed as depicted in Figure 1.

+ M !

e since its intrinsic nature of being a feedback control,
FLOP can account noises from sensors and errors
from the mathematical modeling.

e the FLOP control has low computational cost and it
can be used in online and real-time application.

e The FLOP control can take into account nonlinear-
ities both in the dynamical system and in the cost
function for the state variable. This leads to the
possibility to have nonlinear agents (e.g. as unicycles,
bike models) and high, localized cost functions (e.g.
obstacles or internal avoidance).

3. SINGLE AGENT DYNAMICS

Here, the dynamical system used for the single agent of
the swarm is described as a planar three DoF’s model
Naveh et al. (1999). Ignoring heave (vertical), pitch and
roll motion, the dynamics is expressed as:

0
0
0
(751 + Ug
us

Lus4+uiw—usw
4

+ M [Ti2BD + Tizj] (7)

Fig. 2. Push and friction forces

In Figure 2 an emulation of the pushing phase is shown.
In general, 7. is intended as a six rows vector written
as: 7. = [0;0;0;TEL + TFric), where Tg; and Tppie rep-
resents the elastic and friction forces and torques along
the longitudinal, lateral and height direction. Elastic force
is evaluated as:

TEl1.2 = K An (8)
where K.; depends on the soft material of which the agents
are made, A is the contact area of which the centroid
is individuated by point C, 7 is orthogonal to the two
contact points Hy, Hy, which individuates the direction of
the tangential versor 7. Friction force is evaluated as:

TFrici.. = Hdl|(TC)l|sign(Ve) 7 (9)
where g4 is a friction coefficient of the chosen material,
[|(¢)]|] is the Euler-norm of 7¢ and sign(V,.)is the sign of
the relative velocity between the two colliding agents. Both
torques due the elastic and friction forces are evaluated by
using as a position vector the vector between the centroid
of the boat and the centroid C' of the contact area. Ac-
cording to (7), it is possible to write the state and control
vector of the i — th agent as x; = [X;, Y; ¥y, uy, vi, 7]
and w; = [u;1, U, u3], respectively. In the case of N
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agents in the swarm, state and control vector are defined
asx = [x1, T2, ..., TN, | and u = [u1, Uz, ..., uN], SO
that the full nonlinear dynamic system can be written in
the affine form:

&= ¢ (xr)+ Bu (10)
The breakdown boat is intended as one of the agent of
the swarm, but fully uncontrolled, so that the worst case
scenario for rescuing is depicted. Its dynamical system
is the same of the controlled boats in (7), with u = 0,
Ti2; = 0. The breakdown boat and the rescue (target)
state vector are introduced as xpp and Trg¢.

4. TOWING MISSION STRATEGIES

In this section, different strategies for the towing assign-
ment are discussed. Since the nature of the forces taken
into account, the agents can only push the breakdown boat
in the direction of the target, but they are not able to pull
the vessel. Therefore, the environment is divided into a
‘active area’ and a 'non-active area’. First, the two areas
are identified. Then, three strategies for towing the break-
down boat are discussed. The first one is the Individual
Rescue Strategy or IRS, in which each agent must push
the breakdown boat in the target direction. The second
one is the Collective Rescue Strategy (CRS), in which a
pushing formation is individuated. The third one is the
Swarm Rescue Strategy (SRS), in which the entire swarm
try to put the breakdown boat into the center of mass of
the swarm and then to move as a unique group to the
target area. It is reasonable to expect that the IRS should
not be very effective, but it is here used as benchmark for
the other strategies. The CRS would be very effective from
a theoretical point of view, but from a practical point of
view it would require to know a lot of a priori information,
for example the size of the agents, their distance from the
target, the number of agents that are coming etc. The
SRS should work adaptively, regardless of the number of
drones (as long as N > 1). It is reasonable to think that
it could suffer from orientation problems, but it is equally
reasonable that, with a fairly large number of drones, it
can work ensuring the recovery of the damaged boat.

4.1 Initialization of the rescue

The problem starts by assigning random initial positions
to all agents, the breakdown boat and the target position.
First, the environment is divided into two different areas:

e Active area
e Non-active area

The non-active area is an arc of a circle of angle Sy 4 = 20,
centered on the angle between the breakdown boat and the
target position ©pparg:. This area, depicted in Figure 3,
represents the zone in which agents can not push the
breakdown boat to the target. If any robot find itself in
this area at any point of the simulation, it is forced to go
at a chosen checkpoint location £&cp evaluated as follows:

cp = [)}ggg] + R (YBD21gt + ) [—RSPL} an

Fig. 3. Study case environment

Anytime an agent is in the towing area, must try to rescue
the breakdown boat. To this aim, three different towing
strategies are illustrated:

e the Individual Rescue Strategy (IRS)
e the Collective Rescue Strategy (CRS)
e the Swarm Rescue Strategy (SRS)

In the IRS each agent has the individual task to reach the
breakdown boat and to push it by orienting itself in the
direction of the target. In the CRS, it is asked to all agents
to keep a chosen formation and to pursuit the individual
task given in the IRS. In the SRS, all agents must reach
the breakdown boat (IRS) and simultaneously they must
go to the center of mass of the swarm. When the mean
distance of all agents from the center of mass is lower than
a chosen threshold, the center of mass is attracted to the
target position. In each strategy, two different phases can
be described:

e The approach phase
e The pushing phase

4.2 Individual Rescue Strategy

In the approach phase, each agent try to reach a deter-
mined approach point €4 = [X 4, Ya] near the breakdown
boat. The approach point is determined starting from the
coordinates in the fixed reference of the breakdown boat,
using the angle ¥ gparg: in the fixed reference between the
breakdown boat and the target, so that

€a = [)}(/gg} + R (¢YBpargt + ) [_%AL}

where k4 € (0, 1) and the following notation is assumed:

R(a) = Cf)SOé —51‘na
sina cosa

approach point & 4 is illustrated in Figure 4.

(12)

. Example of the placement of

The cost function related to the approach phase of each
agent g4 (x;) is represented as it follows:

9a (@) = (@ —ma)" Q4 (T — xa) (13)
where ¢4 = [€a; YBD2rgt; 0, 0; 0] and Q4 is an appro-
priate gain matrix. Following phase differs from strategy to
strategy. The first approach is intended as an individual
try of each agent to pursue the final objective to move
the vessel in distress to the desired target. Therefore, each
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Fig. 5. Approach phase for CRS

agent has the individual objective to push the breakdown
boat in the direction of the target. To perform this pur-
pose, each agent receives two tasks:

e to orient its heading in the direction of the target
e to impose kg =0

This can be written as a general cost function for the
individual rescue strategy grrs (;), so that it is the sum of
the approach phase cost function g4 (@;) and the pushing
phases one, g;y7g; (;)-

=9ga (Ti) + Giorg: (:) =
=(zi—xa)’ Q4 (i —za)+
+ (zi — -’L'Tgt)T Qorgt (Ti — TTgt)
where gt = [0; 0; Yiorg; 0, 0; 0] and Qarge is an
appropriate gain matrix.

9IRS (x;)
(14)

4.8 Collective Rescue Strategy

Here, each drone takes into account also the position of
other agents and tries to establish a given position in a
designed formation. The required formation is designed
with similar idea respect to the one for the design of the
approach phase of the IRS. The approach point for each
drone &; 4 is written as:

Eia= |:A;(/§D ] (15)

where §; is designed so that: 22:1 B; =0 and B; < Bimaz,
with 8,4, previously decided. Example of of the approach
phase for CRS is illustrated in Figure 5.

} + R (YBDp2rgt + i) [ _kOAL

In a similar way to (13), the cost function for the approach
phase in the CRS is:

9a, (@) = (@i — i) Qu (i — @i ) (16)
where this time x;, = [£,; YBD2rgt + Fis 0, 0; 0] so
that each agent has an individual approach point. The
pushing phase in the CRS follows the same methodology
of the IRS case, so the cost function of the CRS can be
directly written as:

g4, (ml) + gzZTgt (w’b) -
( - w’tA QA (wl - wiA) +
+(2i — T1gt)” Qory (Ti — Trge)

gors (T3) =
(17)

4.4 Swarm Rescue Strategy

In the last strategy each agent has both individual and
collective tasks, which can be summarized as it follows:

e approach phase (as in the IRS);

e minimization of the distance from itself and the center
of mass of the swarm,;

e following the center of mass which is asked to go in
the direction of the target.

The first task is taken from the IRS without any difference.
As supplementary request, to each agent is asked to
minimize the distance between itself and the center of
mass of the swarm. When the variance of all the distances
between agents and the center of mass is lower than a
given threshold, it is asked to the center of mass to reach
the desired target. This last requirement represents the
pushing phase for the SRS. First, the center of mass of the
swarm is evaluated as

cm = (18)

1 N
N;si

where &; = [X;; Y;], and a vector for the center of mass is
defined as: xcar = [Ecm; 03 05 0; O; Y;]. A quadratic
cost function for the attraction to the center of mass
gou (x;) is evaluated as:

T
gom (@i) = (s —xem)” Qoy (®i —zem)  (19)
The variance of relative distances between agents and the
center of mass is:

> ZN: (X — Xom)® + (Y — Your)?
=1 N

The cost function for the movement of the center of mass
in the direction of the target is

92Tgt (0) =(xem — ZCTgt)T Qo) (xem — a’JTgt) (21)

where Q (o) = [q1(0); q2(0); 0; ; 0; 0] and q(0) = <.
All considered, the SRS cost function is written as:

gsrs (@) = grrs (x:) + gom (235) + gorge (0)
5. RESULTS

(20)

(22)

In this section, first results for IRS, CRS and SRS strate-
gies are illustrated. For all strategies, the study case sce-
nario is as it follows: the breakdown boat is positioned at
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Fig. 6. Success Probability

a distance of around 300 meters from the target position,
with random initial heading. The swarm boats are placed
in random positions in a ‘box’ around the breakdown boat
of approximately 100 meters, with random heading as well.
All vessels are identical. For each random initial condi-
tions, all three strategies are performed and around 100
simulations with different initial conditions are performed.
Since the equal dimensions of the breakdown boat and the
agents, maximum number of agents considered is N = 5.
Each simulation is considered successful if the breakdown
boat arrives in proximity of the target, with a circular
threshold with radius is L . In Fig. 6 the success rate of
each strategy in the performed simulations is shown, while
in Fig. 7 the probability density function of the arrival
time at the target with N = 4 is depicted. As it can be
seen, CRS and SRS are not performed for N = 1, because
they required at least N = 2 agents. All three strategies
gave promising results, with a minimum success probabil-
ity around the 80% in correspondence of the maximum
number of agents. As it was expected, the SRS had best
results in terms of success probability, but as it can be seen
in , it is slower both than the CRS and the IRS. However,
the IRS is quicker of the other two strategies, but it is the
one with the lower success probability. This was addressed
to the lack of control in the heading variable during the
SRS strategy, which is very robust in term of results but
slower than the CRS.

6. CONCLUSION

In this paper, a new feedback control named Feedback
Local Optimality Principle, or FLOP, was applied in the
towing of a breakdown boat by a swarm of marine drones.
The FLOP method provides the possibility to control each
agent of the swarm with individual task, and to give
a collective task to the entire swarm. Different towing
strategies were illustrated, and some preliminary results
for each strategy has been given. Although the initial state
of the project, FLOP method succeeds in rescuing the
breakdown boat with all three tested strategies. Further
developments will comprehend a more complex dynamics
for both agents and the breakdown boat, different sizes
and shapes for each agent. The chance to have different
size between agents and the breakdown boat will give the

N =4
1
09r ”
08}
07t
e, %9
Q os
A
—IRS
CRS
— SRS
500 600 700 800 900 1000

Time

Fig. 7. Probability Density Function for N =4

possibility to use larger numbers of agents for the swarm.
Nevertheless, showed results give a first insight of the
capability of the FLOP control to manage the cooperation
between agents with different tasks assigned.
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