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Abstract
SPECIALITE: AUTOMATIQUE - PRODUCTIQUE

Doctorate degree

by Ngo-Quoc-Huy TRAN

This thesis proposes optimization-based control solutions for the motion planning of multi-agent
dynamical systems operating in a variable environment (with static/mobile obstacles and time-
varying environmental disturbances).

Collision-free paths are planned for the agents through the combined use of set theory (par-
ticularly, bounded convex sets), non(-linear) Model Predictive Control (MPC), Potential Field
(PF) and graph-based methods. The contributions build on the proposal of repulsive poten-
tial field constructions together with on-off barrier functions which describe and, respectively,
activate/deactivate the collision-free conditions introduced in a distributed NMPC framework.
These constructions are further used for connectivity maintenance conditions among the group
of agents while ensuring the tracking of the a priori generated path. Furthermore, a nonlin-
ear disturbance observer is integrated within the control scheme for environmental disturbance
rejection.

Finally, the results are validated in simulation through comparisons with mixed-integer ap-
proaches and over a benchmark for the safe navigation of Unmanned Surface Vehicles (USVs)
in the Trondheim fjord, Norway, using real numerical data.
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Notations

Parameter and variable fonts

Element Font

Scalar variable regular letter

Vector regular and bold letter
Weighting matrix capital and bold letter
Matrix capital letter

Set capital and calligraphic letter

Union of set

capital and boldface letter

Operator
Notation Description
A relative position or velocity between two agents
v(z) sum function
Vo gradient of sum function ~y(x)
x(t) time derivative of vector x(¢
Conv{C} convex hull of the set C
oC boundary of the set C
Int(C) strict interior of the set C
AT transpose matrix of A
diag{a,b,c} diagonal matrix with the diagonal elements a, b, ¢
x| Absolute value of the vector x
B Euclidean norm
1x[lq Q-norm of vector x
| Ap; || Euclidean distance calculated from Chebyshev center, the largest

vzl

inscribed ball of ¢ fixed obstacle and current position of i** agent
Euclidean distance between the current position of it and j** agents
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Subscript and superscript

Notation Description

()i variable of agent indexed by i € V

0 initial state of the variable
repulsive potential of fixed obstacle in general
repulsive potential of ¢** fixed obstacle constructed by using fractional function

related to sum function
(.)§ repulsive potential of ¢** fixed obstacle constructed by using exponentional
function related to sum function

D redicted states or inputs of i*" agent
(-)i p p g
()p current way-point
(. estimation of (.)
Variable
Notation Description
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Auxiliary binary variable, {0,1}

identity matrix of size n x n

zero matrix of size n X n

workspace of agents

cost function

running or stage cost

terminal cost

neighbors of i agent

undirected graph

set of agents or set of nodes representing all agents
set of edges of the graph

state variables of i agent

state space

largest inscribed ball of
radius of the ball B,
set of real numbers

set of natural numbers
union of forbidden polytopic convex regions

union of the set of the static repulsive potential functions

union of the set of the dynamic repulsive potential functions

predicted states and inputs of i** agent

lookahead distance

surge velocity of it ship

sway velocity of i*" ship

yaw rate of i*? ship

heading or yaw angle of i*" ship

disturbance of i** ship

view range of i*" agent corresponding to its current position p; within a radius r
communication range of i*" agent corresponding to its current position

p; within a radius 7§

time instant

number of static obstacles

(" polytopic region
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Variable

Notation Description

N, number of agents

Vi Lyapunov function

T, prediction horizon

T sampling time

Q.. R; weight matrices of the state and input variables of stage cost
P; weight matrices of the state variables of terminal cost

N, number of subintervals
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Nomenclatures

ACO Ant Colony Optimization

AIS Automatic Identification System
APF Artificial Potential Field

AUV Autonomous Underwater Vehicle
CBF Control Barrier Function

COLREGS Convention on the International Regulations for Preventing Collisions at Sea
CSII Cybership II

GPS Global Positioning System

LOS Line-of-Sight

LOA Maximum length of a ship’s hull

MAS Multi Agent Systems

NDO Nonlinear Disturbance Observer
MINLP Mixed-Integer Nonlinear Programming
MIP Mixed-Integer Programming

MPC Model Predictive Control

NMPC Nonlinear Model Predictive Control
RP Repulsive Potential

OORP On-Off Repulsive Potential

D-OORP Distributed On-Off Repulsive Potential
PSO Particle Swarm Optimization

ocp Optimal Control Problem

PRM Probabilistic Road Map

UAV Unmanned Aerial Vehicle

UsSv Unmanned Surface Vehicle

SA Simulated Annealing

RRT Rapidly-Exploring Random Trees

RRT* optimal Rapidly-exploring Random Trees
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Chapter 1

Introduction

1.1 Mbotion planning for multi-agent dynamical systems

Over the past few decades, the paradigm Multi-Agent Systems (MAS) used firstly in the domain
of artificial intelligence, a branch of computer science, has had many outstanding developments
and spread in a variety of fields, particularly, the control engineering sector. Due to their
flexibility in structure, MAS are generally exploited in two ways [Wooldridge, 2009]: as an
approach for modeling various systems, and as an approach for developing flexible and extensible
software/hardware systems [Wang et al., 2015, Mfumu et al., 2018]. In control engineering,
MAS is defined by a group of agents having a particular dynamical model and operating in an
environment in the presence of constraints. Consequently, MAS in control engineering is a brief
way of denoting multi-agent dynamical systems. In the control of MAS, the control decisions
are derived by taking into account the system constraints and common objectives which are
then implemented in real time. Feedback is considered as an effective method to deal with the
uncertainties affecting the system and its environment.

The flourish of control engineering applications has played an essential role in the success of
MAS for various tasks, such as improving data communication, control and coordination, task
allocation, processing, and increasing the use of sustainable energy. With such a crucial position,
MAS are becoming a hot trend in autonomous control systems. Some noteworthy projects
are enumerated highlighting their importance in the modern world: deployment of multiple
watercrafts operating without a crew, known as Unmanned Surface Vehicles (USVs), for specific
tasks that are tiresome or dangerous for humans. For example, the Protector USV of Rafael
Advanced Defense Systems Ltd [Rafael, 2004] is capable of performing tasks such as marine
surveillance, naval warfare and force protection or the ECA robotics USVs designed for water
and oceanographic survey. Not quite yet out of the laboratory, self-propelled cars, show great
promise for the future of transport and infrastructure [Paolillo et al., 2018, Lim et al., 2018, Guo
et al., 2019].

A group of agents can reach a common goal through coordination among them through the so
called cooperative control of multi-agent systems (even if the goal is unattainable by a single
agent or by multiple agents working separately). Without a doubt, this means exchanging infor-
mation through an ad hoc communication network (each agent has a neighborhood of agents with
which it communicates). The information may represent attitude, position, velocity, voltage,
temperature, pressure, and so on, depending on the different applications. Plenty of remarkable
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examples of cooperative control can be enumerated such as water distribution networks [Fontana
et al., 2017], output power control of microgrids [Morstyn et al., 2015, Mortezaei et al., 2018],
coverage control for a mobile sensor network [Song and Fan, 2018, Zhong and Cassandras, 2008],
localization, formation control and tracking for multi-ground /surface/aerial vehicles [Pack et al.,
2009,Maghenem et al., 2018,He et al., 2019a, Wang et al., 2019b]. As a result, we can summarize
some essential features of these applications in order to have a general view on the use of MAS
in a control engineering framework:

e the dynamical model of each agent can be linear or nonlinear, time-variant or time-
invariant, etc;

e the information exchange between agents with their neighbors can be weak or strong,
directed or undirected, etc;

e diverse working space (ground, air, underwater, in the presence of static or dynamic ob-
stacles, and the like);

e to be relevant to the real world, constraints (saturation of actuators, energy consumption,
collision avoidance) are mandatory.

Moreover, each agent has to own the following primary properties for ensuring an excellent
performance of MAS:

e autonomy: make decisions to act as well as react by itself in the absence of human inter-
vention in case of critical situations;

e cooperation: exchange information among agents in the group to coordinate their actions
for accomplishing the common goals of MAS;

e proactiveness: the agents’ actions need to be controlled actively rather than responding
passively; this might come from a predictive mechanism for each agent.

This thesis mainly takes into account three critical issues in the control of multi-agent dynamical
systems: path/trajectory planning of multi-agent systems in the presence of constraints; colli-
sion and obstacle avoidance and distributed control for information exchange and connectivity
preservation under disturbances:

e Path/trajectory planning means that it is necessary to generate a collision-free feasible
path/trajectory in order to steer an autonomous agent from an initial to a target position
in its given working space.

e Constraints handling which aims at formulating the constraints in the control design.

e Distributed control for maintaining the connectivity of the network, handling the in-
formation exchange.

e Robustness ensures the operation of MAS notwithstanding disturbances or perturbations.

Next, a brief literature review on the above mentioned issues is presented. Various sources
of inspiration in this effort come from [Chen and Wang, 2005], [Prodan, 2012], [Guerrero and
Lozano, 2012], [Nguyen, 2016].
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1.1.1 Path/trajectory planning

Autonomous multi-agents need to operate without human intervention. In order to complete
their tasks, the agents have to be proactive in favor of deciding their own actions. Therefore,
the risks that may affect the agents need to be minimized through optimal planning, depending
on their tasks. Hence, the primary purpose of MAS motion planning is to generate collision-
free paths or trajectories which minimize a cost function combining time, energy, or distance
penalties for all agents in the group reaching their desired targets. In this framework, the
collision avoidance between MAS and (static and dynamic) obstacles as well as among the
agents in a group have to be firmly guaranteed while tracking the generated paths/trajectories
and converging towards the desired destinations in real-time conditions. A number of different
popular approaches found in the literature will provide an overview of the path/trajectory
planning for autonomous MAS.

Evolutionary algorithms are employed to solve the path/trajectory planning problem quickly
without necessarily guaranteeing a global solution. There are many variants of these algorithms,
such as Ant Colony Optimization (ACO) [Dorigo and Birattari, 2010], Simulated Annealing
(SA) [Aarts et al., 2005], etc. Genetic algorithms (GA) [Hu and Yang, 2004, Tuncer and Yildirim,
2012] and Particle Swarm Optimization (PSO) [Chen and Ye, 2012, Xue et al., 2013]. For
example, the key idea at GA is to employ a grid-based model representing the workspace of
MAS [Sugihara and Smith, 1997, Karami and Hasanzadeh, 2015]. This grid can be described
in two ways, either as an orderly numbered grid or in a coordinates plane. Accordingly, the
calculation of the distance between the agents and the boundary of obstacles can be determined
easily by their actual boundary plus the minimum safety distance when considering the size
of the agent. Furthermore, the potential path is represented by variable-length chromosomes
and the agents go from the initial to the target point through intermediate points. This is a
procedure based on stochastic search techniques analogous to natural evolution based on the
principle of survival of the fittest [Davis, 1987]. In contrast to GA, PSO, which was initially
employed by [Eberhart and Kennedy, 1995], is a stochastic evolutionary algorithm which does
not incorporate survival of the fittest. It is rather inspired by the group’s ability of some animal
species to locate a desirable position in the given area, particularly, birds flocking and fish
schooling. Each particle in PSO represents a potential solution to an optimization problem
and is associated with a velocity which is dynamically adjusted based on the particle and their
neighbors searching experience. As a result, each particle is attracted to a stochastically weighted
average of its personal best position and the global best position of the swarm. The main
advantages of PSO are their ease of implementation and a more rapidly convergence than GA,
a comparison between them can be found in [Roberge et al., 2013].

Graph-based approaches, are also called randomized sampling algorithms and have achieved
tremendous success in solving challenging motion planning problems of autonomous vehicles
operating in complex environment. They are now very well-known thanks to the two famous
methods: Probabilistic Road Map (PRM) and Rapidly-Exploring Random Trees (RRT). Firstly,
the PRM as proposed in [Kavraki et al., 1994], can be employed to find a feasible path for the
agent considering the start and target points within a grid map (described by a set of randomly
non-collision nodes, also called milestones) constructed using a multiple-query technique. After
each query, the shortest path without conflicts for static situations is obtained by using the
Dijkstra algorithm. A set of the shortest paths creates a feasible path for the autonomous
agent. Plenty of applications of PRM for different systems like Unmanned Aerial Vehicle (UAV),
multi-robots, can be referred in [Hsu et al., 1998], [Clark, 2005], [Baek et al., 2018]. The PRM
algorithm, firstly introduced by [LaValle, 1998], requires thousands of connecting points sampled
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randomly from the state space. The fundamental idea is to initialize a tree rooted at an initial
state. This tree is explored in the working space with the randomly sampled collision-free
states by applying control inputs over short time intervals to reach new states. These obtained
states are taken into account as vertices of the tree, and each directed edge is considered as
an input applied for reaching another new state. If a new state reaches the desired region,
an open-loop path from the initial state is represented by the tree. RRT has shown to be
effective for UAV applications [Saunders et al., 2005], [Kothari and Postlethwaite, 2013], in the
robotic domain [Krejsa and Véchet, 2005], [Moon and Chung, 2015, for Autonomous Underwater
Vehicle (AUV) motion planning [Tan et al., 2005] and Unmanned surface Vehicle (USV) [Dalpe
and Thein, 2017] path planning in dynamic flow-fields. There exists a number of variants such as
Anytime RRTs [Ferguson and Stentz, 2006] using similar heuristics for selection and expansion of
nodes, RRT* [Webb and Van Den Berg, 2013] which guarantees finding asymptotically optimal
paths/trajectories in state spaces of arbitrary dimension.

Artificial Potential Field (APF) for global path planning was originally introduced by [Khatib,
1986]. It is based on a scalar function which combines a repulsive and attractive function repre-
senting the obstacles and the final destinations, respectively. The key element of this approach is
the potential function which has a high value in the obstacles to prevent the agents from getting
very close to them, and its value decreases towards a minimum at the goal configuration. In
other words, the gradient of the potential function provides in each point the moving direction of
the agents and makes it progress according to the decreasing gradient of the potential function,
thus, generating safe paths. The potential function in the context of motion planning can be
built by either considering the distance to the obstacles (see [Leonard and Fiorelli, 2001, Stastny
et al., 2015, Woods and La, 2017], [Baillard et al., 2018]) or the specific shape of the obstacles
(see [Prodan et al., 2013], [Cetin and Yilmaz, 2016], [Rasekhipour et al., 2017]). A detailed
review of the potential field approach is proposed in [Koditschek, 1992].

Optimization-based control methods are widely applied for a variety of fields from simple
to complex, particularly, control engineering. What makes this method stand out from other
methods is the fact that it allows for the specification of an objective function which is optimized
by the controller. From this, the optimal solution is found subject to the considered criterions.
Due to the complexity of most applications, these approaches are most often solved numerically.
Among the optimization-based approaches, MPC [Garcia et al., 1989], [Rawlings and Mayne,
2009], has a tremendous success for constraints handling in the motion planning problem due
to the use of a receding finite horizon technique [Mayne et al., 2000]. This has made MPC
more applicable in practice, [Qin and Badgwell, 2003] with relatively long sampling periods
(measured in minutes and hours) at the beginning. However, in the recent years the development
of semiconductor technology increased processing speed and memory, and the improvement of
algorithms [Bock et al., 2007], [Diehl et al., 2009] have enabled the MPC to be applied for
many branches of control engineering such as automotive control applications [Cairano et al.,
2007,Di Cairano et al., 2008,Di Cairano et al., 2010], smart grids [Parisio et al., 2014,Pham et al.,
2017] water control for irrigation canals [Aguilar et al., 2016], sewer networks [Pedersen et al.,
2017], motion planning for ground/aerial vehicles [Nayl et al., 2015, Nageli et al., 2017], area
coverage problem [Nguyen and Maniu, 2016, Tzes et al., 2018] etc. Other advantageous MPC
characteristics are the capability to cope with uncertainty [Scokaert and Mayne, 1998], [Mayne
et al., 2005] or time-delay [Liu et al., 2006]. The detailed design of MPC can be read in some
famous books [Kwon and Han, 2006], [Maciejowski, 2002], [Allgéwer and Zheng, 2012].

However, with such an approach, the collision-free optimal paths/trajectories for MAS is able
only to be achieved if collision and obstacle avoidance is taken into account. Note that we need
to clearly distinguish the meaning of the two expressions (i) obstacle avoidance (i.e., collision
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avoidance with stationary obstacles), and (ii) collision avoidance (i.e., collision avoidance with
dynamic obstacles that have predefined paths, and mutual collision avoidance among multiple
agents).

1.1.2 Collision and obstacle avoidance constraints

MAS operate in a workspace in the presence of many static and dynamic obstacles, which are
usually considered as convex regions. In other words, the feasible region for the operation of MAS
is the complement of the convex regions, i.e., a non-convex region. Therefore, the non-convex
constraints which represent a feasible region describing collision and obstacle avoidance for MAS
need to be first taken into account in the design strategy. Usually, these issues are addressed
as explicit (i.e., hard) or implicit (i.e., soft) constraints. On the one hand, explicit constraints,
concerning constrained optimization problems with the simple cost function subjecting to the
(non-convex) constraints appearing explicitly. However, this problem becomes complex if there
are too many (non-convex) constraints. Typical for this approach is Mized-Integer Programming.
On the other hand, implicit constraints, usually, are formulated through Artificial Potential Field
approaches, where the constraints are penalties in the objective function. This means that the
objective function becomes complicated, whereas the constraints are straightforward.

Optimization control based using Mized-Integer Programming (MIP) is a general framework
which describes problems with both discrete and continuous decisions variables. The algorithm
used for solving MIP problems is branch-and-bound [Linderoth and Savelsbergh, 1999]. The
fundamental idea of the algorithm is to relax the non-convex constraints, maintain some simple
bounds and then to branch. This algorithm has outstanding benefits when terminated early
and a globally optimal solution for non-convex problems is achieved. Since the early 2000s, MIP
started to be used for solving motion planning problems with collision avoidance constraints.
For example, [Deits and Tedrake, 2015] and [Molinari et al., 2017] tackled the optimization of
trajectories for autonomous agents in the presence of static and dynamic obstacles. The authors
of [Prodan et al., 2011], [Radmanesh and Kumar, 2016] focused their works on coordinating the
efficient interaction of MAS in scenarios like task assignment or trajectory planning; [Bonthu
et al., 2019] designed MPC based on MIP approach to develop an optimal power management
strategy for saving the cost of electricity for buildings. However, despite its unique capabilities
and the availability of solvers, MIP has some shortcomings. First of all, in some cases, if the
solution to a relaxed subproblem is not integral, but has a cost worse than the best MIP solution
found already, that branch can be terminated as stated in [Richards and How, 2005]. Secondly,
MIP is NP-hard, i.e., the computational complexity increases exponentially with the number
of binary variables used in the problem formulation [Garey and Johnson, 2002]. This limits
their use for real time applications. A geometrical view of MIP for non-convex, non-connected
regions representation is presented in [Prodan et al., 2015]. In here, the authors also address
the reduction of the computational requirements of MIP while providing examples for motion
planning problems with collision avoidance constraints [loan et al., 2019a, Ioan et al., 2019b].
To the best of the author’s knowledge, the sudden termination of the branching has not been
yet much addressed.

Methods based on APF generate a Potential Field (PF) based on potential functions of static
and/or dynamic obstacles or desired destinations in the operating space. The path is planned
by moving in the descent direction of the field. The main advantage of this approach over the
MIP approach is its low calculation cost even with complex PFs for obstacles. There are also
many experimental results for motion planning which exploit the use of APF-based MPC, and
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can be listed: autonomous road vehicles [Rasekhipour et al., 2017, Wang et al., 2019a], motion
planning and tracking of an omnidirectional autonomous robot/two wheeled vehicle as presented
in [Teatro et al., 2014, Shibata et al., 2018]. Thus, one disadvantage of APF approach compared
to the MIP technique in motion planning problems is the fact that a badly chosen potential
function may cause the solution to get into local minima [Goerzen et al., 2010]. This will be
further discussed in the next chapters. Thus, a combination of MPC and APF, while not treated
widely in the literature, seems to be worthwhile.

For all the above arguments, MPC using APF-based soft constraints (i.e., implicit constraints)
will be considered as a fundamental approach for path planning of MAS in the current work
and will be further detailed throughout this thesis.

1.1.3 Distributed control

Acknowledging the limitations which appear in a MAS (e.g., communication limits and computa-
tional resources) makes distributed control an attractive approach. In this endeavor, distributed
control emerges as an efficient approach for controlling MAS since the computation load is re-
duced significantly while still ensuring the interaction among the agents when compared with
centralized control approach. Furthermore, the cooperation among the agents of decentralized
control is weak due to the fact that each agent’s controller is only based on its own state infor-
mation uniquely.

Similar to the decentralized control approach, each agent also has its own controller. However,
information is transmitted among the local controllers, so each one of them has some knowledge
on the behavior of the others and the local control action is influenced by this information.
In other words, each controller receives the decision variables from the nearby subsystems, the
so-called neighbors. It can be thus aware of its neighbors’ behavior to make the right control
decisions for the agent that is being controlled [Scattolini, 2009], [Cao et al., 2013]. In addition, a
variant of distributed control is the hierarchical control in which MAS is partitioned into different
layers of abstraction. The highest layer takes planning decisions regarding the MAS, whereas
lower layers may model more detailed features (such as path tracking or sense and avoidance).
Information is typically exchanged from the upper to the lower layers [Leitao, 2009, Hou et al.,
2018].

communication
_»| Controller 2 N communication _ | Controller 2 s
ad A T " A RREN
Controller 1 | === === =] = — = — — — — Controller 3 Controller 1 |[#= == == == == == = = = — —»| Controller 3
'y
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a) Sequential architecture. ) Parallel architecture.

Figure 1.1.1: Distributed control approach.
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Recent advances in computing, wireless communications, or vehicular technologies are making
it possible to deploy multiple ground/aerial/marine vehicles that can operate autonomously
as well as cooperate with each other to achieve a global objective. The distributed scheme
needs only a simple sparse communication network and fewer data to process as well as the
flexibility to adapt to variations of operation conditions automatically. By considering that
assumptions such as communication and information exchange among agents are ensured, the
states (i.e., the variables containing information related to the agents’ behaviors) are available
to all the distributed controllers. There are two architectures usually used to implement the
distributed algorithm for MAS: the sequence and parallel as illustrated in Fig. 1.1.1a and Fig.
1.1.1b, respectively. On the one hand, the distributed controllers are evaluated in sequence, this
means that once at each sampling time and one-directional communication between consecutive
distributed controllers is employed, i.e., controller i + 1, for example, is only evaluated after
controller ¢ has been evaluated. On the other hand, the distributed controllers evaluated in
parallel, i.e., at the same sampling time. The controllers receive and evaluate the information of
each others once (i.e., non-iterative) or iterate (i.e., iterative) to achieve a solution at a sampling
instance [Liu et al., 2010, Christofides et al., 2013].

The directed or undirected graph is employed for the information exchange (i.e., interaction)
among agents [Godsil and Royle, 2013, Deo, 2017]. A graph, in general, comprises finite
nonempty set nodes (or vertices) and edges set of nodes. FEach node stands for an agent,
which can have information exchange with all or several agents. A directed graph is denoted
by a sequence of ordered edges where information is transmitted between adjacent agents in a
single direction, but not vice-versa. Here, i.e., a node is considered the parent node while the
next node is the child node, and the child node can obtain the information from the parent
node. Meanwhile, an undirected graph is a sequence of unordered edges, .i.e., adjacent agents
can receive the information from each other. Under this framework, it is easy to recognize that
the coordination problems under a general undirected graph are more facile than those under a
directed graph [Mei et al., 2015].

Some primary criterions like control, synchronization, robustness and optimization problem are
presented in Table 1.1.1 to show the differences between centralized and distributed control
[Negenborn et al., 2010].

Table 1.1.1: Centralized versus distributed control.

Centralized

Distributed

Control
Synchronization

Robustness
Optimization problem

Central controller super-
vises all agents

Agents transmit data to a
central controller

Low

Central controller performs
overall optimization prob-
lem

Each agent is supervised
by its controller

Agents exchange data
among each other
High

Overall optimization prob-
lem is partitioned into sub-
systems

Concerning the applications in a distributed framework, the problems of event-triggered con-
sensus control in an MAS are studied in [Ge and Han, 2017, Ding et al., 2017, Wu et al., 2018],
distributed control and management strategies for the power system in the context of microgrids
is provided by [Han et al., 2017, Morstyn et al., 2018], distributed formation control for multi-
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ple tethered space net robots using APF and neural network [Liu et al., 2018b], a distributed
control strategy presented by [Santos and Egerstedt, 2018] for a multi-robot team with het-
erogeneous sensing capabilities using limited communication where each robot has knowledge
about the sensor capabilities of its neighbors. In recent years, distributed MPC has gained a
lot of interest due to its many benefits [Camponogara et al., 2002]. The authors of [Venkat
et al., 2005] has unified existing concepts in linear MPC with guaranteed nominal stability and
performance properties. A design of multi-vehicle formation stabilization is detailed in [Dunbar
and Murray, 2006], where a distributed optimal control is generated for each subsystem. Many
studies on path planning for MAS have been investigated, for example, [Mo and Lin, 2018, Yang
et al., 2018] by using non-convex control input constraints to achieve the cooperation task for
second-order MAS, robotics [Mendes Filho et al., 2017, Luis and Schoellig, 2019], many ves-
sels [Wang et al., 2017b,Chen et al., 2018a]. The combination of MIP technique and distributed
MPC scheme has also attracted interest through the literature: cooperative distributed robust
trajectory optimization for a set of homogeneous UAVs [Kuwata and How, 2010], feasible path
generation for MAS in the presence of obstacles [Prodan et al., 2014], the cooperation of USVs
at waterway intersections [Chen et al., 2018b], or reactive power dispatch [Murray et al., 2018].
Another control strategy is to combine the APF approach with MPC as in [Huang et al., 2018]
which presented the cooperative driving systems accomplishing both path planning and motion
control synchronously for automated vehicle platoon; [Ren et al., 2018] introduced hierarchical
adaptive cruise control system to adjust the vehicle speed to keep the appropriate distance from
the one in front; or [Katriniok et al., 2019] implemented distributed motion planning in road
intersections.

The obstacle and collision avoidance problem as mentioned above, represented by non-convex
constraints in the distributed optimization-based control scheme, will be implemented by ap-
propriate solvers. To deal with MIP technique in MPC scheme, CPLEX software package [IBM,
1999] is used in combination with the MATLAB toolbox YALMIP [Lofberg, 2004]. For solving
the problem of APF in the MPC framework, there are many efficient solvers which apply vari-
ous optimization techniques to speed up the resolution of the problem: ACADO toolkit [Houska
et al., 2011] implements a sequential quadratic programming (SQP) framework and solution of
a convex subproblem - a QP; FORCES NLP [Zanelli et al., 2017] uses interior-point method
which approximates the Hessian and has adaptive barrier rules; interior-point solver IPOPT
runs [Wichter and Biegler, 2006] in the Casadi framework [Andersson et al., 2019], which is an
open-source software tool for numerical nonlinear optimization problems in general and optimal
control (i.e., optimization involving differential equations) in particular; PANOC [Stella et al.,
2017] uses the proximal averaged Newton-type method for optimal control to solve obstacle
avoidance problems.

1.2 Contributions of the thesis

The above literature review highlights that there are still challenging issues in motion planning
for MAS operating in variable environments (with static/mobile obstacles and other environmen-
tal disturbances). These are tackled using various methods which come with both advantages
and shortcomings from the viewpoints of implementation and objectives validation.

The work presented in this manuscript concentrates on providing effective potential field con-
structions that are easy to employ in a distributed, optimization-based control problem. The
theoretical results are tested over a benchmark for the safe navigation of surface vehicles at
sea. More specifically, we started developing the results in [Prodan et al., 2013] where repulsive
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potential fields were integrated in an MPC problem for trajectory tracking of a formation of
MAS. Here we go further and construct efficient on-off barrier functions that will be useful
for weighting the APF components. This proposed method is used to deal with local minima,
which is usually a drawback of the APF method. Moreover, we also provide comparisons with
the classical MIP approach to show the effectiveness of the proposed method. In particular, we
are focusing on generating the feasible path for MAS by using an optimization-based control
scheme with polytopic constraints. More precisely, we first construct the repulsive potential
fields for the fixed and moving obstacles/MAS based on their description as bounded convex
regions (i.e., bounded polyhedra). Next, the on-off barrier functions derived from the Logistic
Regression (often used in Machine Learning algorithms for binary classification) [Hosmer and
Lemesbow, 1980] will be taken into account based on the safety distances among the agents.
Such a combination (between on-off barrier function and APF) can be seen as a main contri-
bution in the thesis as it dramatically reduces the complexity and augments the performance
of the problem of motion planning. As a result, it will also allow reducing the computational
cost and the efficient handling of an increased number of constraints. Furthermore, graph-based
methods, specifically, rapidly-exploring random trees, are combined with tracking MPC, which
will be useful for achieving an improved result for path generation of MAS.

It is worth noting that all proposals, as mentioned above, come from difficulties that may happen
in practice. Hence, the contributions are briefly summarized in the following:

e In [Tran et al., 2017], we present a potential field-based control approach for multi-agent
linear dynamical systems in a multi-obstacle environment. The potential field construc-
tions are used for penalizing in the cost for the obstacle avoidance conditions. Further-
more, a barrier function is designed for the control inputs to prevent the imminent collision
among the agents. Comparisons through simulations with mixed-integer formulations are
provided.

e Next, in [Tran et al., 2018], we introduce an NMPC-based algorithm for safe navigation of
multi-agent dynamical systems in a variable environment with fixed and moving obstacles.
The contribution lies in the construction of repulsive potential fields for the fixed and
moving obstacles which are introduced in a predictive control optimization problem to
penalize collision. The constraints are activated only in the view range of the agent using
on-off barrier functions. Collision-free motion planning of ships in Trondheim fjord harbor
serves as a benchmark for testing our algorithm. Simulations and comparisons with a
classical mixed-integer framework prove the efficiency of the algorithm and its feasibility
to run in real-time.

e Finally, [Tran et al., 2019] presents a distributed optimization-based control algorithm for
the safe navigation of multi-surface vehicles in a complex environment with fixed and mov-
ing obstacles. We first generate off-line within the a priori known environment a collision-
free path using RRT* (optimal Rapidly-exploring Random Trees) algorithm. Next, PF
constructions are developed through the use of on-off barrier functions to ensure vehicle
connectivity and fixed/moving obstacles avoidance. These ingredients are integrated in a
distributed NMPC framework which activates the constraints only in the view range of the
agents. The algorithm shows good results in simulations for both connectivity maintenance
and validation of the COLREGS rules.

We provide here the complete list of accepted/submitted publications:
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1. Ngo Quoc Huy Tran, Ionela Prodan, Esten Ingar Grotli, Laurent Leféevre: Safe navi-
gation in a coastal environment of surface vehicles under uncertainties: a combined use of
potential field constructions and NMPC, Ocean Engineering, submitted in August 2019.

2. Ngo Quoc Huy Tran, Ionela Prodan, Esten Ingar Grgtli, Laurent Lefevre: Distributed
nonlinear optimization-based control formulti-agent systems navigation in a costal envi-
ronment, In Proceedings of the 19th IEEE FEuropean Control Conference, Naples, Italy,
2019, pp.3377-3382.

3. Ngo Quoc Huy Tran, Ionela Prodan, Esten Ingar Grgtli, Laurent Lefevre: Potential-field
constructions in an MPC framework: application for safe navigation in a variable coastal
environment, In Proceedings of the 6th IFAC Conference on Nonlinear Model Predictive
Control, Madison, Wisconsin, USA, 2018, pp.307-312.

4. Ngo Quoc Huy Tran, Ionela Prodan, Laurent Lefévre: Nonlinear optimization for multi-
agent motion planning in a multi-obstacle environment, In Proceedings of the 21st IEEE
International Conference on System Theory, Control and Computing, Sinaia, Romania,
2017, pp.488-493.

1.3 Organization of the manuscript

This thesis includes 5 chapters, including the introduction (see also Fig. 1.3.1).

e Chapter 2 introduces the motion planning optimization problem formulation and details
two methods for handling collision avoidance constraints: MIP (Mixed-Integer Program-
ming) and APF (Artificial Potential Field). This requires first the description of the
obstacles through set-theoretic tools. Next, some classical repulsive potential filed con-
structions and barrier function are presented. Comparisons between the APF method
(i.e., implicit constraint) and MIP technique (i.e., explicit constraint) are carried out in
order to assess the advantages and shortcomings of each method.

e Chapter 3 proposes a collision avoidance algorithm via a coherent combination between
potential field-based constructions and NMPC. In particular, we first construct on-off
barrier functions which activate the associated repulsive potential for fixed and moving
obstacles. Then, we develop an NMPC-based algorithm which activates the constraints
in the view range of the agents. Finally, the proposed algorithm is validated through
simulations over a real benchmark of safe navigation of ships in the Trondheim fjord as
well as comparisons with some other approaches.

e In Chapter 4, we first generate a LOS guidance system via a graph-based method, which
applies the RRT* (optimal Rapidly-Exploring Random Tree) algorithm. Next, we employ
the on-off barrier functions presented in Chapter 3 to guarantee the necessary connectiv-
ity distance for information exchange among the agents as well as activate the associated
repulsive potential for static and dynamic obstacles. Moreover, a NDO (Nonlinear Dis-
turbance Observer) is considered to reject the disturbances from the ocean that may lead
to undesirable performance for the ships. Then, we propose a distributed NDO-NMPC -
based algorithm with a threefold purpose: i) track the RRT*- based feasible path through
the LOS guidance system, ii) activate the constraints in the view range of the agent for
on-line collision avoidance complying with the COLREGs rules and iii) exchange informa-
tion for connectivity maintenance. Finally, the proposed algorithm is validated through
simulations over a real benchmark for the safe navigation of ships in the Trondheim fjord.



1.3. Organization of the manuscript 12

e Chapter 5 completes the thesis with conclusions and discussions on future directions.

The presented organization of the thesis is graphically illustrated in Fig. 1.3.1. Each rectangle
box represents a chapter including various processes denoted by ellipses; the colored ellipses
would like to emphasize that they are considered as important ingredients in the Ph.D. thesis.
Each arrow describes the relation between two chapters, i.e., the chapter at the arrow end uses
results (e.g., variables, models, methods, ideas) of the chapter at the arrow origin.
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Chapter 2

Constrained optimization for motion
planning

In motion planning problems it became natural to use constrained optimization-based control
approaches (like Model Predictive Control) as they have the ability to handle explicitly state
and input constraints for Multi-Agent Systems (MAS). In particular, non-convex constraints
for collision avoidance can be explicitly taken into account. The present chapter builds on the
application of set-theoretic tools in the context of safety regions around obstacles/agents to
ensure collision avoidance for multi-agent systems evolving in a common environment. Further-
more, the Control Barrier Function (CBF)-based constraints implying forward invariance of a
safe set [Wang et al., 2017a, Ames et al., 2019] is presented and used in conjunction with the
a priori mentioned set constructions. This coherent combination demonstrates the effectiveness
and flexibility of the optimization-based control approach in handling safety constraints under
different forms (i.e., implicit (soft) and explicit (hard) constraints).

“Safety” is the notion concerning collision/obstacle avoidance in the course of normal operation
for a MAS. It is worth noting that collision/obstacle avoidance for MAS is commonly one of
the challenges that are tough to deal with because it naturally leads to non-convex constraints.
The main principle is to guarantee that the forbidden regions bounding agent/dynamic obstacle
or static obstacle do not intersect along the trajectory/path of the agents. Throughout the
manuscript, the set-theoretic methods will be used to characterize the elements of interest (safety
bounds, forbidden regions, etc.).

In what regards the particular set family employed, there are the two main families commonly
employed in many research and application fields. On the one hand are polyhedral sets [Motzkin,
1953] and, on the other hand, are ellipsoidal sets [Kurzhanski and Varaiya, 2000]. Their strengths
and weaknesses come from their representation which directly restricts their flexibility and the
numerical performance of the associated algorithms (e.g., polyhedral sets approximate arbitrarily
well any convex set but ellipsoidal sets are more robust wrt operations in high dimensions). Note
that polyhedral sets have a dual representation (generator and half-space form) which allow to
solve efficiently various problems (in the sense that they can be written more compactly/solved
more easily in one representation than in the other) [Blanchini, 1999]. Consequently, in the
forthcoming chapters, the polyhedral sets will be employed to describe forbidden regions around
agents, static/dynamic obstacles.

Within this set-theoretic interpretation, there are two classes of methods which treat differently

15
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the constraints within the control design scheme: i) optimization-based control combined with
mixed-integer formulations [Jiinger et al., 2009] which take explicitly into account the non-
convex constraints stemming from the collision avoidance conditions, and ii) gradient methods
combined with potential field constructions which penalize the non-convex constraints into the
cost function. On the one hand, the MIP technique showed their effectiveness in modeling
and solving problems subject to non-convex constraints. On the other hand, MIP still has the
significant drawback that is an NP-hard problem, which implies an exponential increase in the
computational complexity after the number of binary variables used in the problem formulation.
The recent results of [Stoican et al., 2011] and further developed in [Prodan et al., 2015], address
the problem of reducing the MIP formulations complexity through the efficient description of
non-convex regions. While MIP is increasingly used in the literature, there is not much evidence
of applications done in a complex environment with many obstacles.

The other significant class of solutions is the one represented by the Potential Field (PF) method,
a classical approach to deal with collision/obstacle avoidance. Notably, it appears in the field
of motion planning for multiple agents [Koren and Borenstein, 1991], [Latombe, 2012] due to
its many benefits, for example, a simple algorithm, convenient mathematical description, and
the ease of implementing it for real-time control. The PF-based MPC approach has also been
studied and applied in motion planning. Nevertheless, it is still not widely available on this
topic; the causes are its own weaknesses, and especially, the stall in local minima. There
are several works which consider this approach. [Li et al., 2017] presents the combination of
potential field method and MPC scheme for navigating a three-wheeled omnidirectional mobile
robot with the goal of avoiding static obstacles. However the paper only uses the potential field
to describe motion-based constraints, i.e., potential fields are not penalized in the cost function.
In [Chen et al., 2016,Shibata et al., 2018], the potential field is constructed by Euclidean distance
between UAV /wheelchair and fixed obstacles, i.e., the obstacles are given pointwise and their
actual shape is ignored. [Wang et al., 2019a] used hyperbolic/exponential functions to build the
Artificial Potential Field (APF) which are added into the cost function to achieve general obstacle
avoidance and the lowest crash severity for autonomous vehicles. The authors of [Yang and
Sukkarieh, 2012, Kim et al., 2017, Appapogu, 2019] penalized non-convex constraints generated
from the potential field of obstacles in the cost function to establish feasible paths for autonomous
car and rotary-wing UAV, respectively. However, they only employ ellipsoidal sets for convex
shape approximation of obstacles, and local minima was not discussed. [Prodan et al., 2013]
considered polyhedral forbidden regions for the agents and obstacles to ensure collision avoidance
concerning trajectory tracking of multi-agents formation in the context of MPC, and this is the
primary motivation for enhancements in the use of the potential field-based MPC in this thesis.

The organization of this chapter is as follows. Section 2.1, presents the non-convex workspace
of MAS in the presence of static/dynamic obstacles or agents which are described by polyhedral
sets. Section 2.2 provides background on receding horizon nonlinear optimization-based control.
In Section 2.3, a control barrier function-based constraint will be introduced in the optimiza-
tion problem to penalize for the distance among the agents. The simulation, comparison, and
validation results are given in Section 2.4. Finally, the conclusions recall briefly the main ideas
and are presented in Section 2.5.

2.1 Polytopic constraints

First, let us recall some basic notions as well as mathematical descriptions related to the con-
struction of convex regions which will prove useful for the later description of the collision
avoidance constraints.
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2.1.1 Polytopic descriptions

A polytope is defined as the bounded!' convex region created by the intersection of a finite
number of hyperplanes. Alternatively, it can be seen as the convex sums of its vertices.

Definition 2.1.1 (Hyperplane [Boyd and Vandenberghe, 2004]). A hyperplane Hy, is the set of
the form

Hy = {z € R" | agz = by}, (2.1.1)

where a;, € R is a column vector and b, € R is scalar.
Any hyperplane partitions the space into two disjoint regions (the ”half-spaces”):

Hf={zeR"| aqz< b}, (2.1.2)
Hk_ = {x eR" ‘ —arxr < —bk},

Definition 2.1.2 (H-representation [Boyd and Vandenberghe, 2004]). A polytope P C R™ is
the intersection of a finite number of half-spaces® (H,j) and described as

P = {.%' e R"” ’ arr < b, k=1, ...,nh}, (2.1.4)

where a;, € R, b, € R, ny, is the number of half-spaces. It is worth mentioning that if b > 0,
the origin will belong to the interior of the polytopic region, i.e., 0 € Int(P). Otherwise, the
origin is exterior to the polytopic region.

Definition 2.1.3 (V-representation [Boyd and Vandenberghe, 2004]). The convex hull of a set
of a finite-sized collection of points (i.e., the vertices) C = {s1,...,Sp}, with s, € R" is defined
as

P P
Conv{C} = {x eR" |z = Zansn,ai >0, Zan = 1}, (2.1.5)
n=1 n=1

where s,, n =1, ..., p, is n' point from the collection of vertices and «, is the weight associated
to it.

Ezxample 2.1.4. The origin is in the interior of polytope P in case of by > 0 as in Fig. 2.1.1 and
can be constructed in two ways. Its H-representation is

0.0716 —0.3581 0.9309
P=ALzxecR%:| 05270 0.4216 | = < |0.7379
—0.5523  0.0921 0.8285

and its V-representation is

_ _ 3
P=LzecR:z=q 2+042 1 + a3 3 yan >0, > ap =1

!Note that in general a intersection of hyperplanes does not necessarily lead to a bounded polyhedron.
?Here we took by convention the sign “ 4 ”, any other combination of signs would lead to a polytope (or to
the empty set if the intersection of the associated half-spaces is empty)




2.1. Polytopic constraints 18

—43 ) T 0 i 7 3

Figure 2.1.1: Polytope in case of the origin € Int(P).

Ezample 2.1.5. The origin is outside of polytope P in case of by < 0 as depicted in Fig. 2.1.2
and it can also be built in two ways. Its H-representation is

_0.2691 —0.2018 0.9417
0.1871 —0.0234 —0.9821

— 2. <
P=9%€R 1 01156 01445 | T = | 0.9827
—0.1046  0.0262 0.9942

and its V-representation is
—4 -8 -5 —6.5 4
— 2., — _
P—{xGR r=o [10]4—@2[6]—1—@3[2]—1—&4[ 12],an20, > ap = }

16

—4
-2 -1 -1 -9 -8 -7 -6 -5 -4 -3 =2 -1

Figure 2.1.2: Polytope in case of the origin ¢ Int(P).

2.1.2 Sum function

The so-called “sum function” is piecewise linear function which is introduced by [Camacho and
Bordons, 2004] and whose definition is based on the H-representation of polytope in (2.1.4):

Nh

v(z) = Z(akx—bk—i— lagx — bi|). (2.1.6)
k=1

By analyzing the sum function (2.1.6), it is obvious that this piecewise affine function is zero
whenever 2 € P and strictly positive whenever x ¢ P:
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e If dr € R" such that: apz — by, < 0, Vk = 1...ny, then

np

Y(&) = (agx — b — (agz — b)) = 0. (2.1.7)
k=1

This means that the sum function has zero value in the interior of the bounded convex
region (2.1.4).

e If dr € R" such that: apz — by, > 0, Vk = 1...ny, then

dk dk
(&) = (ag — b + (apr — bp)) =2 (agx — by). (2.1.8)
vk vk

In other words, the value of the piecewise linear function will grow piecewise® linearly
with the distance from the polytopic region (2.1.4).

Furthermore, (2.1.8) can be piecewise differentiable as long as each piece is differentiable through-
out its subdomain, though the unity function may not be differentiable at the breakpoints*
between the pieces. Therefore, the gradient of the sum function is expressed as

3k
V() =2 af. (2.1.9)
Vk

The generalized gradient in (2.1.9) is multivalued, i.e., Vy(z) has n values, one per each
dimension of variable x € R™. However, this would not be too complicated to compute when
using the result of the gradient for the implicit/explicit methods if its range of variation is still
bounded. Hence, it is possible to use such a function for applications in the sequel.

-

oo o

Figure 2.1.3: Sum function of the triangular polytope in Fig. 2.1.1.

Fig. 2.1.3 illustrates the sum function obtained from the polytopic region as in Fig. 2.1.1. We
note that, as mentioned earlier, inside the obstacle, the value of the function is zero and outside
is non-zero.

3As long as the combination of active/inactive indices k does not change, the formula (2.1.8) remains, the
same and is linear.
4Those are the points where the slope of sum function changes.
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2.2 Nonlinear optimization in control

Nonlinear optimization in control is used to achieve certain optimality criterions for the given
(sub)-systems which are related to the nonlinear dynamic model. We arrive at such formulation
via a, (non-)quadratic cost function and/or nonlinear constraints on the states and inputs. This
section will recall first the formulation of nonlinear optimization-based control in the presence of
constraints. Next, the two kinds of methods which tackle the collision avoidance problem with
static/dynamic obstacles in explicit and implicit processes. Usually, the explicit methods reduce
to the use of MIP where the constraints are explicitly taken into account, and the implicit
methods generally reduce to the use of various types of potential field-based constructions.
Finally, MPC is presented as a useful tool to deal with motion planning for MAS.

We present the basic formulation of nonlinear optimal control problem in relation to the dy-
namical system, objective function, and constraints in continuous-time. First of all, consider the
nominal dynamic system of i*" agent in the set V comprising N, € N agents, which compose a
multi-agent dynamical system:

Xl(t) = fi(xi(t),ui(t)), Xi(to) =X;0, 1€V, V=1,...,Ng, (221)
subject to input and state constraints:

xi(t) € X, Vt >0, (2.2.2)
ui(t) e U;, vt > 0.
x;0 is the initial state at initial time to, x;(t) € R™ is the current state, u;(t) € R™ is the
control input with respect to the vector field f;: R™ x R™ — R™ which we suppose to be locally
Lipschitz continuous in the region of interest and satisfying f;(0,0) = 0. It is worth mentioning
that the sets &;,U; are compact and (0,0) € X; x U;. Furthermore, X;,U; are convex sets which
characterize magnitude constraints®:
X; = {xi € R"[Ximin < Xi < Ximaz ) (2.2.4)
Z/[i = {ui € Rm|ulm1n S u; S uimax}y

where X;min, Ximaz, Wimin, Wimaz are constant vectors.

The objective of MAS in (2.2.1) will be obtained by minimizing a cost function over a finite
horizon T}, and given as:

Problem 2.2.1.

minimize J;(x;[t,t + T, wilt, t + T))) (2.2.6a)
subject to

;(t) = fx(t), wi(t)), mi(to) = o, Vt € [t,t + T}, (2.2.6b)

x;(t) € Xy ui(t) € Uy, Vt € [t t+Tp). (2.2.6¢)

5Note that more complex sets are possible but it is often the case that magnitude constraints suffice in practical
applications.
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The physical and operational limitations of MAS is described by the box constraints (2.2.6¢),
(2.2.6b) presents the evolution of state x;(t) depending on the control input u;(t). The cost
functional J;(+) is typically described by

4T,

Ji(xi[t, t + Tp), ugt, t + Tp)) = / [Li(xi(t), ui(t)]dt + Ei(xi(t + T})), (2.2.7)

where £;(-): R® x R™ — R is called running cost or stage cost, terminal penalty term F;(-):
R™ — RT might or might not be present, and x;(t + T},) is the terminal state. This cost is
determined by the desired objective of MAS, e.g., tracking errors, energy, or time minimization.

It is evident that solving problem 2.2.1 is not trivial; in particular, nonlinear formulations are
exceedingly difficult to solve. In order to cope with these difficulties, numerical methods are
considered most promising and popular. They are efficient in discretization and finite parameter-
ization and introduced in the nonlinear optimization-based control problem and will be detailed
later in subsection 2.2.3.

In the following, potential field approach, mixed-integer programming, and MPC will provide
us the necessary tools for accomplishing motion planning for MAS.

2.2.1 Potential field approach

From Section 2.1, let us first define the working space of MAS, 7 C R", which comprises a
union of forbidden polytopic convex regions characterizing multiple static obstacles, as defined
in (2.1.4):

FoO, (2.2.8)
where O is defined as follows: N
0= Lj Oy, (2.2.9)
{=1
where Oy = {x; € R" | aﬁxi < bi,k =1,... ,nf;}, with ai € RIxn bf; € R, ”ﬁ is the number of

half-spaces describing Oy, £ = 1,..., Nyps, and Ngps is the number of forbidden polytopic regions
accounting for static obstacles.

Potential field is a classical approach for collision/obstacle avoidance which first proposed by
[Khatib, 1986]. The main idea of this approach is to generate repulsive potential fields around
the forbidden regions to force the MAS to avoid them and attractive potential fields around the
desired target to attract the MAS. We denote by S(-) : R®™ — R>( the potential field which is
the summation of repulsive and attractive potential fields and is given as:

Nobs
S(x;) = Z Dy(x;) + =(x), (2.2.10)
/=1

where Z(x;) : R" — R>( is attractive potential and ®,(x;) denotes the repulsive potential with
respect to the ¢** obstacle, £ =1, ..., Nyps.

Remark 2.2.2. The operating space of MAS is also called the feasible region. Therefore, this
is a non-convex region due to the fact that it is the complement of a convex union of regions
(coming from the safety regions of the agents, from the fixed or moving obstacles).
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A quadratic function (see Fig. 2.2.1) is most widely used for representing an attractive potential
field and given as:

E(Xl) = sz - Xi,ref”%gi; (2.2.11)

where x; ..y denotes the reference destination of the ith agent and Q; is the weighting matrix.

Fig. 2.2.1 presents the attractive potential field in (2.2.11) at the desired point, X; s is the
origin.

v Attractive potential field
—2D projection

Figure 2.2.1: Attractive potential field with quadratic function.

The repulsive potential is the most challenging component because it has to both approximate
the obstacles from the geometrical point of view and ensure collision avoidance. Therefore,
obstacles described by polytopic constraints as (2.1.4) or (2.1.5) must have a high value inside in
order to generate a downhill gradient such that the MAS path converges towards the destination.
With such an idea, the repulsive potential field can be defined by making use of the sum function
(2.1.6) in two ways:

e First, in combination with a standard fractional function used in the repulsive potential
generation:

‘I’{(W(Xi))z( a___. (2.2.12)

coe + Ve(xi))
where ¢y and cop are positive parameters representing the strength and effect ranges of
repulsive potential, y¢(-) denotes sum function of the £ polytope.

e Second, the repulsive potential field is constructed with help of an exponential function:

(I)E(’)/Z(Xi)) = C3Z€*(W(xi)*c44)27 (2213)

where c3y and cyqy are positive parameters representing the strength and effect ranges of the
repulsive potential.

Two repulsive potentials as described in (2.2.12) and (2.2.13) map the domain (0,00) of the

sum function (2.1.6) into (é%)z,o) and (03gec4‘,0), respectively. As a result, this means the

high value is in the interior of the convex region and plummets to zero as the distance from the
convex region increases, i.e., there is a decrease towards 0 for v(x;) — oc.
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[%Repulsive potential field % Repulsive potential field

(a) Repulsive potential using fractional function with(b) Repulsive potential using fractional function with
C1 = 0.5, Cy = 0.1. C1 = 1, Cy = 0.4.

Figure 2.2.2: Repulsive potential fields using sum function (2.1.6) with the difference of strength
and effect ranges (c1, c2) depicted as Fig. 2.1.3.

% Repulsive potential field % Repulsive potential field

(a) Repulsive potential using exponential function with(b) Repulsive potential using exponential function with
C3 = 30, Cq = 0.1. C3 = 607 Cq = 0.4.

Figure 2.2.3: Repulsive potential fields using sum function (2.1.6) with the difference of strength
and effect ranges (cs3, ca) depicted as Fig. 2.1.3.

Fig. 2.2.2 and Fig. 2.2.3 illustrate the repulsive potential functions in two ways with various
strength and effect ranges. In the sequel, we use repulsive potential field constructed by the
fractional function because this method yields a nice shape from the geometrical viewpoint.

As aforementioned, the potential field is generated by the combination of repulsive and attractive
potential functions. The slope (or gradient) is a superposition of the slopes generated by the
attractive potential which steers the MAS towards the goal configuration, and by the slope
spawned by the repulsive fields of the obstacles, which push agents away. The confluence of
these influences results in a path which (under a correct parameter choice) drives the MAS to
the desired destination while simultaneously avoiding the obstacles.

Therefore, the simplest and the most common method for finding the collision-free path for
MAS is to use a negative gradient of the potential function (2.2.10) in order to obtain the force
vector field being able to both repel agents away from the obstacles and to attract the agents
towards the goal configuration. This force vector field, in space containing Ngps has the analytic
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formula:
Nobs Nobs
Fz(Xl) = —VS(XZ) = — Z [m] \Y% Z ’}/g(Xi) - 2Q2(Xz - xwef)in, (2214)
/=1 =1
or
Nobs Nobs
Fi(x;) = —VS(x;) = — [6346_(’”(’(1')_644)2] V2 Z Ye(xi) — 2Qi(xi — Xirer) VX, (2.2.15)
=1 =1
Nobs
where V Y 7p(x;) in (2.2.14) and (2.2.15) was presented in (2.1.9).
/=1

Note that eq. (2.2.14) and (2.2.15) use fractional function (2.2.12) and exponential function
(2.2.13) for repulsive potential, respectively.

Remark 2.2.3. Whenever the combination of active half-spaces does not change, the sum function
remains constant. In turn, this means that the potential field gradient remains constant. In
particular, if the agent enter the interior of the obstacle, there is no gradient to push towards
the boundary.

Ezample 2.2.4 (Potential field). A potential field is established from repulsive potential of two
polytopic regions as described in (2.1.5) and attractive potential (2.2.11).

The two polytopes stand for two fixed obstacles (Nops = 2), given by their convex hull (V-

representation) as:
—4| |=8| |-5
o, o {[ . [.[5]} 2210

o= cone{[9].[1.J2]). o217

They are also rewritten under the equivalent H-reprsentation:

0.1871  —0.0234 —0.9821
O1=¢x; €R?: |-0.0711 0.0711 | x; < | 0.9949
—0.2691 —0.2018 0.9417

0 —-1 0
Oy =<{x;€R?: | 0.0830 0.0332] x; < | 0.9960
—0.1925 0.1925 —0.9623

This allows to construct the sum function as per its definition in (2.1.6)

[ 0.1871 —0.0234] [—0.98217 [ 0.1871 —0.0234 —0.9821
m(x) = | |-0.0711 0.0711 | x; — | 0.9949 | + ||[-0.0711 0.0711 | x; — | 0.9949
| —0.2691 —0.2018] | 0.9417 | | —0.2691 —0.2018 0.9417
0 —1 ] [0 ] [0 —1 0
Y2(x;) = 0.0830 0.0332| x; — | 0.9960 | + || 0.0830 0.0332]| x; — | 0.9960
—0.1925 0.1925] | —0.9623 | | —0.1925 0.1925 —0.9623

From the two sum functions collected, we are able to apply either fractional or exponential
function as in (2.2.12), (2.2.13) for obtaining the repulsive potential. In this example, we use
the formulation (2.2.12) with the coefficient of strength ¢; = 1 and effect range co = 0.1.
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Together with an attraction potential as aforementioned in (2.2.11) at the origin, we have that
the potential field in this case is:

2
S(xi) = > Pu(xi) + E(xi). (2.2.18)
/=1
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(a) Two polytopic regions as in (2.2.16) and(b) Potential field generated by the two polytope in Fig.
(2.2.17). 2.2.4a and attractive potential at origin.

Figure 2.2.4: Potential field description for workspace of MAS.

Ezample 2.2.5 (Collision-free path for MAS). Assume that we have a MAS composed of N, =1
agents which operates in the space defined in Example 2.2.4 with dynamics in a two dimensional
state-space:
0.5755 0.0614 1 0
| —0.6578 1.0245 | " [ 0 1 ] ’

where 7 = 1.

Then, agent’s path results by using the negative gradient for potential field (2.2.18) as in (2.2.14).
In Fig. 2.2.5, the concentric circles whose center is at the origin depict the attractive potential

N _
" v =0bstacle 1

T =Obstacle 2
—Potential field
—Force vector field
IODesired target

20

-20 \

—30 —20 —10 0 10 20 30
i

Figure 2.2.5: Motion planning of agent with different initial points.

projected onto the 2D plane. The force vectors around two obstacles tend to go out to repel
the agents away. Although the potential field-based motion planning for MAS can deal with
the fixed obstacles in convergence towards goal configuration from different initial points, the
agent can still be trapped by local minima where the summation of repulsive force and attractive
force is zero. This main drawback needs to have a relevant solution if we choose the potential
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field approach for motion planning. Also, as in this example, we did not take into account the
saturation of state or control input. These issues are tackled by constrained optimization-based
control through minimizing a given cost over a finite horizon. Details will be presented in the
next section.

2.2.2 Mixed-integer programming

As presented in the previous section, the workspace in which the MAS lies is a non-convex region
due to the avoidance of convex regions describing static, dynamic obstacles and other prohibited
areas where the agent is not able to enter. Besides the potential field approach, MIP techinique
is an alternative method which copes with the challenges of having a non-convex feasible region.

MIP is used to describe avoidance constraints into a mixed-integer form which are further
handled by optimization-based control with the aim is to prevent the collision between MAS
and fixed/moving obstacles. Let us first recall a result of polytope representing the forbidden
region of the obstacle in general.

Let us consider a collection of hyperplanes and, by convention, consider that their “+” half-
spaces define a polytope P (our obstacle). Then, (2.1.4) can be rewritten:

P:ﬂH,;" ={zeR" | agx <bg, k=1,...,np},
k

as the intersection of the half-spaces H, . The complement of P, C(P)%, denotes the feasible
space in which the agent can move unimpeded. Using the property that C(ANB) = C(A)UC(B)
and that C(H,") = H,  we may write:

c(P)=|JH, =|J{z €R"| - arz < b3} . (2.2.19)
k k

It is worth noting that the non-convex feasible region (2.2.19) of MAS is described by a union
of the elementwise of the regions (2.1.3) associated with the & inequality of (2.1.4).

Ezample 2.2.6. For more clarity, go back to Example 2.1.5 for a description of the plotope P
and is complement C(P) in detail, we have:

—0.2691 —0.2018 0.9417
0.1871  —0.0234 —0.9821
_ G 2.
P= OHk = TSR 01156 01445 | TS| 0.0827
—0.1046  0.0262 0.9942
[~0.2691 —0.2018] [0.9417]
e » _ | (01871 —0.0234]| _ |[-0.9821]
C(P) = LkJH YR T oaise 0.1aas) | TS T | [0.9827]
[£0.1046  0.0262] [0.9942]

Fig. 2.2.6 shows clearly the bounded polyhedron (P) where agents are not allowed to enter, and
the feasible region H, where agents operate, is the k" complement of the associated inequality
of prohibited region.

5The complement of bounded convex region P in (2.1.4) is defined by C(P) = cl(F\P) where F was defined
in (2.2.8).
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Figure 2.2.6: Polytope P in Fig. 2.1.2 and its complement C(P).

Imposing MAS to work in the non-convex domain (2.2.8) is infeasible for the optimization-
based control problem. That is the reason why MIP technique is considered as the best solution
to deal with this difficulty. The fundamental idea is to introduce auxiliary binary variables
(z € {0,1}) [Taha, 2011] and M as a sufficiently large positive constant. The mixed-integer,
linear constraints describing the nonconvexity of space concerning i*" agent of MAS:

—apX; < —bp+ Mz, k=1,...,np (2.2.20)
Np
> < -1, (2.2.21)
k=1

where zj, € {0,1}"~.

The constraint (2.2.20) means that if z; = 1, then the right-hand side of (2.2.20) is a large
positive number, i.e., k-th half-space will be relaxed (i.e., ignored). The constraint (2.2.21)
ensures that at least one constraint of (2.2.20) has to activate, i.e., at least one binary variable
of the set (21,...,2py,) is zero.

The auxiliary binary variable is used as “on-off switch” for the appearance of big M value associ-
ated to each inequality constraint in the description of the bounded convex region. However, it is
necessary to choose a reasonable value for scalar M because it can cause conditioning problems
and makes the MIP resolution more complicated.

16}

12¢

)

Figure 2.2.7: Offset of the two half-spaces H, , Hy with M in Fig. 2.2.6.
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Fig. 2.2.7 illustrates polytope P in Fig. 2.2.6 with the offsets of half-space H, and H; with M
assumed to be 1, and zo = 23 = 1 (21 = z4 = 0). Note that, here, we choose M =1 to be able
to observe easily. In the case of M sufficiently large, the 2nd and 3rd inequalities from (2.2.20)
will be far away from the region in which the obstacle lies.

A collision-free path can be found by minimizing a quadratic objective function whose vari-
ables must satisfy the state-space representation of the multi-agent dynamical systems subject
to mixed-integer constraints. As aforementioned, to deal with constrained optimization-based
control problem in continuous-time is not trivial due to the numerical issues. Consequently,
it will be approximated by the discrete-time optimization problem and presented in the next
section.

2.2.3 (Non-)linear model predictive control

Model Predictive Control (MPC) is an outstanding method for solving constrained optimization
problems. One possible classification (depending on the purpose considered, other classifications
may be made) is into: (i) economic MPC, which uses a “profit”-related objective function
for managing the portfolio of energy usage in residential and industrial projects [Chen et al.,
2013, Dombrovskii and Obyedko, 2015]; (ii) tracking MPC, which penalizes the error between
actual and reference profiles such as state, input and output variables [Magni et al., 2001, Limén
et al., 2008]. However, in this dissertation, we only focus on tracking MPC as it is the standard
construction for the motion planning of multi-agent dynamical systems. Unlike linear MPC
which only considers linear constraints and linear or quadratic costs, nonlinear MPC deals
with nonlinear dynamical models and (non-)quadratic cost function as well as general nonlinear
constraints on the states and inputs.

In one interpretation, MPC can be understood as a particular type of on-line optimization-based
control where a finite-horizon optimal control problem is solved at each sampling instant. Due
to the fact that the states of the prediction system are updated continuously at each sampling
period, a new optimization problem will emerge and be solved at each sampling interval. It is
worth noting that MPC always works with the nominal model (2.2.1) of MAS, i.e., the unknown
disturbance components, model uncertainty, or measurement errors are not taken into account
(although there are MPC variants which are robust against disturbances, e.g., stochastic or min-
max MPC [Findeisen et al., 2007, Allgéwer and Zheng, 2012]). In order to implement practically
MPC for a real-time control framework, one needs to pay attention to some of the following
issues:

e Discretize the nominal model (2.2.1) with given initial conditions to be handled by numer-
ical integration method”.

e Replace continuous variables of objective, constraints function with discrete variables.

e A finite-dimensional optimization problem is defined by a finite number of decision vari-
ables that can be solved using numerical optimization.

In order to discretize the optimal control problem directly, the direct multiple shooting [Bock
and Plitt, 1984, Leineweber et al., 2003] is preferred to direct single shooting [Hicks and Ray,
1971, Kraft, 1985] since the constraint objective function evaluation is much simpler and as a

"This is the approximate computation of an integral using numerical techniques.
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result of structural properties of the equations has numerical advantages which can be further
exploited [Johansen, 2011].

Therefore, applying the direct multiple shooting technique to partition a finite time horizon [t, t+
Tp] into N, subintervals [tg, tx+1], and ¢4 is determinded by tp41 =ty +Te, k=0,..., N, — 1,
where T, = T),/N), is the time step and T}, gives the length of the prediction horizon. Then, we
solve first a finite horizon open-loop OCP (Optimal Control Problem) (as presented in Problem
2.2.1) at discrete sampling instants ¢, based on the information of the current state measurement
x;(tx). The open-loop input signal applied between the sampling instants is given by the solution
of OCP:

Problem 2.2.7 (Tracking MPC).

min Ji(xi(te), () (2.2.22a)
subject to

(1) = fi(@i(7), (7)), Ti(ty) = @i(tr), (2.2.22b)

(1) € Xis (1) € Uy, VT € [ty ty + T, (2.2.22¢)

Ri(tk +Tp) € &, (2.2.22d)

where X;(7),0;(7) are the predicted states and inputs while u;(.) represents the predicted input
trajectory along the prediction horizon Tj,. The bar symbol is employed for distinguishing
predicted states which are internal to the controller, i.e., X;(7) is the solution of (2.2.22b) at
time 7 € [ty,ty + T),] based on the initial condition x;(t) by application of the input @(-):
[tk,tx + Tp] — U;. It is worth mentioning that the predicted states will not be equal to the
actual closed-loop values if the system is under the presence of disturbances, model uncertainty,
or measurement errors. The cost functional J;(-) minimized over the prediction horizon 7, is
basically presented as follows:

tk—f—Tp
Ji(Xi(tk), ﬁz()) = Ei(ii(tk + Tp)) + / [ﬁi(ii(T), ﬁZ(T))] dr, (2223)
ti
where the stage cost £;(-): X;xU; — R>g, terminal cost F;(-): X; — R>p and f(-) are assumed to

be continuous; for all t > tg, £;(0,0) = 0, E;(0) = 0 and f;(0,0) = 0. Note that there exist class K
functions® a1 (+), az(+) such that stage cost oy ([|x; ) < Li(xs, w;) < ao(||x:]), V(xs, w;) € X; x U

The terminal cost F;(-) and terminal constraint (2.2.22d) are time-invariant and are used to
enforce nominal stability [Chen and Allgower, 1998]. They might or might not be available.

Due to the fact that we take only tracking MPC into account, the stage cost penalizes the
errors between the actual and reference profiles. A quadratic form for £;(-) is commonly used
as follows:

Li(xi(7), w5(7)) = [%i(7) = Xirer ()G, + 18:(T) R, (2.2.24)

and the terminal cost is defined as:

E&i(te + 1)) = |Ri(t + Tp) — Xieslp, (2.2.25)

8 A continuous function « : [0,00) — [0,00) is a class KC function, if it is strictly increasing and a(0) = 0.
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where Q;, R; and P; are (semi)-positive definite weighting matrices of appropriate dimensions.

It is worth noting that the control input variations and its bounds can also be penalized in the
cost, i.e., formulation (2.2.24) may be rewritten as follows:

Li(xi,w;) = [|Ri(1) = Xipe s (TG, + [10(7) [ AR, (2.2.26)
where AR,; is (semi)-positive definite weighting matrix of appropriate dimensions.

Employing the control input variations is useful as it penalizes variations and lead thus to a
smoother state.

In order to predict precisely the behavior of the individual agent, its full state information has to
be either measured or estimated, and then the state measurement enters the dynamical system
of each agent through the initial condition (2.2.22b).

Hence, the solution of Problem 2.2.7 at sampling time t; yields the optimal open-loop control
signal ] (7;x;(tx)), computed over 7 € [ty,t; + T},] for a measured state x;(tx). Then, this
control input is applied to the system until the next sampling instant x4 1:

wi(Tite) = W5 (75%(t)), T € [ty trgr)- (2.2.27)

This process is repeated at the next sampling instant ¢; for solving a new finite horizon optimal
control problem. The control input u(7;x;(t;)) represents the feedback since it is recalculated
at each sampling instant using new state information.

Consequently, optimal motion planning for multi-agent dynamical systems is the result of apply-
ing MPC to deal with obstacles. The particular implementation can be done either through the
potential field implementation (in Section 2.2.1) or via mixed-integer programming (in Section
2.2.2).

Problem 2.2.8 (Potential field-based tracking MPC). As defined in (2.2.10), potential field is
a combination of repulsive potential and attractive potential functions, in which the repulsive
potential (2.2.12) constructed from polytopic region (2.1.4) has a high value in the interior and a
low value sufficiently far away from the obstacle, converges to the attractive potential, describing
the goal configuration at a global energy minimum presented by quadratic function (2.2.11).
Finite prediction horizon strategies reformulate the potential field approach as in Problem 2.2.7
in order to obtain the collision-free path of the MAS through minimizing a given cost per stage
Li(+) (2.2.24) which is redefined over a finite prediction horizon as follows:

L7 (x5 w;) = S(%i(7)) + [0 (7) |17,
Nobs

= 3 BuKi(0) + [1%0(T) — irer Ol + WD, (22.28)
/=1

where ®/(+) is the repulsive potential defined in (2.2.12). Note that the second term in (2.2.28)
is the attractive potential showing the lowest value at the desired target of the potential field as
can be seen in Fig. 2.2.4b of Example 2.2.4.

Therefore, the collision avoidance constraints are considered as weakened constraints, or so-
called implicit (or soft) constraints by imposing a repulsive potential field constructed from the
convex sets appearing in the problem. Since the cost per stage LZP F(.) must be minimized such
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that its value would be the smallest, the high value regions are inside like the repulsive potentials
have to be penalized. Therefore, feasible paths for the MAS are generated which do not collide
with the obstacles. CASADI framework [Andersson et al., 2019] with solver IPOPT [Wichter
and Biegler, 2006] and ACADO toolkit [Houska et al., 2011] with solver gpOASES [Ferreau
et al., 2014] can deal with the non-convex problem of nonlinear programming and will be used
hereafter.

Mixed integer nonlinear programming (MINLP) is not easy to implement since it combines
the nonlinearity of the dynamics/constraints with the use of binary variables [Jeroslow, 1973].
Hence, in this manuscript, we simplify the problem by considering a relaxed MILP (Mixed
integer linear programming) formulation (i.e., MIP formulation). We will employ the CPLEX
solver through the Yalmip toolbox [Lofberg, 2004] to deal with the MILP formulation in the
MPC scheme.

Problem 2.2.9 (Mixed integer programming-based tracking MPC). Assuming that MAS oper-
ates in a workspace F, comprising a set of bounded convex regions representing static obstacles
as (2.2.8), at every sampling instant, ty, the predicted position state of MAS has to lie in the
exterior of prohibited regions through the constraints expressed in MILP form in (2.2.20) and
(2.2.21). As a consequence, this approach is similar with Problem 2.2.7 with the MILP con-
straints as presented in (2.2.20) and (2.2.21) are taken into account.

As a consequence, to deal with the non-convex problem of motion planning for MAS based on
tracking optimization-based control, we presented two main approaches which handle the non-
convex constraints in two ways, implicit (i,e., soft) constraints penalized through a potential
field formulation as in Problem 2.2.8 and explicit (i.e., hard) constraints under MILP form as
in Problem 2.2.9. Of course, each approach has its own advantages and disadvantages which
have to be considered before a decision. In Section 2.4 comparisons as well as evaluations will
be carried out to validate the selection done in this manuscript (i.e., the preference towards
potential field methods).

2.3 Control barrier function-based constraints description

Besides the approaches mentioned earlier, collision avoidance constraints may also be imple-
mented through a barrier certificate, i.e., control barrier function (CBF). CBF was proposed
recently to certify forward invariance of a set using barrier function regardless of the details
of the reachable set computation [Wieland and Allgower, 2007]. Therefore, this approach has
been investigated and applied for a variety of domains, e.g., [Ames et al., 2014] presents the
combination of CBF and control Lyapunov functions in the context of a quadratic program for
adaptive cruise control and lane keeping control, whereas [Wang et al., 2017a] considers collision
avoidance of multi-mobile robot systems. The fundamental idea is to define a set of safe states
and then use the CBF to formally guarantee that if the system starts in the safe set, it still stays
in the safe set, this property is the so-called forward invariance of the set.

2.3.1 Control barrier function

We start by introducing the notion of safe set. We first take dynamical systems of the it" agent
as in (2.2.1) into account, the objective is to find conditions such that the states of this system
always lie in a defined safe set C € R", i.e., the set in which the agent’s states should stay, and a
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controller is then generated which ensures the invariance property of the set C, i.e., if x;(0) € C,
then x;(t) € C,Vt > 0. Let us define the set C as follows:

C={x; € R": h(x;) > 0}, (2.3.1a)
0C = {x; € R" : h(x;) = 0}, (2.3.1b)
Int(C) = {x; € R" : h(x;) > 0}, (2.3.1c)

where a smooth function h(-) : R™ — R is a continuously differentiable function, 0C defines the
boundary of set C and Int(C) stands for the strict interior of the set C.

From the safe set C is defined in (2.3.1), the invariance of C can be established by using a barrier
function B : C — R (see [Prajna et al., 2007]). Motivated from the barrier function in numerical
optimization in [Boyd and Vandenberghe, 2004], the barrier function can be defined in the form
of the logarithmic barrier function:

B(x;) = —log (J(h’zx))) : (2.3.2)

Alternatively, it may take the form of the inverse barrier function:

1
B(x;) = . 2.3.
) = 75 (233)
Both forms of barrier function, B(x;), must satisfy the following properties:
inf B(x;) >0, lim B(x;) = 00. (2.3.4)

x;€Int(C) x;—0C

Ezample 2.3.1. Consider the bounded constraint, —1 < x < 2, one is able to obtain the safe set
C (2.3.1) with hi(z) = x+1 > 0 and ha(z) = 2 —x > 0, B(x) = Bi(z) + Ba(z), where the
barrier function candidate is in the form of the inverse barrier function (2.3.3), satisfying the
properties (2.3.4) as can be seen in Fig 2.3.1.

(@

B(z) =

2” L
10

“T 08 06 04 02 0 0.2 0.1 06 08 1 12 14 16 5]
x

Figure 2.3.1: Barrier function for —1 <z < 2.

The authors in [Prajna et al., 2007], [Tee et al., 2009] have presented the condition B(x;) < 0 to
ensure that Int(C) is forward invariant, however, this is excessively harsh due to the fact that
it requires all sublevel sets of C to be also invariant, particularly, it will not permit a solution
to leave a sublevel set even if it still remains in Int(C). As a consequence, [Ames et al., 2014]
proposed an enhancement by proposing the following relaxation:

(2.3.5)
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with £ > 0 and B(-) considered as a barrier function candidate from (2.3.2) or (2.3.3). The
constraint (2.3.5) allows for B(-) to increase rapidly when x; is far away from the boundary, and
approaches zero as x; approaches the boundary of C, 9C, defined as in (2.3.1b).

For condition (2.3.5) to be feasible, the states of (2.2.1) have to be guaranteed to stay in Int(C).
We can verify this through differentiating the logarithmic barrier function (2.3.2) along solutions
of (2.2.1):

B(x;)) = ——h(x;) = ————%—, 2.3.6
(%) h(xi) (%) h) + h2(a) (2.3.6)
Hence, the condition (2.3.5) implies that A(-) is bounded by:
. h(x;) + h%(x;
h@»ZW(X%LfX» (2.3.7)
log (l-i—h(xq;))
Using the Comparison Lemma [Khalil and Grizzle, 2002] gives
1
h(x;(t,xi0)) > (2.3.8)

—1++mp<vévﬁ+bg(hﬁigd>>

With the the inverse barrier function (2.3.3), we are also able to differentiate along solutions of
(2.2.1):

: OB(xi) ; h(xi)
B i) = — i) = 2.3.
Applying (2.3.5) means that /(-) is bounded by:
. h2(x;
h@ﬁz”zf). (2.3.10)
(77)
The Comparison Lemma [Khalil and Grizzle, 2002] leads to
1
h(xi(t,xi0)) > —F——m—. (2.3.11)

29t + TRIee (;io)

Consequently, (2.3.8) and (2.3.11) show that, if h(xi) > 0, i.e., zj0 € Int(C), then checking
constraint (2.3.5) ensures that h(x;(t,xip)) > 0, V¢t > 0, which means that x;(¢,x;0) € Int(C),
vt > 0.

Definition 2.3.2 (Control Barrier function [Ames et al., 2014]). For the model system as in
(2.2.1), let C C R™ be defined by (2.3.1) for a continuously differentiable function h : R™ — R,
then a function B : C — R is a control barrier function (CBF) if if there exist class K functions,
a1, ag, and k > 0 such that,

1 1
(i) = P& < ) (2.3.120)
B@”_B&gga (2.3.12b)

Remark 2.3.3. The bound of B(-) in (2.3.12a) signifies that along with solutions of (2.2.1), B(-)

basically acts like m for some class K function a with

1 1
nf ) lim  —— = 00, 2.3.1
wehite) alh() ~ " xe alh(x)) (2313)
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Remark 2.3.4. (2.3.12a) and (2.3.12b) ensure that if u;(x;) € {ui elU;: B(x;) — Boay < 0}7

then the system (2.2.1) renders the set C forward invariant.

It is worth noting that the CBF, as presented, only works in the case when h(-) has relative
degree 4 = 1 as conclusion of [Borrmann et al., 2015].

2.3.2 Potential field for anti-collision constrains using the control barrier
function

This subsection presents the method for constructing the control barrier function constraint (in
the case h(-) has a relative degree gy = 1 (i.e., a pairwise safety constraint between two agents
can obtain from the first derivative of A(-))) in order to prevent collision among the agents while
operating. A safe set Cj;(-) is defined over the state space of the MAS, which yields control
barrier functions which are subsequently used to guarantee that the agents still stay in this set
for all time.

We particularize the generic dynamical system defined in (2.2.1) by assuming the case of double-

integrator dynamics where the state of the i** agent is defined by position, p; = [ X Vi ]T €

R?, and velocity, v; = [ Vi Vyi ]T € R?, and the control input, u; = [ Uy Uy ]T € R?,

defined by the acceleration.

Assuming any two agents ¢ and j, their relative position and relative velocity are given by
Ap;j = p; —p; and Av;; = v; —v;. As also stated in [Borrmann et al., 2015], we are interested
only in the relative velocity between the agents denoted as:

T
Apij
[Apy]|
that causes collision. Consequently, Av can be controlled to avoid imminent collisions if the

maximum relative braking force is applied. Any two agents could always keep a safety distance
D; due to the following pairwise safety constraint:

Av = [|Apy| = Avij, (2.3.14)

IApgl - —2 > b, Vi (23.15)
pZ . J— = s Z 5 J.
! cijAama:L’ ° J
which can be rewritten as:
Ap}; L
- Avij < CijAama:Jc(Hpin — Dy), Vi # j, (2.3.16)
APl

where A@mar = 20mqz is the maximum relative braking acceleration and ¢;; > 0 is the col-
lision avoidance coefficient, which scales the maximum relative braking acceleration. Note
that the constraint (2.3.16) is activated when the two agents are moving closer towards each

ApT . . .
other (ﬁAvij < 0) and inactivated when the two agents are moving away from each other

(g

Tap AV 2 0).

We can now define the pairwise safe set C;; as:

C@'j = {(pi,Vi) S R4‘hij(Apij, Avij) > 0}, Vi 75 j, (2.3.17)
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where h;; is derived from (2.3.16):

Apg;-
hiy = Tx ol AV /i Adma ([ Apij | — D). (2.3.18)
| Apy |
Taking into account (2.3.17) and (2.3.18), the inverse control barrier function®, B;;(Apij, Avi;),
which satisfies the pairwise safety constraint (2.3.16) is constructed as follows!©:

1
hij(Apij, Avij)
Furthermore, by combining the condition (2.3.5) to ensure that Int(C;;) is forward invariant,
(2.3.18) and (2.3.19), a linear constraint on the control variable u;; can be formulated:

Bij(Apij, Avij) = , Vi g (2.3.19)

Cij Aam(m AVZ; Apij

(AVZT'APi')2
—ApjAu; — F-hil| Ayl + Ak e

Ao — Avil?* -

<0, Vi # .
> e Bamaa(Bp Dy = O V7
(2.3.20)

(2.3.20) is the CBF constraint for guaranteeing collision avoidance for each pair of agents in MAS
and it will be employed as an explicit constraint in the potential field-based MPC (Problem 2.2.8)
or MIP-based MPC (Problem 2.2.9).

2.4 Simulation results for collision avoidance using repulsive po-
tentials

This section first presents some comparison'! of the two approaches, PF and MIP-based opti-
mization control for motion planning of MAS. The approaches discussed here are paramount
for the rest of the manuscript and will be used and enhanced throughout it. Lastly, potential
field-based NMPC is combined with CBF to ensure collision and obstacle avoidance.

Consider a multi-agent system with double-integrator dynamics, with N, agents

V; Vi
where
0 0 1 0 0 0
0 0 0 1 0 0
A, = _ , B; = , 2.4.2
@ 1
00 0 - m

denote the simplified dynamics of unmanned surface vessels, as used in [Prodan, 2012], where
p; = [zi yi] T € R?, vi = [vg, vs,]" € R? and u; = [uy, uy,]" € R? stand for positions, velocities
and and control inputs u,, ug, represents accelerations. The parameters of (; = 3, m = 60 are

the damping factor and the mass'2.

9The choice of the inverse control barrier function is not restrictive, one may use other types of control barriers,
for example a logarithmic control barrier function as defined in (2.3.2).

10Note that for any initial distance between two agents i and j, i.e., |[Api;|| < Ds, i # j, hij can not be defined,
leading to B;; being undefined. As a consequence, the initial distance between any two agents must be greater
than Ds.

" Note that both methods are verified with the same scenario.

121t is worth noting that the real dynamical model of the vessel is trivially underactuated, which comes from a
lower number of actuators than outputs to be steered. In this chapter, we use only simplified linear dynamics to
facilitate illustrating the problems being presented. In future chapters, a realistic ship model will be applied.
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2.4.1 Potential field and Mixed-integer programming approach

To demonstrate the effectiveness of this approach, a comparison of MIP and PF is implemented in
Matlab 2015a on a computer with the following configuration: Intel Core i7-4790CPU, 3.60GHz,
8GB RAM.

This comparison is based on three criteria: i) capability of ensuring obstacle avoidance; ii)
feasibility (i.e., returning a solution for each step of the simulation) and iii) execution time.

It is worth noting that in this subsection, we only concentrate on the obstacle avoidance issue
when applying the potential field and MIP approaches.

Scenario 1: one static obstacle

Consider one agent (i.e., N, = 1) in two spatial dimensions described by the dynamics in
(2.4.1), operating in workspace F € R? in the presence of only one obstacle defined as in
(2.1.4). Making use of the polytopic region as described in Example 2.1.5 accounts for the
fixed obstacle. We assume that the agent starts from initial point [—18, —18] to a destination
target pr.f = [—6, 6]T which is the interior of the obstacle. The working space is a box
constraint {p;, € R?| — 100 < p, < 100} and the control input’s constraint for the agent is
{u; € R?| —20 < u; < 20}.

e Concerning the potential field-based MPC, we first obtain the sum function (2.1.6) from a
given polytopic region representing the static obstacle. Then, repulsive potential function
in favor of one obstacle is derived from (2.2.12) with the parameter of strength ¢; = 0.5 and
effect range co = 0.01, one can also derive the attractive potential function as presented
in (2.2.11) with desired destination of agent, p,.¢. Finally, we solve Problem 2.2.8 to
accomplish the collision-free path for agent.

e With regard to MIP optimization-based control approach, the non-convex working space is
described as in Example 2.2.6. Then, the mixed integer linear constraint is constructed as
in (2.2.20) and (2.2.21):

~0.2691 —0.2018 0.9417 2
0.1871  —0.0234 ~0.9821 2
<
01156 01445 | P1= 7| 00s27r | T ||
~0.1046  0.0262 0.9942 2

21+ 29+ 23+ 24 < 3,

where M is chosen sufficiently large, 104 and (21, ...,24) € {0, 1}
With all these elements in place, we solve Problem 2.2.9 to obtain the obstacle-avoiding
path for the agent.

The prediction horizon for both approaches are T, = 10s, time step T, = 1s and the weighting
matrices of both methods are chosen similarly:

1010 1010
01 0 1 01 0 1 1 0
. =0.1 P, =0.5 ,AR; = 0.1 .
Qi 0010 ! 0010 ! [01]
000 1 000 1
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Fig. 2.4.1 illustrates the actual motion of the agent through both approaches. None of the
trajectories is able to reach the desired target (which is unreachable since it lies inside the
obstacle). However, the MIP implementation leads to positions which are closer to the target
point than the APF approach. They thus stay on the hyperplane of the fixed obstacle (the
red one). This is to be expected: the potential field grows in the vicinity of the obstacle (as
governed by the effect range parameter), and the agent’s trajectory naturally avoids the ”hill”
regions of the field. From a practical point of view, the behavior exhibited by the APF methods
is more than acceptable: the trajectory gets close to the obstacle but is still sufficiently far away
to avoid an accidental collision. In particular, if the trajectory would reach the boundary, the
APF would have failed since inside the obstacle the field has a constant value and, thus, the
trajectory could travel inside without any additional penalty.

The control inputs of the two approaches are also depicted in Fig. 2.4.2, It becomes evident
that the potential field method shows less oscillation and more smoothness than the MIP-based
method in the control input.

4 T
10 -

—— Total potential field
3 Static obstacle

x  Desired point

e PF-based MPC

e MIP-based MPC

—20 ] | \ \ \ ]
—25 —20 —15 —10 -5 0 5)

X[m]

—10

Figure 2.4.1: Motion planning of agent with PF-based MPC and MIP-based MPC.
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Figure 2.4.2: Comparison of control inputs of agent with PF-based MPC and MIP-based MPC.

Scenario 2: two static obstacles
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Table 2.4.1: Performance criteria for the motion planning of agent implemented by two ap-
proaches in Scenario 1.

H ‘ Potential field approach | MIP approach

Prediction horizon [s] 10 10
Sampling time, T, [s] 1 1
Simulation number 80 80
CPU time [s] 20.43 20.39
Length of trajectory [m] 25.9 27.2
Feasibility v v
Obstacle avoidance v v

Consider the Example 2.2.5 again, and let the position component of the agent (2.4.1) in the
working space F € R? be constrained by the two triangular obstacles, illustrated in Fig. 2.2.4a.
We assume various initial points (50 different initial points) and a common destination target
(at coordinates py.y = [0, 16]"). We take the initial points as close as possible to the obstacles
in order to verify the effectiveness of the obstacle avoidance schemes.

e Potential field optimization-based control approach: we first obtain the sum function (2.1.6)
from a given polytopic region representing the static obstacle defined by (2.1.4). Then,
repulsive potential function for each obstacle is derived from (2.2.12) with the parameters of
strength ¢11 = ¢12 = 100 and effect range co1 = coo = 0.5, the attractive potential function
is taken into account by (2.2.11) with desired the destination p,¢¢. Finally, solving Problem
2.2.8 for obtaining the collision-free path for agent.

T
—=Obstacle 1
18 =Obstacle 2
O Initial points
X Desired point

14

10

Figure 2.4.3: Agent trajectories generated by potential field-based MPC.

Similar to Scenario 1 with PF-based MPC, Scenario 2 shows an outstanding result where
50 trajectories avoid the two obstacles; even when the initial points stay very close to the
obstacle, as can be seen in Fig. 2.4.3.

e MPC with MIP-based obstacle avoidance: the non-convex workspace of the agent, F € R?
in the presence of two triangular obstacles described as in Fig. 2.2.4a. Then, the mixed
integer linear constraints for two static obstacles are constructed as in (2.2.20) and (2.2.21).
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For the 1%¢ static obstacle (the green one):

0.1871  —0.0234 —0.9821 21
—|=0.0711  0.0711 | p; < — | 0.9949 | + M |z,
—0.2691 —0.2018 0.9417 23

z%+z§+z§§2.

For the 2" static obstacle (the red one):

0 —1.0000 0 22
— 1 0.0830  0.0332 | p; < — | 0.9960 | +M |z5],
—0.1925 0.19258 —0.9623 23

2425+ 25 <2

where M for both fixed obstacles is chosen sufficiently large, 10, and z,i, z,% (k=1,2,3)
are the auxiliary binary variables representing the 15 and 2"¢ obstacle.

Ultimately, solving Problem 2.2.9 with these explicit constraints leads to the agent’s path.
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Figure 2.4.4: Agent trajectories generated by MIP-based MPC.

The results of this method are not as good as the potential field approach. Although the
execution time of two methods is approximately equal, almost all the trajectories generated
via mixed-integer representation are not able to avoid the fixed obstacles at the corners as
can be observed in Fig. 2.4.4. The ratio of success of collision-free trajectories generated

is 28%.
The obstacle avoidance of MIP optimization-based control approach can be enhanced by
decreasing the sampling time 7, = 0.1. However, this leads to a remarkable increase

of simulation number (for reaching the target point) and computation time of solver (3
times as opposed to potential field method). Moreover, trajectories exhibit a chaotic
behavior while converging towards the desired point (the red one). In particular, there
are six unfeasible trajectories (the black ones) (12%) due to the sudden termination of
the branching (MIP technique based on a branch-and-bound algorithm). It is the main
shortcoming of this technique, which was mentioned at the beginning of this Chapter and
in Chapter 1. These illustrations are depicted in Fig. 2.4.5.
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Figure 2.4.5: Agent trajectories generated by MIP-based MPC.

Table 2.4.2: Performance criteria for the motion planning of agent implemented by two ap-
proaches in Scenario 2.

50 various initial points PF approach | MIP approach | MIP approach
(Fig. 2.4.3) (Fig. 2.4.4) (Fig. 2.4.5)
Prediction horizon [s] 20 20 20
Sampling time, T, [s] 1 1 0.1
Simulation number 100 100 250
Average CPU time [s] 25.43 25.45 75.42
Feasibility 100% 100% 88%
Obstacle avoidance 100% 28% 100%

Performance criteria for the motion planning of agent of both approaches are compared as
presented in detail in the Table 2.4.2.

The comparisons between the two approaches, MIP-based MPC, and potential field-based MPC
show us the better result of the latter one in connection with the feasibility, ability of collision
avoidance as well as the computation time. As a result, the potential field optimization-based
control approach is taken into account as the primary method for motion planning of the multi-
agent dynamical systems. Note that, at a first glance MIP is the more tempting approach: the
resulting mixed-integer model is "nicer” as it appears to be pseudo-linear in its constraints and,
writing explicitly the constraints give the impression that the problem is well-behaved. Still, the
numerical issues which afflict MIP formulations lead to results which are often inferior to other
approaches (as proved to be the case here, when compared with the APF method).

2.4.2 Potential field-based MPC approach using the control barrier con-
straint

Since the capability of obstacle avoidance and the feasibility of motion planning for MAS with
the PF approach are better and more realistic than the MIP-based MPC, the PF approach is
combined with CBF to ensure the collision-free path for MAS in the operating space.
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Consider two agents (i.e., N, = 2) described by the dynamics in (2.4.1), which move in opposite
directions in a workspace F € R? in the presence of two triangular obstacles as illustrated in
Fig. 2.2.4a. We consider two agents in a decentralized control framework (i.e., each agent owns
a cost function as presented in Problem 2.2.8. An explicit CBF constraint is established as
in (2.3.20) and taken into account by Problem 2.2.8 (potential field-based tracking MPC) for
ensuring a safe distance between the two agents. The weighting matrices of each cost function,
the prediction horizon T}, and sampling time 7, are aforementioned at the beginning of this
section, the parameter k as in (2.3.5) is chosen equal to 1, and the collision avoidance coefficient
c12 = cg1 = L.

28

[JAgent 1 - without CBF
OAgent 2 - without CBF
AAgent 1 - with CBF
v Agent 2 - with CBF
Initial point of agent 1
Initial point of agent 2

22

—16 —12 16 20

Figure 2.4.6: Motion planning of two agents generated by the PF approach with and without
CBF.

Due to the scenario’s nature, the two agents (the violet and black one, account for agent 1 and
2 in case of without using CBF) collided (they met midway) as illustrated in Fig. 2.4.6 and Fig.
2.4.7. In the presence of explicit CBF constraint, the safety distance Ds = 5[m] between them
is ensured as we are also able to observe their trajectories in Fig. 2.4.6 (the blue and the red
colors represent agent 1 and 2 in case of using CBF). As a consequence, MAS can implement
both obstacle and collision avoidance with the combined algorithm (PF with the additional
control barrier function constraint). The control input of the two agents in this scenario is also
illustrated in Fig. 2.4.8.

= |lp1 — p2||2 without CBF
p| — pall2 with CBF
- Shety ‘Bstance

Figure 2.4.7: Relative distance of two agents generated by the PF approach with and without
CBF.
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Figure 2.4.8: CBF constraint (2.3.17) of two agents generated by the PF approach with CBF.
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Figure 2.4.9: Control barrier constraints of two agents.

Note that the explicit CBF constraint (2.3.20) for the two agents which are based on the Eu-
clidean distance is fully verified in Fig. 2.4.9. In other words, CBF constraint guarantees that
all the states of the agents start in the pairwise safe set C;; (2.3.17), and still stay in the safe set
Cij, i.e., the property of forward invariance is guaranteed.

2.5 Conclusions

In this chapter, we first recalled the polyhedral set notion, which is used to describe the prohib-
ited regions representing the static obstacles where MAS are not allowed to enter. In another in-
terpretation, the workspace in which MAS operates is non-convex (the complement of a union of
convex regions). Next, optimization-based control techniques, in particular, (non-)linear model
predictive control, were presented for dealing with these constraints. We detail two approaches,
each of them treating the obstacle avoidance constraint implementation in a different manner.
First, the potential field method considers an implicit description (where the constraint-induced
potential is penalized in the cost). Second, the mixed-integer programming method considers
an explicit description (where the constraints are modeled with the help of binary variables
and integrated into a MIP optimization problem). Finally, simulations are carried for a double-
integrator dynamic to show the benefits of using the PF-based MPC approach and justify its
subsequent use throughout the manuscript.
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In addition, barrier certificates (i.e., control barrier functions) were also presented and taken into
account as the explicit constraints which aim at ensuring no collision among agents in the context
of potential field-based MPC. Although this combined algorithm has shown its effectiveness in
generating the collision-free path for MAS in the variable environment, it also gives out some
issues which have to be further investigated.

First, the admissible control space permitted by the safety barrier certificates is reduced. As
can be seen in Fig. 2.4.9, it is challenging to perform the desired control actions of the nominal
controller. Consequently, if there is an increase in the number of agents, we may arrive at a
deadlock in some particular configurations. Second, the approach, as presented, only applies for
the 1%¢ order relative degree of the smooth function h(-). As a result, it is difficult to find out a
safe set for ensuring forward invariance in the case of the complex dynamical system of MAS,
e.g., have nonlinearities in their dynamics. Although exponential control barrier functions as
presented in [Nguyen and Sreenath, 2016, Ames et al., 2017] can deal with the higher relative
degrees, CBF approach considers the agent pointwise, which is far from the conditions encoun-
tered in practical applications. Finally, using the PF approach means that we have to study
and overcome local minima problems, into which the agents may be trapped when having many
repulsive potential fields.

Considering these issues, the future work will first ignore the CBF approach as was aforemen-
tioned for collision avoidance. This is acceptable from a practical point of view because each
agent has its own specific shape. Second, we will investigate and propose an enhanced method
to deal with the local minima. Whether the agents are trapped into the local minima, and if so,
the question is posed how to deal with local minima for motion planning of MAS in potential
field-based MPC' approach? For answering this question, Chapter 3 will provide an algorithm to
deal with this issue.
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Chapter 3

Potential-field constructions for
motion planning with collision
avoldance

As presented in Chapter 2, particularly in the implementation of the tracking MPC scheme,
the total potential field (additively composed from repulsive, accounting for forbidden region
avoidance, and attractive, accounting for goal convergence, potential fields) has been used as a
penalty term in the cost. This generic potential field-based MPC construction can be applied in
a wide range of applications, each of them with its own particularities. Hence, in this chapter,
we concentrate on the safe navigation for MAS in a maritime field. This is a challenging research
topic with many open problems. We consider thus, that proving the potential field approach in
this application, will convincingly validate the approach and show its versatility for applications
in other areas.

In recent years, there has been increasing interest in path planning for marine vehicles in both
military and civilian applications with the dual aim of attenuating accidents at sea and of
increasing efficiency. In particular, for Unmanned Surface Vehicles (USVs), it is essential to
generate collision-free paths with respect to both fixed obstacles (e.g., islands, shorelines or
other ships at anchor) and moving obstacles (e.g., other ships while under operation). Not in
the least, the collision avoidance actions for both manned and unmanned surface vessels must
respect the rules which have been given by the Convention on the International Regulations for
Preventing Collisions at Sea (COLREGS) [Commandant, 1999].

For MAS motion planning in a coastal environment, we may classify some fundamental methods
which cope with the collision avoidance problem with static/dynamic obstacles:

i) Ewvolutionary algorithms which exploit their population-based search nature to yield near-
optimal solutions through successive iterations. Particle Swarm Optimization and Genetic algo-
rithm are two well-known algorithms that are generally used to solve motion planning for USV
at sea such as in [Aghababa et al., 2012], [Hu et al., 2017], [Arzamendia et al., 2019] and [Xiong
et al., 2019];

ii) Roadmap-based methods are employed to diminish the N-dimensional configuration workspace
to a set of one-dimensional paths, which are then enumerated to determine the shortest path
for USV, as presented in [Wu et al., 2013], [Niu et al., 2019];

iii) Randomized sampling algorithms where the two typical approaches are Probabilistic Roadmaps
(PRM) and Rapidly-exploring Randomized Trees (RRT). Their fundamental ideas are based on
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taking randomly sampled states to search a collision-free path between a priori given two states
(i.e., starting and final point) [Larson et al., 2007], [Cui et al., 2015] and [Chiang and Tapia,
2018];

iv) Constrained optimization-based control which is often implemented as (non-)linear model
predictive control has been applied to USV in the problem of path following [Oh and Sun,
2010, Liu et al., 2015, McNinch et al., 2008] whereas collision avoidance in a simple external
operating space has been considered by [Johansen et al., 2016, Breivik et al., 2017, Sun et al.,
2018a].

From a control point of view, to handle the constraints describing obstacle and collision avoid-
ance, as presented in Chapter 2, two approaches were presented: explicit (mixed-integer based)
and implicit (potential-field based). Usually, the explicit methods reduce to the use of a MIP
implementation where the constraints are explicitly taken into account but at the cost of high
computation times since it typically demands searching through a large binary tree. Hence, the
problem is NP-hard, which means that, quite probably, the result of the optimization will either
be infeasible or mired into numerical issues. In addition, using the nonlinear vehicle dynamics
leads to nonlinear mixed-integer nonlinear optimization programs which are substantially more
challenging than standard MIP implementations [Abichandani et al., 2015, Ragi and Mittel-
mann, 2017, Cafieri and Rey, 2017]. The implicit methods usually reduce to the use of various
types of potential field-based constructions (presented in detail in Chapter 2). Ideally, a perfect
potential function may lead the USVs along globally optimal collision-free paths. Nonetheless,
an inadequate potential function may cause the agent to get into local minima. This happens,
e.g., whenever the agent reaches a null-potential field location where the various potential com-
ponents cancel each other. If this location is attractive (the gradient of the potential field points
towards it on a non-empty neighborhood) it means that the agent oscillates around it indefinitely
(i.e., it enters a limit cycle).

Much of the literature has, in recent years, concentrated on enhancements to the classical APF
method: this is done by adding a new component to the field, modeled either through a virtual
obstacle near the local minima to repel the agent [Lee and Park, 2003], [Sfeir et al., 2011] or
by providing an additional control term for the USV to escape from local minima [Li et al.,
2012b], [Luo et al., 2012]. This approach is tractable for real-time path planning but incurs a
high computational cost. Other methods also proposed for dealing with the local minima are
to combine potential field approach with heuristic algorithms such as ant colony optimization
[Nazzal, 2017]; simulated annealing algorithm [Park et al., 2001], [Zhu et al., 2006] or its variant,
so-called deterministic annealing (with noise inserted into the cost function) [Doria et al., 2013].
However, the common drawback of these approaches is their demand of a tremendous amount
of computation power while still being at risk of failing to find a suitable solution. An improved
APF based on regression search methodology employed to solve the local minima in a priori
known environments has been addressed by [Li et al., 2012a], [Li et al., 2013] and [Yang et al.,
2016]. Nevertheless, an operating space with many obstacles may lead to an incomplete path in
the navigation task.

In general, the above methods are either complex in computation or challenging to solve in
complex scenarios. We thus propose a methodology which avoids adding virtual repulsive po-
tentials. This proposed method is the combination between the logistic regression and repulsive
potential field whose goal is to diminish the number of repelling areas. Furthermore, the MAS’s
workspace is no longer constant but rather a variable environment depending on the agents’
current positions. This reduces the null-potential regions, i.e., the probability of entering into a
local minima is also decreased. The logistic regression notion is often found in mathematical ap-
plications as it allows to describe smooth transitions between binary values: yes vs. no, positive
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vs. negative, dead vs. alive, etc. It is the go-to method for binary classification problems, and
it’s fundamental concepts are also used in deep learning [Huang et al., 2012], [Nadkarni, 2016].

The idea is for the MAS to avoid taking into consideration all of the repulsive potential fields
representing static/dynamic obstacles along the prediction horizon. Instead, only the repulsive
fields generated by regions (obstacles or other ships) sufficiently close are considered. This
is handled by weighting each of the repulsive potential fields with a logistic function. The
continuous variation of the function will ensure that a local minima area (if any) where the total
repulsion and attraction forces are zero will be eliminated. Moreover, reducing the number of
repulsive potential components, to those in the view range of the agent, reduces the computation
time.

The present chapter proposes the application of the logistic regression function to repulsive po-
tential functions to solve the local minima problem as well as to enhance the MAS performance.
Specifically, the contributions of this chapter are the following:

e Use a logistic regression, as a on-off barrier function to activate the associated repulsive
potentials in the range view of the agent for fixed and moving obstacles. The variation of
the logistic regression function depend on the risk of collision as a function of the relative
distance between agents and obstacles.

e The proposed method is validated through simulations over a real benchmark for the safe
navigation of ships in the Trondheim fjord while complying to a subset of COLREGS rules.
Comparisons will be provided to show the effectiveness of the proposed algorithm.

This chapter is organized as follows. Section 3.1 describes the potential field-based workspace
where static/dynamic obstacles and USVs safe regions are considered as repulsive convex re-
gions. Section 3.2 introduces and analyses the on-off barrier function. Section 3.4 shows the
construction of on-off barrier functions in conjunction with repulsive potential. Lastly, all the
elements are gathered and introduced into a nonlinear model predictive control framework to
ensure motion planning with collision avoidance. Section 3.5 shows the simulation results over
a real benchmark as well as comparisons with some alternative approaches. Section 3.6 draws
the conclusions and discusses future work.

3.1 Potential field-based description of a costal environment

The tools presented in Chapter 2, e.g., the polytopic constraints, the sum function and the
repulsive potential field for static obstacles will be further used for the motion planning of
autonomous ships in a coastal environment. The final purpose is to develop and apply these
tools over a real benchmark for the safe navigation of ships in the Trondheim fjord complying
to COLREGS rules (see Appendix A), using real numerical data.

3.1.1 Dynamic repulsive potential field

To correctly characterize the dynamic repulsive potential fields, we first provide a simplified
model of the USVs. This is followed by a description of the actual potential field, in terms of
the associated polytopic sets.
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Dynamical model of a USV

An autonomous surface vehicle experiences motions along 6 distinct degrees of freedom: surge,
sway, yaw, heave, roll, and pitch. However, this is only considered for the case of a small
waterplane area and low metacentric stability [Breivik, 2003]. In this manuscript, we concentrate
on large ship dynamics where the low-frequency vertical-plane ship dynamics and the thruster
action do not affect each other. Hence, we consider a simplified horizontal 3-DOF nonlinear
dynamics model with surge, sway and yaw by neglecting the vertical motion [Fossen, 2011].
Cybership II (CSII): scale 1:70 of a supply ship, is such a typical reduced model (as shown
in Fig. 3.1.1). It was developed in the Marine Cybernetics Laboratory at NTNU (Norwegian
University of Science and Technology). In order to identify the physical and hydrodynamical
quantities for this ship, many experimental tests have been carried out [Skjetne et al., 2004].

v (sway)

Yov

./’ﬁ P yr

Figure 3.1.1: Earth-fixed (x7,yr) and body-fixed (zp,yp) frames.

As a consequence, from the nominal model in the general form of i*" agent as in (2.2.1), the
mathematical model of the i*" underactuated surface vehicle! moving in a horizontal plane is
described as in [Fossen, 2002]:

i = R(i)vi, (3.1.1a)
M;v; = —C,L'(Z/Z')I/i — Dv; +u; + w;, (311b)

and yaw angle, 1;, gives
. The vector v; = [uz V; ’I“i]T S
R3 includes the surge, sway and yaw rates. The additive disturbances are given by w; =
[wui Wy, wri]T € R3. The input vector, u; € R?, with u; = [7@1 Y50; N55i]T is the control
input corresponding to surge thrust, rudder force and moment respectively. The system matrices
M;, Ci(v;) and D; € R3*3 are the mass, Coriolis and damping matrices, respectively and are
given as:

]T € R3, composed from position p; = [acl yi]T
2

where n; = [pi ¥
the orientation relative to an Earth-fixed reference frame

mi1 0 0 d11 0 0 0 0 C13
Mi = 0 mog 123 ,Di = 0 d22 d23 and CZ = 0 0 c23 | , (3.1.2)
0 m32 mg3 0 ds2 ds3 c31 cz2 0
where c31 = —c13 = maov; — masr; and ca3 = —c32 = miju;. The rotation matrix R(1);) is
described by the following expression:
cos(v;) —sin(¢;) 0
R(1;) := |sin(yy;) cos(yy) 0] . (3.1.3)
0 0 1

!Underactuation means that the ship has a lower number of actuators (i.e., control inputs) than the number
of states (degrees of freedom). Hence not all state components can be brought simultaneously at a desired value.

?Note that in the model (3.1.1a), the side-slip is neglected as presented in [Eriksen et al., 2019], therefore yaw
and course are the same.
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The control objective is to drive the autonomous surface vehicle state x; = [m I/Z']T € RS to
follow the reference state x; ., i.e., steer the ship from harbor to harbor while avoiding static
and dynamic obstacles or other ships obeying the COLREGS rules.

Parametrization of polytopic constraints

To construct the repulsive potential functions for agents as well as the moving obstacles, it is
necessary to parametrize their polytopic regions.

Hereinafter we consider the nominal model for ship dynamics (3.1.1) to characterize a team of
N, agents (presented first in a generic form in (2.2.1). Then, we represent the safety regions
(attached to either the agents or to the moving obstacles), as polytopic regions parametrized
by their current positions. Building upon from the Definition 2.1.2, which describes the convex
regions of static obstacles, we provide now a parametrization for the moving obstacles.

Definition 3.1.1. A polytope A;, i € V, characterizing the safety region (i.e., shape) of agent
i, centered at position p;(t) is described by:

Ai={p e R?:al,(p—pi(t)) < b, m=1,..,n}}, (3.1.4)

where al, € R'2 bl € R define the ”71, support hyperplanes of the pplytopic set. Another
interpretation of (3.1.4) is to say that A; = {p;(t)} & {p € R* : al,p < b',, m = 1...n}}, that

is, the safety region is a polytopic set translated by the current position p;(t) of the agent.

Next, a piecewise linear function, i.e., the sum function defined as in (2.1.6) is applied to the
safety region of agent i:

i
p

0:i(pi(1)) = Y (i (p = pi(t)) = bl + laj (p = pi(t)) = by, |)- (3.1.5)
k=1

The RP (Repulsive Potential) field for the agent is similarly described as in (2.2.12) by using
the sum function (3.1.5)

C14
Ti(0:(pi(t))) = ) 3.1.6
where c¢1; and c¢y; are positive parameters representing the strength and effect ranges of repulsive
potential of agent 1.

The repulsive field (3.1.6) is parametrized after the i-th agent position. In other words, (3.1.6)
describes a repulsive potential function of agent ¢ that changes over time. Similarly to the
repulsive potential of fixed obstacles (2.2.12), it must satisfy two following essential properties:
to have a high value inside the agent’s safety region and decreases linearly as the distance from
its bound increase. With construction (3.1.6) we observe that indeed these properties hold:

. C1i
inf  Y;(:) =0, sup  Y() = . 3.1.7
pigInt(A;) ©) pielnt(Ay) ©) (c2i)? (3.17)

It is worth mentioning that the choice of strength and effect range in (3.1.6) must be carefully
made with respect to the actual situation, the repulsive potential field of the agent cannot be
too small (collision risk, i.e., non-compliance with COLREGS) or too large (low navigation
efficiency).



3.1. Potential field-based description of a costal environment 50

Ezample 3.1.2. Consider a CyberShip II (a 1: 70 scale of a real ship). Its length is 1.255m and
its beam (breadth) is 0.29m. In order to obtain the repulsive potential function of this ship, we
first have to construct the ship’s polytopic region w.r.t the given dimension.

0.0  —0.1961 0.9806
0.9889 0.0 0.1483
Ai = pi(t) eR?: | 0.5211  0.2202 | (p — pi(t)) < | —0.8246
—0.5211  0.2202 —0.8246
—-0.9889 0.0 0.1483

Then, applying the the formula (3.1.5) and (3.1.6) for polytope A; and parameters ¢} = 1,
cé = 0.1, we obtain the repulsive potential field.

% Parameterized repulsive potential
—2D projection of repulsive potentials

The third position of ship

ol |XInitial position of ship
% The second position of ship
—1}|=Polytope of ship

0 0.5 1 1.5 2 2.5 3 3.5 4 p
East [m} North [m Bast [m]

—9-2

(a) Polytope is parametrized by relative coordinates(b) Moving RP field following relative coordinates of ship in
of ship. Fig. 3.1.2a.

Figure 3.1.2: Illustration of the polytopic region and dynamic RP field.

The safety region of the ship is represented by polytope A;, parametrized after the current
position p; at different times t (p;(t) is the center of the vessel), as depicted in Fig. 3.1.2a. Fig.
3.1.2b illustrates the corresponding repulsive potential functions w.r.t its position p;(t): high
inside of the polytopic region and having a sudden drop to zero outside of the convex region.

3.1.2 Static repulsive potential field

In what follows we consider a workspace in which multiple ships travel. This is illustrated
through M_MAP: a mapping package for Matlab [Pawlowicz, 2019]. It is based on real data of
the coordinates at geographic coordinate system with the longitude (180° East <+ 180° West)
and latitude (90° North <+ 90° South) display in degree units for the Trondheim fjord, as can
be seen in Fig. 3.1.3a, where the ground is represented by light green and the sea is light blue.
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(a) Trondheim fjord based on real data. (b) Set of forbidden polytopic convex regions.

Figure 3.1.3: Trondheim fjord and bounded convex regions based on real data.

In this scenario, the mainland/islands are considered as the static obstacle, given as a union
of bounded convex regions. It is worth noting that we only need to cover the coastline, in our
description as this is the part which is actually in danger of collision, as illustrated in Fig. 3.1.3b.
The four red dots in Fig. 3.1.3 stand for the harbors.

In order to proceed, we first have to convert longitude/latitude measurements into position
coordinates in the horizontal plane. The cosine-Haversine formula® [Robusto, 1957] is used to
determine the great-circle distance between two points on a sphere given their longitudes and
latitudes, and is defined by the following expression:

d =2Recqpunsin”! (\/sin2(%) + cos(ip1) cos(p2) sin? (22521 )) (3.1.8)

where 1, o are the latitudes of point 1 and 2, Ai, Ao are longitude values for point 1 and
2; Rearen is the radius of the earth in kilometers. Thus, the terrain shown in Fig. 3.1.3b, is

10°
|
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1.01 “eSkogn
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Figure 3.1.4: 1:70 scale of workspace after using the cosine-Haversine formula.

over-approximated by a union of 22 bounded convex regions in the horizontal plane with a 1:70

3There are two ways to determine this distance, one is the cosine-Haversine formula, and the other is the
Pythagorean theorem. Haversine formula, however, is more accurate especially for longer distances.
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scaling? of the real map after applying the cosine-Haversine formula, as illustrated in Fig. 3.1.4.

S € R is the set of static repulsive potential fields, each of them computed as in (2.2.12) for the
polytopic regions covering the mainland in Fig. 3.1.4:

Nobs

s = J o (we(p)), (3.1.9)
/=1

and is depicted in Fig. 3.1.5.
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Figure 3.1.5: The static repulsive potential fields for the mainland in Trondheim fjord.

3.2 Logistic Regression analysis

The paradigm logistic regression is technique borrowed by machine learning algorithm. It is used
to classify two-class values (yes vs. no, positive vs. negative, dead vs. alive, etc.). It is the go-to
method for binary classification problems and its fundamental concepts are also constructive in
deep learning [Huang et al., 2012].

Logistic regression is named for the function which is employed at the core of the method, the
logistic function, also called the sigmoid function was developed by statisticians and was first
applied for population growth studies in ecology as well as reaching the limit of the carrying
capacity of the environment [Kyurkchiev and Markov, 2016]. It has an S-shaped curve that can
take any real-valued number and map it into a value between 0 and 1. The sigmoid function

can be described as: I
sig(x) = T oo’ (3.2.1)

where x, is the value of the sigmoid’s midpoint and L is the curve’s maximum value.

For values of x € R, the value of sigmoid function sig(x) is obtained by approaching L as x
approaches +o0o and approaching zero as x approaches —oo.

4A 1:70 scale of the map is chosen in order to match the 1:70 scale of the ship considered in these simulations.



3.2. Logistic Regression analysis 53
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Figure 3.2.1: The standard logistic function.

The standard logistic function is the logistic function with parameters L = 1, 2, = 0 and is
illustrated in Fig. 3.2.1.

Logistic regression is a technique for analyzing problems in which there are one or more inde-
pendent variables (i.e., input value, x) used to predict a dependent variable (i.e., output value,
y) by using the design parameter, §. From statistical decision theory, it is well known that
the optimal dependent variable decision is to choose the class label y maxing out the posterior
distribution F'(y|x, 8) [Stork et al., 2006]. In most cases, class label y representing a dependent
variable is assigned class labels 0 or 1 to a corresponding independent variable.

As a consequence, a logistic regression representation based on logistic function (3.2.1), which
models the probability of the default class (e.g., the first class in two-class values (0 and 1)).
In other words, we are modeling the probability that an input variable x belongs to the default
class (y = 1); one can write this formally as:

L 0,L), ifz < z,,
1 4+ e—Bla—wzo) = L, ifz > x,,

where 3 is the design parameter for the single independent variable  and L must be chosen
equal to 1.

Its derivative is:

OF (z,3) LBe(=Blz=0)

= ) 3.2.3
ox (14 e=Plz—20))2 ( )
In case of the default class (y = 0), one can present this as follows:
= . L 0, ifz > z,, A
(x75) - (y - O|xa6) - 1 + eﬁ(x—xo) ~ (07[/]7 lf T S T, . (32 )
where L is chosen to be 1.
Equivalently, we may consider relation: F(z,3) =1 — F(x, ).
Its derivative is: o (5( )
oF L T o
@.f) _ _Lbe (3.2.5)

or (1 + ePlz—20))2"
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Remark 3.2.1. It’s worth noting that L is chosen to be 1 to guarantee the output values of
logistic function stay into the range [0, 1] (i.e., logistic function is considered as classify two-class
values).

The hyperplane of all points z satisfying the equation f(x —x,) = 0 forms the decision boundary

between the two classes, these are the points for which F(z, ) = F(z, ) = % = 0.5 (assuming

that we take L = 1).

5 =025 5=025
-5=1 -g=1
0.75 |=5=8 0.75 -5=8
) =)
£ 05 £ 05
& &
0.25 0.25
0 - i 0 _ L
210 =5 0 5 o -5 0 5 10
x xr

(a) Logistic regression F'(z, ) (3.2.2) with different 3. (b) Logistic regression F(z,3) (3.2.4) with different 3.

Figure 3.2.2: Illustration of logistic regression.
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Figure 3.2.3: Illustration of derivative of logistic regression.

Fig. 3.2.2 and 3.2.3 illustrate the logistic regression and its derivative with L = 1, 9 = 0 with
the different design parameters 5. The change of 3 plays a decisive role in the logistic regression,
i.e., increasing [ means that the evolution towards one of the limit values (either 0 or 1) becomes
faster.

By regulating the design parameter [, the logistic regression can be considered as an on-off
barrier function (0 accounts for “on” level and 1 accounts for “off”) while in the same time being
“well-behaved” (in the sense that it is a smooth function with reasonable derivative values). In
the next section, the combination of on-off barrier functions, i.e., logistic regression and repulsive
potential functions will be discussed in detail.

Gathering all the elements presented above, we will concentrate next on the NMPC imple-
mentation for motion planning with collision avoidance. Particular attention is given to the
formulation of the cost function through which we penalize the collision avoidance constraints
with fixed and moving obstacles.
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3.3 NMPC implementation

A typical approach for the use of potential field methods is to construct the total potential
(attractive and repulsive) and add it into an optimization framework, possibly looking over
a prediction horizon. However, this approach is computationally cumbersome, especially for
demanding applications when the number of fixed and moving obstacles is large. This may lead
to infeasible solutions for the optimization problem, usually due to local minima. Therefore, this
section introduces first the Chebyshev center to describe the safe distance between an agent and
static obstacles as well the distance to another agent. On-off barrier functions are used to weight
the repulsive potential fields such as to simplify the overall formulation. This means that the
various repulsive terms appearing in the objective function will be activated only when needed.
Next, the NMPC optimization problem and the implementation algorithm are delineated.

3.3.1 Chebyshev center for static polytope configuration

Consider a bounded convex polyhedron described by its H — representation as in Definition
2.1.2, P ={z € R" | apx < b, k =1,...,n,}. The Chebyshev center z. of polytope P is defined
as the center of the largest inscribed ball By = {x € R" | ||z — z|| < p} inside P. The values of
(xc, p) are yielded by solving the optimization:

max p (3.3.1a)

subject to
axpZe + Haka < by, (331b)
p > 0. (3.3.1c)

It’s worth noting that (3.3.1b) can be exploited through Karush-Kuhn-Tucker condition [Boyd
and Vandenberghe, 2004], the equation describing the center x. and the radius p can be defined
as follows:

apze + ||lapl|p = b=, 1" € {1,...,np}

where [* is the index of the activated constraints. Consequently, if [a [akl]] € R™™ is
invertible, one can describe directly the relationship of Chebyshev center z. and its radius p in
terms of the H — representation of P, i.e.,

m = [ar fael] " b (33.2)

Example 3.3.1. Let us consider the polytope P in Example. 2.1.5. Tts H — representation is

~0.2691 —0.2018 0.9417
01871 —0.0234| _ |-0.9821
0.1156  0.1445 | © = | 0.9827
~0.1046  0.0262 0.9942

P=<SxzcR?:

—6.16

Solve the problem (3.3.1) for obtaining the Chebyshev center x. = [ 6.37

3.3.1) and its radius p = 1.69 (blue line in Fig. 3.3.1).

] (red dot in Fig.
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% Chebyshev center x.
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Figure 3.3.1: Chebyshev center of bounded convex polyhedron P.

Equivalently, we may compute directly z. and p by using (3.3.2):

—0.2691 —0.2018 | —0.2691 —0.2018]| 0.9417
0.1871 —0.0234  ||0.1871  —0.0234| | [z.| |—0.9821
0.1156  0.1445 10.1156 0.1445]| [,0} | 0.9827
—0.1046  0.0262 | —0.1046 0.0262]] 0.9942

3.3.2 On-off repulsive potential description

As aforementioned in Chapter 2, although there are some advantages relating to the collision
avoidance capabilities and the problem’s feasibility in the nonlinear model predictive control
scheme, the main shortcoming of potential field approach is the existence of local minima. In
particular, MAS operates in a complicated environment in the presence of plenty of repulsive
potential fields representing static and dynamic obstacles as can be observed in Fig. 3.1.2b and
3.1.5. Consequently, we propose a combination of the on-off barrier function (3.2.4) with the
two types of repulsive potential functions considered: for fixed obstacles (2.2.12) and for moving
obstacles (3.1.6). The goal is to consider only the repulsive potential fields for which the safe
distances between agents and (static and dynamic) obstacles are violated.

The Chebyshev center and its radius are fundamental in the definition of a safe distance between
ith agent and (" fixed obstacle as it serves in activating the repulsive potential through an
associated on-off barrier function (i.e., the logistic regression discussed earlier).

Consider a set V of N, agents, given in a generic form in (2.2.1), operating in working space
F € R"™ in the presence of a set O (2.2.9), the union of forbidden polytopic convex regions
representing Nps fixed obstacles, Oy = {p; € R™ | af;pi < bﬁ, E=1,...,np,0=1,..., Nops}-

As a result, workspace F of MAS contains two sets, one is the set S defined in (3.1.9) of Ngpg
static repulsive potential fields which stand for the prohibited convex regions of fixed obstacles
and another is the set M of N, dynamic repulsive potential fields representing the safe convex
regions of dynamic obstacles or other agents, i.e.,

S,M C F, (3.3.3)
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where M is N
M = | Ti(6: (1)), (3.3.4)
i=1

with Y;(-) mentioned in (2.2.12) and (3.1.6).

Assumption 3.3.2. Assume that agent i € V can perceive information from the other agents
and the forbidden cells (fived obstacles®) as well as transmit relevant information to others
within the n-th dimensional range I';(p;,r}), where r¢ € R > 0 is the radius of the ball centered
in p; € R™, the current position of agent 1.

The range I';(p;, r}), in this manuscript, is considered as the view range of ith agent (i.e., the
zone where the ship can detect all objects).

For static obstacles

Definition 3.3.3 (Safe distance between agent and static obstacle). The safe distance DYt e
Rwq between the (" static obstacle and it agent is defined based on the expanded ball B € R™
which is obtained from Chebyshev center so that it can cover completely the (" static obstacle
and the view range of it agent with the following expression:

DY = eypy 4T, (3.3.5)
where €y > 0 is a scaling parameter, py is the radius of the circle defined from Chebyshev center
of the " forbidden cell, T, is the view range of agent i.

The on-off barrier function for default class 0, presented in (3.2.4) with L = 1 is redefined here
for the ¢t" static obstacle and i*" agent as:

vV

Fio([|Aps I, Bie) =

. ¥
1 0, if ||Apg,|| D",
N{ ( it ’ (3.3.6)

14 Pielldws =025 7| (0,1], if [|ApS,| < DE,

where ||Ap;] || denotes Euclidean distance between current position of ith agent and Chebyshev
center of £t static obstacle (see Fig. 3.3.2).

Definition 3.3.4 (Activation of the static repulsive potential field). Given a set S of Nyps € N
static repulsive potential fields as defined in (3.1.9), the 0th static repulsive potential field will be
activated by the i'" on-off barrier function if the Euclidean distance between Chebyshev center
of the (" static obstacle and the current position of it agent, HAPieH; 18 smaller than or equal

. . WA
to a given safe distance Dy".

This can be described by the following expression:

Nobs
i, nl s
Usic (i mer) = D Fio(|AP 1, Bie) @] (ve(pi) (3.3.7)
(=1

0, if HApiEH > D?Za
T 0,108 (ve(pi), if |Aps,| < DL,

5Fixed obstacles such as islands and shorelines should be known from map information. The ship’s position
in relation to the obstacles is known using Global Navigation Satellite Systems.
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where q){(’yg(pi)) is given in (2.2.12), Fi,Z(HApf,Z”HBi) in (3.3.6) and x4 is the Chebyshev center
of £t fixed obstacle solved by (3.3.1).

By using the on-off barrier function for default class 0 (i.e., value 0 is prioritized) we classify
two-class values, “0” and “1” based on a defined safe distance Dé’z with regard to the current
position in time-variant of i’* agent. There are two possibilities for (3.3.7):

o If HApf,zH > Dé’é, then Fi,E(HApfeH7BM) will classify in class “0”, i.e., the probability of
risk of collision is 0. This means that the static repulsive potential function will be relaxed.

o If [[ApS, || < DY’ then Fiyg(HApf’eH,BM) will classify in class “17, i.e., the probability of
collision will start increasing from 0 to 100% depending on ||Ap7,||. This means that the
static repulsive potential function will be activated in order to push the agent further away.
As a result, Fi,é(HAPiZH75iZ) returns to class “0”.

Proposition 3.3.5 (Dealing with local minima). If a set S of Nyos € N representing static
repulsive potential fields (3.1.9) are only partially activated by the agent’s view range through
on-off barrier functions as defined in (3.3.7), then a null-potential field® that causes local minima
can be excluded.

Proof. See Appendix C. O

For other agents/dynamic obstacles

Definition 3.3.6 (Safe distance of agent and dynamic obstacle/the other agents). The safe
distance of the it agent with respect to j®" agent (or dynamic obstacle), Dzl’j € Ryg is also its
view range with the following expression:

DY =T, (3.3.8)

=Agent i
=Agent j

North [m)]

il
A/’(,‘_v/‘H

6,700 6,800 6,000 7,000 7,000 7,200 7,300 7,400 7,500
East [m)]

Figure 3.3.2: Description of the safe distance of the agent i w.r.t. the ¢*" cell and agent ;.

The on-off barrier function for default class “0”, presented in (3.2.4) with L = 1 is redefined
here for the " and j** agent (or dynamic obstacle) as:

| I U 2 o
1+ Pulland =03 | (0,1], i Apll < Dy’

Fig(1api;ll, 8i) = (3.3.9)

SWhere the direction of total force and the movement direction of planning path are on the same straight line.
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where || Apd ;|| denotes the Euclidean distance between the current position of ith and ;" agent.

Definition 3.3.7 (Activating the dynamic repulsive potential field). Given the set M of N,
dynamic repulsive potential fields, the it dynamic repulsive potential field will be activated by
ith on-off barrier function if the Euclidean distance between the current position of it" and jth

agent (or dynamic obstacle), HApZ]-H, is smaller than or equal to a given safe distance DY,
Vi,j e M, i #j.

This can be described by the following expression:

Ng
O vamic i 03) = > Fij (IADE 1, Biy) Ta(Bi(pi) (3.3.10)
=1
0, if [Apf,ll > D,
T 0,1 i), i Al < DY

where Y;(0;(p;)) is given in (3.1.6), F@j(HApﬁjH,Bij)'ri(ﬁi(pi)) in (3.3.9).

By employing the on-off barrier function for default class 0 (i.e., value 0 is prioritized) we classify
two-class values, “0” and “1” based on a defined safe distance DZ’] between the time-varying
positions of the i** and j** agent. There are two possibilities for (3.3.10):

o If HApng > D% then Fi,j(HApng,ﬁij) will classify in class “0”, i.e., the probability of
risk of collision is 0%. This means that the static repulsive potential function will be
relaxed.

o If HAp%H < D;’j, then Fi,j(HApng,Bij) will classify in class “17, i.e., the probability of
collision will start increasing from 0 to 100% depending on HApZ ;|I- This means that the
static repulsive potential function will be activated in order to push the agent further away.
As a result, Fi7j(HAp§l7j|],ﬂ¢j) returns to class “0”.

With a dichotomous mechanism as implemented through the on-off barrier function for the
static/dynamic repulsive potential fields many of the repulsive field components are relaxed (as
they are out of the agent’s view range).

Ezample 3.3.8 (On-off repulsive potential fields are relaxed). Let us consider two agents (N, = 2)
operating in the working space F € R? in the presence of the ¢ forbidden polytopic fixed
obstacle O, described by its H — representation:

( 7 0.0001  —0.0100] —1.0]
0.0084 —0.0105 ~1.0
0.0177 —0.0112 ~1.0
0= pi e 107 | Vol s P S |1l
0.0095  0.0093 1.0
~0.0052  0.0103 1.0
{ |—0.1584  0.0007 | —1.0]

gggig] (red dot in Fig. 3.3.3)

and its radius p; = 132.6 (dot line in Fig. 3.3.3). The dot blue circle is created by Chebyshev
center and py.

Solving Problem (3.3.1) gives the Chebyshev center z., = 10°. [
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10°
= Agent 1
1.01} = Agent 2
101}
£
£ 101
S
Z
1.01}
1.01}

6,700 6,800 6,000 7,000 7,100 7,200 7,300
East [m]

Figure 3.3.3: Chebyshev center of bounded convex polyhedron O,.

The scaling parameter, ¢y is taken 1.8 so that the scaled Chebyshev circle completely covers
the fixed obstacle (the blue circle). The view range of agent 1 and 2, I'; and I'y are equal

to 40[m]. Assume that the current position of agent 1, p; = [7050 100500.5}T and agent 2,

P2 = [7300 100650]T. It is straightforward to compute the Euclidean distance between agent 1
and ¢*" fixed obstacle:
1ApT o]l = llp1 — @eell = 297.3[m)]

and between agent 1 and agent 2:
d d
[ADT ol = 1AP% 4[| = [lp1 — pall = 291.29[m]

as well as safe distances as defined in (3.3.5) and (3.3.8), DM = 278.68[m] and DY? = D3' =
40[m)].

As a consequence, |Ap; || > DY, HAP‘%QH > Dcll’2 and HApg’lH > Ds’l, leading to the static
and dynamic repulsive potential field for are relaxed following (3.3.7) and (3.3.10).

3.4 NMPC optimization problem

This section presents a collision avoidance algorithm via a coherent combination between poten-
tial field-based constructions and NMPC. It is applied over a benchmark using real numerical
data for the safe navigation of multiple ships in Trondheim fjord complying to COLREGS rules.

Assume that each agent (i.e., ship) has an associated dynamic repulsive potential field (3.1.6)
constructed by a polytopic safety region as defined in (3.1.4). The probability distribution of
collision is described by a dynamic RP for the agent. It will prevent any intrusion of the other
agents through the choice of the repulsive field components, i.e., the i** agent’s current position
has to be exterior of the repulsive potential field of j** agent and vice-versa, i.e.,

pi & (), (3.4.1a)
pj & Yi(+), (3.4.1b)

where p; € x;, pj € X; note the current positions of agent ¢ and j (¢, € N,), T;(-) and Y;(-) as
defined in (3.1.6).
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Inequalities (3.4.1) ensure that collision avoidance is guaranteed, i.e., the intersection of their
bounded convex regions standing for shapes of agents is empty, i.e., A; N A; = (). The action
of collision avoidance is soon or late, quick or tardy, depends on the strength and effect range
parameters of Y;(-) and Y;(-).

Ezample 3.4.1. Consider two CyberShip II, as presented in Example 3.1.2.

e (Case 1: The strength and effect range of Y1(-) and Yy(-) are chosen by ¢11 = ¢12 = 1 and
Co1 = C29 = 0.1,

100,

T(O()

4
North[m] s

0.8

i 0.6
o 02 0.4
East[m] =02 0 0.2 01 05 5

-7 04 02

(a) Dynamic RP field of ship 1 and 2. (b) 2D projection of dynamic RP field of ship 1 and
2.

Figure 3.4.1: Illustration of dynamic RP fields and their 2D projections of two ships in Case 1.

e (Case 2: The strength and effect range of Y1(-) and Yy(-) are chosen by ¢11 = ¢12 = 15
and Co1 = C22 = 0.4,

[OCurrent position of ship 1
[OCurrent position of ship 2

m]

North)

—0.6 —0.4 —0.2 0 0.2 0.4 0.6 0.8 1 1.2

(a) Dynamic RP field of ship 1 and 2. (b) 2D projection of dynamic RP field of ship 1 and
2.

Figure 3.4.2: Hlustration of dynamic RP fields and their 2D projections of two ships in Case 2.

Fig. 3.4.1a and 3.4.2a illustrate the deep red parts representing the shape of ships (i.e., the
bounded convex regions of ships, A; and Ag) are the regions of the absolute collision. Risk of
collision will be reduced in intensity as the color becomes shallower. The deep blue parts are
the regions of absolute safety. In Case 1, although the current positions of ship 1 and 2 do not
violate repulsive regions of each other, a collision happened between two ships since their effect
ranges are not large enough, as illustrated in Fig. 3.4.1b. Case 2 as can be seen in Fig. 3.4.2b,
when the parameters of dynamic RP such as strength and effect range have been expanded,
leads to an increased distance. In other words, the collision avoidance actions between two ships
was taken sooner, meaning that the risk of collision was greatly reduced.
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Problem 3.4.2 (OORP (On-Off Repulsive Potential)-based tracking MPC). The potential field
approach, at this point, is the combination of the on-off RP fields representing static and dynamic
obstacles (or the other agents) (3.3.7) and (3.3.10) and attractive potential function describing
the goal configuration at a global energy minimum presented by quadratic function (2.2.11). This
s reformulated by finite prediction horizon strategies as in Problem 2.2.8 in order to consider
only the repulsive potential fields in the view ranges of MAS that lead to an enhancement of the
feasibility of the obtained solution in connection with the collision-free path for MAS through
minimizing a given cost function taking stage cost ,CZOORP(-) nto account:

t+Tp
{B%n Ei(xi(ty +Tp)) + / [ﬁ?ORp(ii(T), u,(7))]dr, (3.4.2a)
subject to
i(7) = f(@i(7), wi(7)), @i(tr) = @i(tr), (3.4.2b)
531( ) e X uz( )) eU;, V1 € [tk,tk —i—T] (3.4.2(3)
Xi(ty + 1)) € Xi , (3.4.2d)

where T}, € Ry is the prediction horizon and tj, is discrete sampling instant, X;(7) and @;(7) are
the predicted state and input while 1;(-) accounts for the whole predicted input trajectory along
the prediction horizon. p;(7) is the predicted position. (3.4.2b) is the state-space formulation in
the general form of the ship (3.1.1), the set &; and U; presented in (2.2.4) and (2.2.5). Terminal
constraint (3.4.2d) used to enforce nominal stability [Chen and Allgéwer, 1998], might or might
not be available.

The cost per stage LOORP(.) in (3.4.2a) is a composite of multiple terms with the following
expression:

LPOFF(%y(7), () = Utarie (BilT), Tet) + Ui paic (Pi(1), 25 (1)) + E(&il(7) + [0 (1) [,
(3.4.3)
In (3.4.3), Q;fatlc( i(T), xer) and Qgi,namlc(pi(T),ﬁj(T)) (j # 1, j is considered as a moving obsta-
cle) are on-off repulsive potential functions, which were presented in (3.3.7) and (3.3.10), Z(X;(7)
was defined in (2.2.11) and represents the attractive potential which has the lowest value at the
desired target, X; y.f(-) (in this particular application, the Trondheim harbor). This term also
appears in the terminal cost of (3.4.2a):

Ei(Xi(tr +Tp)) = |Ri(te + Tp) — Xives|B,- (3.4.4)

The predicted state X;(7) of MAS will be determined by predicted input u;(7) so that the cost
per stage LOORP(.) given in (3.4.2a) and illustrated in Fig. 3.4.3 is minimized. The constraint
violation, i.e., X;(7) ¢ A&; and w;(7)) ¢ U; must be penalized with a higher cost in order to
prevent MAS approaching the forbidden regions.

The classical APF approach, theoretically, is able to achieve a feasible collision-free path for MAS
if the underlying potential function is well-chosen. However, since the variable environment of
MAS is a formulation of many repulsive potential fields which also have to be considered over the
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% Total potential field
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Figure 3.4.3: Cost per stage (3.4.2a) in the case in which all the repulsive potential fields are
activated, i.e., the classical APF approach.

entire prediction horizon, it becomes hard to choose and interpret the parameters appearing in
the RP fields. Consequently, MAS may get stuck in local minima leading to infeasibilities. The
illustration of classical APF approach can be understood in general in Fig. 3.4.3, all repulsive
potentials are always activated despite the position of MAS.

I % Total potential field
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Figure 3.4.4: Cost per stage (3.4.2a) in case two repulsive potential fields activated.

Applying the on-off barrier functions in combination with repulsive potential fields as shown in
Problem 3.4.2 is considered next. Therefore, the potential field changes continuously depending
on the current position of MAS, i.e., APF is not a constant but a function that changes over
time. Furthermore, the number of repulsive potentials representing obstacles are also diminished
since they are only activated within the view range of the agent, as can be seen in Fig. 3.4.4,
for example. The switching behavior modeled by the on-off barriers, depends on the design
parameter 3. High values of 8;, and f3;; give us a speedy switch, and vice-versa, as can be
seen in Fig. 3.2.2. However, arbitrarily high values should be avoided as they lead to a more
challenging, prone to numerical issues, formulation.

All the information in connection with the location of the mainland, islands (i.e., static obstacles)
and positions, velocities of other surface vehicles operating on the sea which are either mapped
a priori, updated by GPS7 or AIS®, respectively.

"A Global Positioning System, or GPS, uses satellites orbiting the Earth to relate absolute location.
8The Automatic Identification System (AIS) is an automated, autonomous tracking system which is extensively
used in the maritime world for the exchange of navigational information between AIS-equipped terminals.
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At each sampling instance 7, the current state of i*" ship measured and calculated in order to
yield the predicted output (i.e., state) X;(7), in particular, its predicted position p;(7) over the
prediction horizon T),. At this point, depending on the Euclidean distance between ith agent
and ¢*" fixed obstacle, between i*" agent and other agents (or moving obstacle), there will be
four possible situations with regard to solving Problem 3.4.2 for each agent in order to yield the
optimal control sequence:

e If both safe distances, D% and Dzl’j, as defined in (3.3.5) and (3.3.8), are guaranteed, i.e., all
obstacles are exterior of the i ship’s view range (1Ap: I > DY and HAijH > Dé’j),
then all the repulsive potential fields with regard to static and dynamic obstacles are
disabled by on-off barrier function in cost function (3.4.2a).

e If only one safe distance, (Dfi’j ) between agent and dynamic obstacle is violated, i.e.,
dynamic obstacle is interior of the i*" ship’s view range (|Apf;| < Dj’), then the

dynamic repulsive potential field is activated by its associated on-off barrier function,
Fi;(-), in cost function (3.4.2a). Depending on the violation magnitude, the value of

dynamic RP will be within the range (0, 1]7;(-) ~ (o, L} ie, 0<Ti(-) < 9y where

(c2i)? (c24)??

(Cczlf')Q is maximum value of Y;(-).
1

e If only one safe distance, (Dé’e) between agent and fixed obstacle is violated, i.e., static
obstacle is interior of the i'" ship’s view range (||Ap$,|| < DQE), then the static repulsive

potential field is activated by its associated on-off barrier function, F; ¢(+), in cost function
(3.4.2a). Depending on the violation magnitude, the value of static RP will be within the

range (0, 1]@{(-) R~ (O, (6%)2}, ie, 0 < @{(-) < (0021;)2, where (0021[5)2 is maximum value of
/()
7 ()

e If both safe distances, Di’g and Dzl’j are violated, i.e., all obstacles are interior of the "
ship’s view range (||Aps,|| < D&’ and |Apd;|| < Dg’), then both static and dynamic
RP are activated by on-off barrier functions, F;,(-) and F; j(-), in cost function (3.4.2a).

Depending on the magnitude of the violation, the value of static and dynamic RP will be
within the range 0 < CIJ{(-) < S and 0 < Yy(-) < 4

(c20)? = (c24)?"

To close the loop, the first component of the optimal control sequence computed over 7 €
[tk, tx + T} for a measured state X;(tx), u}(7;%;(tx)), is applied to the nominal system of ship
(3.1.1). This process will be repeated at the next sampling instance.

The details of motion planning of MAS of the proposed approach in NMPC scheme are presented
in Algorithm 1 as follows:

Algorithm 1 NMPC implementation.

Require: Consider nominal model of ship (3.1.1), the set S of static RP of the fixed obstacles
(3.1.9) and M of moving objects (3.3.4), the safe distance between agent and fixed obsta-
cle DL (3.3.5), the safe distance between agent and moving obstacle Dfi’j (3.3.8) and the
attractive potential (3.4.4).

LT € [t t+Tp);
2: Measure the current states x;(tj) of the ship and give the predicted output, in particular,
its position over the prediction horizon 7);
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10:
11:

12:
13:

14:

15:
16:

17:
18:

Solve the nonlinear programming problem (3.4.2) and yield the optimal control sequence
u;(-);
if [|Apg || > DY’ and [|Apd,|| > D}’ then
inactivate static and dynamic repulsive potential fields of ¢/ fixed and and j** moving
obstacle (or other agent) in (3.4.2a), i.e., cost function (3.4.2a) in this case is:

tk-‘er
win BT+ [ (IR0 O, + )1, Jar:
(AN tk
end if 4 N
if [|Ap;, | > D and |Apd, | < D} then

inactivate the /" static RP of fixed obstacles and activate the dynamic RP of j** agent

(or moving obstacle) in (3.4.2a) whose value stays within the range (0,1]Y;(-), i.e., cost
function (3.4.2a) in this case is:

tr+T) .
min B (5 (t+ 1))+ f [(;Fi,j<|mpzj<7>,&jmwi(m(ﬂ)))+||>-<i<r>—xi,ref<7>|ai+

[ (7)1, | d;
end if -
if | Aps, |l < Dl and | Ap¢,|| > D} then
activate the £*" static RP of fixed obstacle whose value stays within the range (0,1]®](-) and

inactivate the dynamic RP of j** agent (or moving obstacle) in (3.4.2a), i.e., cost function (3.4.2a)
in this case is:

ti+Tp
min B (%i(tT,)+ f [(ZﬁjFz-,mmpf,z(rmﬁimz(w(m(ﬂn)+||>-<i<r>—xi,ref<f>ai+

[ (7)1, | d;

end if N
if [|Ap;,[l < DY and [|Apf;|| < Dy’ then
activate the ¢** static RP of fixed obstacle whose value stays within the range (O,l]@f )
and activate the dynamic RP of j** agent (or moving obstacle) whose value stays within the
range (0,1]7;(-) in (3.4.2a), i.e., cost function (3.4.2a) in this case is: rﬁn%rﬁ Ei(xi(ty + Tp)) +

e Nobs __ No o
/ [ (3 Fuallam ool 8 (o) )+ 3 P 1808, (0] B Va0 () ) o) -

Xiref (T)IIG, + ||ﬁi(7)%11 dr;

end if
Apply only the first sample of the optimal control sequence (i.e., u}(7;%;(¢x))) to the nominal system
of ship (3.1.1) over the interval [tg,tx + Tp);
Continue to the next sampling instance;
RETURN to step 1;
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3.5 Simulation results for collision avoidance using on-off repul-
sive potentials

This section continues considering the application example started at the beginning of this
chapter. Here we combine all the earlier elements and prove the effectiveness of the proposed
algorithm for the safe navigation of a ship in the Trondheim fjord. We use the USV model
(3.1.1) with the following parameters:

25.8 0 0 0.9257 0 0
M; = 0 33.8 1.0115 | ,D; = 0 2.8909 —0.2601
0 10115 2.76 0 ~0.2601 0.5

For simplicity, the Coriolis matrix, wind and wave forces are neglected.

The hydrodynamic parameters, Y5 = —0.2 and N5 = 1 lead to control input u; = [’7;1 Y50, Ngéi] T
— [Tu, =025, 6] =[Tw —027, To]'

We consider constraints on the actuation force 7,, € [~2,2]" [N], on the yaw moment 7,, €
[—1.5,1.5] T [Nm]. The velocity of the ship is chosen randomly, particularly, the surge velocity
u; € [—0.5,0.5] [m/s], the sway velocity v; € [—0.1,0.1] [m/s|] and yaw rate r; € [—0.2,0.2]
[rad/s].

The parameters used in (3.3.5) and (3.3.8) are: the ship’s view range I, = 20 [m] and the
expansion coefficient is ¢ € [1.2,1.8] depending on the geometric shape of each static obstacle.

The steepness of the curve, i.e., design parameter used as in (3.3.6) and (3.3.9) is = 1.2.

Relevant values for the other parameters of the NMPC optimization problem in (3.4.2a) are
weighting matrices: Q; = 0.115, R; = 0.1Iz, P; = [0.5Is 02 02;02 Iy 02;05 02 Io].

Finally, the number of cells considered from partitioning the map, as illustrated in Fig. 3.1.3b
is Nops = 22.

Simulations are realized by using FORCE PRO via Matlab R2016a on a computer with the
following configuration: Intel Core i7-4790CPU, 3.60GHz, 8GB RAM.

The travel from Orkanger and Skogn to Trondheim harbor while avoiding collision with static
and moving obstacles is considered under the following scenarios:

e Scenario 1: consider one ship (i.e., N, = 1), use the classical approach where the total
potential field appearing in the NMPC’s cost is active for the entire simulation;

e Scenario 2: consider one ship (i.e., N, = 1), use Algorithm 1 where the constraints are
activated when inside the view range of the agent;

e Scenario 3: consider one ship (i.e., N, = 1), use the classical mixed-integer programming
(MIP) approach for taking into account the collision avoidance constraints. A comparison
with Algorithm 1 in terms of obstacle avoidance, feasibility or solver time is performed.

e Scenario 4: consider one ship (i.e., N, = 1) and the three moving obstacles, use Algorithm
1 under the COLGRES rules 8 and 16 given in Annex A. In this case, only the ship takes
action to avoid colliding with the three dynamic obstacles.
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e Scenario 5: consider two ships (i.e., N, = 2) and COLGRES rules 8, 13 and 16, make a
comparison between using Algorithm 1 and the Breivik’s approach in [Breivik et al., 2017].

3.5.1 Comparison of Scenario 1 (classical APF) and 2 (proposed APF)

Fig. 3.5.1a illustrates the actual motion of the agent under Scenario 1 (blue dash dotted line)
which gets stuck in a local minimum because that is a critical area surrounded by many repulsive
potentials and their interaction creates a null-potential field. This is the main drawback of the
classical potential field approach. This is not the case in Scenario 2 (red dash dotted line),
which is also represented in Fig. 3.5.1a and it can be observed that the ship converges towards
the Trondheim harbor (its destination) without getting stuck in a local minima, this is due to
the fact that the number of non-convex constraints (coming from the repulsive potential) is
reduced since they are not in the view range of the agent. Notice that the circle around the ship

represents its view range.
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(a) Skogn to Trondheim harbor.
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(b) Orkanger to Trondheim harbor.

Figure 3.5.1: Comparison of trajectories between Scenarios 1 and 2.
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Table 3.5.1: Performance criteria of Scenarios 1 and 2 in case the ship travel from Orkanger to
Trondheim harbor.

Fig. 3.5.1b Scenario 1 Scenario 2
(no local-minima)

Prediction horizon (7},) [s] 20 20
Sampling time [s] 1 1
Simulation number 1300 1300

Number of steps 1163 1081
Average of CPU [s] 38.61 36.27
Length of trajectory [m] 562.3 512

Fig. 3.5.1b presents a comparison between the agent’s trajectory under Scenario 1 and Scenario
2 which go from Orkanger to Trondheim harbor. Similar to the previous case, in this case,
the actual motion of ship under Scenario 1 is also trapped (green dash dotted line), the most
straightforward solution is to reduce the strength or effect range of static repulsive potential
fields in order to change their configuration. As a result, the ship can converge towards Trond-
heim harbor (blue dash dotted line). However, evaluation criteria such as smoothness (control
input in Fig. 3.5.2, length of trajectory, number of steps, or computation time show that the
proposed algorithm is superior to the classical approach. Table 3.5.1 gives some details of the
two approaches. The proposed method has better results for all aspects compared with the
classical approach.

T [V
i

EU r—v‘-— I[g— f — }HI-,-#—
_9h-eeec{ = Scenario 1-ocal minima 1 Scenario Hocal minima

=Seenario | A |=Seenario 1

=Seenario 2 =L 1=Seenario

B 200 400 600 800 1,000 1200 - 200 400 600 800 1,000 1200
) Nl

(a) Surge thrust 7. (b) Rudder deflection 7.

Figure 3.5.2: Control inputs under Scenarios 1 and 2 of Fig. 3.5.1b (Orkanger to Trondheim
harbor).

It is worth mentioning in Fig. 3.5.2 that the green line implies the local minima case of the
ship in Scenario 1 with a strong oscillation of control inputs. The blue line (Scenario 1-no
local minima) even through it has fewer oscillations, it is still not as good as the red line which
illustrates control inputs of Scenario 2.

3.5.2 Comparison of Scenario 2 (proposed APF) and 3 (MIP technique)

To simplify the MIP approach, we consider in Scenario 8 the linear dynamical system repre-
senting an unmanned surface vehicle which was presented in (2.4.1) of Chapter 2.
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As before, the agent will travel from Orkanger to Trondheim harbor, taking into account the
static obstacles.

MPC with MIP can deal with the obstacle avoidance by explicitly considering the non-convex
constraints via a mixed-integer representation as presented in Chapter 2. The CPLEX solver is
used to solve the resulting quadratic mixed-integer optimization problem.

The parameters of both approaches are the same such as the weighting matrices, sampling time,
and the constraints on inputs and states. See details in Section 2.4 of Chapter 2.

-10°

58

--NMPC (—\lgomhm 1) T, =2

--NMPC (—\lgont 1111 1 =40
MIP hused MPC —%
MIP-based MPC T” 10

1.01

North[m|

6,900 7,000 7,100 7,200 7,300 7,400
East[m]

Figure 3.5.3: Comparison of trajectories between Scenario 2 and 3 (Orkanger to Trondheim
harbor).

Table 3.5.2: Performance criteria of Scenario 2 and 8 in case the ship travel from Orkanger to
Trondheim harbor.

. MIP-based MPC NMPC
Fig. 3.5.3

(Algorithm 1)

Prediction horizon (7)) 20 40

Sampling time [s] 1 1

Simulation number 400 400

CPU time [s] 2.4 7.2
Length of trajectory [m] 477.6 | 477.2

Number of steps 141 140

Fig. 3.5.3 shows the two trajectories of MIP with various prediction horizons (7},). Green and the
orange dash dotted line representing MIP-based MPC with T}, = 20 and T}, = 40, respectively,
show the danger of having infeasibilities in a complex workspace as Trondheim fjord. The sudden
termination of the optimization (MIP is solved through a branch-and-bound algorithm which
may get stuck) prevents the ship from reaching Trondheim harbor. Trajectories using NMPC
with Algorithm 1 (blue and red dash dotted line) are not affected by the variation of prediction
horizon and can converge to the target point, and their trajectories have a certain distance to
the mainland. Data in Table 3.5.2 suggests that it is superior to MIP regarding some important
criteria, local minima, solver time, and the number of steps in which the agent reaches the
desired destination (Trondheim harbor).
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3.5.3 Scenario 4: Consider the proposed algorithm under the COLREGS
rules

XY=\
—Total potential field
— l -Trajectory of Algorithm 1-collision avoidance
anfige
6,900 7,000 7,100 7,200 7,300 7,400
East[m]

Figure 3.5.4: Ship’s collision avoidance complies COLREGS rules 8 and 16 in Scenario 3
(Orkanger to Trondheim harbor).

Fig. 3.5.4 shows the effectiveness of the algorithm proposed. The trajectory generated following
Scenario 3 can avoid both fixed obstacles and three moving obstacles (other ships). Notice that
moving obstacles are drawn white since they do not belong to the ship’s view range. When
moving obstacles are inside the ship’s view range, they are drawn in green, and the repulsive
potential of the vessel is activated, as can be seen at time instances £ = 701 and k = 841, to
implement collision avoidance action.

—Ship & moving obstacle 1 (Scenario 3)
=Ship & moving obstacle 2 (Scenario 3

Ship & moving obstacle 3 (Scenario 3)|
- Safety threshold

150

150]

1,000

Figure 3.5.5: Relative distances between ship and moving obstacles in Scenario 3 (Fig. 3.5.4).

Note that in Fig. 3.5.1a, Fig. 3.5.1b and Fig. 3.5.4, we also illustrate the repulsive and attractive
potentials projected in 2D (the repulsive potentials appear around the forbidden region pre-
venting ship’s collision with the fixed and moving obstacles and circles around the destination
harbor represent the attractive potential).

Fig. 3.5.5 shows the relative distances between the ship and the three moving obstacles in
Scenario 3. The relative gaps between them depend on strength (\) and effect range () of the
ship’s repulsive potential at time instance £ = 701 and k = 841 as illustrated in Fig. 3.5.4. In
this case, we assume that their safe thresholds are not less than 8 [m], A and « are 1000 and 1,
respectively.
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(b) Comparison of control inputs in Scenario 2 and 4.

Figure 3.5.6: Surge and sway velocities, and control inputs under Scenario 2 and j of the
trajectories presented in Fig. 3.5.1b and 3.5.4.

Observe in Fig. 3.5.6a, Fig. 3.5.7 and Fig. 3.5.6b, that in the range of 700 to 900 seconds, surge,
sway, yaw rate and control input of the proposed algorithm are changed in order to avoid the
three moving obstacles that enter the ship’s view range. Consequently, by following rules 8 and
16 of COLREGS, the vessel has taken substantial actions to avoid a collision, and the change of
course angle is significant enough for the approaching boat.

Figure 3.5.7:
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Yaw rate in Scenario 2 and 4 (of the trajectories presented in Fig. 3.5.1b and 3.5.4).
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Table 3.5.3: Performance criteria of Scenario 2 and 4 in case the ship travel from Orkanger to
Trondheim harbor complying with the COLREGS rules.

Scegi)mli)cilgl‘lign. ir?;i.)lb) Scenario 4 (Fig. 3.5.4)
Prediction horizon (7},) [s] 20 20
Sampling time [s] 1 1
Simulation number 1300 1300
Number of steps 1081 1112
CPU time [5] 36.27 10.69
Length of trajectory [m] 512 517.1

3.5.4 Scenario 5: Comparison of the proposed algorithm and another strat-
egy

This scenario presents a comparison of the proposed method in this paper and the approach
of [Breivik et al., 2017] in the context of COLREGS compliance, in particular, rule 8, 13, and 16.
The strategy of [Breivik et al., 2017] is first to guarantee that the safe regions (disc-shaped) of
the dynamic or static obstacles have to be larger or equal to their relative distances with respect
to the agent which they are considering. A penalty term is then proposed for ensuring that any
alteration of course and speed must be large enough to clear the approaching ships. It is worth
noting that only ship 1 takes action to avoid colliding with ship 2 since ship 1 is overtaking ship
2 (i.e., ship 2 is being overtaken by ship 1), ship 2 must hold the course and speed until ship 1
is past and well clear.

Consider two ships as presented in (3.1.1), defined by a time-varying center position and its safe
region (disc-shaped) Opi(t) = (Pmi(t), 7mi) € R? x RT, where py,; = [x; y;] T notes the position
state and r,,; is its radius.

For guaranteeing collision avoidance among two ships, their relative distance between ship ¢ and
j is described as:
huni = T — |Ipi = pjll3 < 0. (3.5.1)

(3.5.1) means that, the overtaking ship ¢ is not able to enter the safe region of the ship being
overtaken j with safe radius 7,,,; = 8 [m].

The penalty term combines a square and an exponential term which is inspired by the normal
distribution:

q(¢; a,0) = a¢® + <(1 - e:cp(#)) , (3.5.2)

where a,b > 0 control the shape of the function. Hence, the functions employed to penalize the
yaw rate and and surge velocity can be described by the expressions:

100
Ar;:r; = (ri;ar,, by, 3.5.3
dr; (ru szaz) a0 (Wmax? ar,, bn) qr; ("“z G, n) ( a)
(i3 Uinaz) = 100 (s @y, , bu,) (3.5.3b)
Qui \ Ui Uimax ) = T, (Uima:c; tu,, buz) Gu; \Ui5 Auys Ouy )y -9

where the parameters a,, and b,,, a,, and b, define the shape of the yaw rate g,,(r;) and surge
velocity qu, (u;) penalty terms.
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Therefore, (3.5.1) is considered as an explicit constraint and (3.5.3) is penalized in the cost
function of the NMPC scheme to obtain the collision-free path of ships. For details, refer
to [Breivik et al., 2017].

The method proposed by [Breivik et al., 2017] penalizes the slow alterations of yaw rate and
surge velocity of ship 1, as can be seen in Fig. 3.5.8b. At time step k = 82, the yaw rate (drawn
in dashed blue) is altered rapidly. The decrease in yaw rate implies that ship 1 turns starboard.
The yaw rate in red color (Algorithm 1) changes gradually, and changes earlier than the one in
dashed blue at time step k = 78 (an increase in the yaw rate means that ship 1 turns port).
Also, the Euclidean distance between ship 1 and 2, which is implemented by Algorithm 1 is
greater than the safe threshold whereas the relative distance between the two ships of Breivik’s
approach approaches the safe limit in a critical moment, as depicted in Fig. 3.5.8a.
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(a) Euclidean distances.
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(b) Yaw rates.

Figure 3.5.8: Comparison of Euclidean distances and yaw rates of two approaches.

In Fig. 3.5.9, we see the motion of two USVs while traveling from Orkanger to Trondheim
harbor with COLREGS. The ship 1 (in blue) which is implemented by [Breivik et al., 2017] is
trapped at time step £ = 150 since it was cornered into the deadlock region where ship 1 both
guarantees the safe distance with ship 2 and avoids the ground. Meanwhile, ship 1 (in red), for
which we use our proposed potential field approach for moving obstacle, reaches the Trondheim
harbor in a timely manner.
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Figure 3.5.9: Motion planning by two approaches for two USVs while traveling from Orkanger
to Trondheim harbor with COLREGS compliance - rules 8, 13 and 16.

3.6 Conclusions

In this chapter, we first recalled the potential field, as the total of the repulsive and attractive
potentials. Differing from Chapter 2, the dynamic repulsive potentials are parametrized by the
agents’ current position. A method was proposed to deal with the local minima through the on-
off barrier function, which is used to weight repulsive potentials for fixed and moving obstacles.
This combination has made the magnitude of the total potential field change continuously, i.e.,
the null-potential field (if any) where the total of repulsive and attractive forces is zero will
not survive. This combined function was added to the cost function of an NMPC scheme as a
penalty term. Repulsive potential constructions were activated only in the view range of the
agent. The focus was on a real application of motion planning and safe navigation for ships
in the Trondheim fjord. Proof of concept, illustrations, numerical simulations, and comparison
results over a real benchmark prove the efficiency of the proposed algorithm.

However, as observed in the illustrative examples, we are able to recognize that the trajectory
generated by the proposed method, even if better than the classical potential field approach, it
is still not realistic because the feasible path for agent was only generated by considering the
initial and final point. Such a simple plan cannot guarantee the shortest collision-free path for
MAS from the source to destination. Therefore, future works will investigate how the agents,
particularly, vessels, can converge toward the desired destination by the shortest path. Also, we
will consider other COLREGS rules for this benchmark within a distributed control framework
for MAS. Of further interest is to ensure the necessary connectivity distance for information
exchange among the agents in the presence of the external disturbances such that the robustness
of the proposed algorithm is guaranteed.
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Chapter 4

Distributed connectivity
maintenance of MAS in the presence
of environmental disturbances

The increased interest in autonomous robots and their use in various applications paves the
way for emerging topics like motion planning and control. This plays a vital role in creating
autonomous systems to execute complex tasks for navigation in challenging environments [Ge
et al., 2018]. In particular, multiple USVs can be used to perform a specific mission with higher
performance and lower costs than a single agent such as search and rescue, coverage tasks, and
patrolling. Indeed, path following for multiple surface vessels has been both an interesting and a
challenging control problem that has attracted attention from the control community in recent
years. However, there are some critical issues which need to be considered and solved for achiev-
ing the best performance: generating collision-free paths with respect to static (e.g., islands,
shoreline or ship anchoring) and moving obstacles (e.g., other ships) while simultaneously com-
plying with the COLREGS rules [Commandant, 1999] for both manned and unmanned surface
vehicles; guaranteeing the necessary connectivity distance for information exchange among the
agents in the course of performing tasks and rejecting the external disturbances from the ocean
which may significantly affect the nominal performance of the multiple USVs.

The non-convex constraints describing obstacle/collision avoidance have been added to the cost
of the optimization-based control, as detailed in the previous chapters. This method, the so-
called on-off repulsive potential, can deal with local minima when the APF approach is employed
as an essential tool for motion planning of MAS in an NMPC framework. This proposal showed
its efficiency as well as high applicability over a benchmark using real numerical data for USVs
safe navigation. Nevertheless, the globally shortest path between the initial and target points
have not yet been achieved since the proposed method is only concerned with the obstacle and
collision avoidance. Depending on the operating space of the USV, two well-known approaches
can be used in order to obtain the shortest route, such as cell decomposition and randomized
sampling algorithms. Cell decomposition is the method in which the non-convex environment
is partitioned into a set of simple cells. After that, the A* algorithm [Yang et al., 2015, Chao
et al., 2017] is used to compute the cost of the current nodes to reach other nodes. These nodes
are evaluated by applying heuristic information. Finally, the node with the smallest cost will
be taken as the expansion node to achieve a collision-free path between the initial and the goal
configuration of the vessel. Randomized sampling algorithms (i.e., graph-based methods), with
two well-known algorithms, are PRM (Probabilistic Road Map) [Kneebone et al., 2006, Altinoz
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et al., 2017] and RRT (Rapidly-Exploring Random Trees) [Chen et al., 2018c¢, Li et al., 2018|.
Their basic concepts are introduced in Chapter 1, and are the two most interesting methods to
obtain the shortest collision-free path for multiple USVs. In addition, COLREGS-compliance
for safe maritime navigation should also be addressed. There are various approaches for this
problem:

e Evolutionary algorithms [Szlapczynski, 2011] were employed to search the optimal paths
set for the ships involved in the head-on situation;

e A Velocity Obstacles (VO) algorithm was proposed by [Kuwata et al., 2011] for motion
planning compliant with the COLREGS rules. This approach is capable of maneuvering in
any specified direction, but may not sufficiently capture the movements of underactuated
systems;

e [Naeem et al., 2016] used an APF approach to obey the COLREGS rules. However,
instead of considering the moving obstacles directly, the fixed virtual objects are arranged
in places where the collision will occur;

e An MPC scheme was also presented in [Johansen et al., 2016], using binary variables to
choose scenarios with multi-moving obstacles with erratic motion, [Breivik et al., 2017]
penalized normal distribution in the cost function in the NMPC scheme, [Abdelaal et al.,
2018] presented a method using slack variables to change the vessels’ direction for specific
situations. These approaches consider commonly disc-like approximations for the static
or dynamic obstacles, which might be too conservative, w.r.t the conditions in a real
environment. Moreover, usually, only one vessel is considered instead of multiple USVs
when using these techniques.

Another challenging issue in motion planning for multi-agent systems is the connectivity main-
tenance. The purpose of this preservation is to ensure that the information exchange can be
reliably done by forwarding message among agents while implementing and allocating tasks.
Some applications can be found in a variety of practical tasks, such as search and rescue, surveil-
lance, cooperative transportation by autonomous vehicles on sea or terrain, attitude alignment
of clusters of satellites, air traffic management system, etc. Related to this problem, there are
some recent works for always keeping agents within a connectivity distance. In general, we may
classify them in two directions: i) imposing hard constraints based on the Euclidean distance
among the agents, which must be less than their sensing radius as in [Filotheou et al., 2018]. This
condition is handled in a decentralized NMPC framework. However, this approach is too strict
and can lead to infeasibility in complex cases; ii) using the potential-field function in several
ways to ensure that the agents operating in a specified range preserve the connectivity through
information exchange, as presented in [Zavlanos and Pappas, 2007, Wang et al., 2012, Fang et al.,
2017] but the researches are limited to single (or double)-integrator agents.

We underline that it is necessary to propose robust controllers for multi-agent systems to deal
with uncertainties [Soloperto et al., 2019]. Tube-based MPC is considered as one of the most
popular approaches for coping with perturbations [Mayne et al., 2005, Ke et al., 2018]. The
general idea is to maintain the actual state within a safety region along the optimal state
trajectory [Prodan et al., 2011]. Another approach is to design a disturbance observer to reject
the disturbances leading to an improved system robustness [Yu et al., 2018a, Wu et al., 2019].
The authors in [Yang and Zheng, 2014] propose a nonlinear observer within an NMPC scheme
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for a Static Var Compensator! system to reject arbitrary disturbances relative degree from its
output channels (used for shunt compensation to maintain bus voltage magnitude). [Yu et al.,
2018b] presents a compound disturbance-observer-based MPC scheme applied for a wheeled
mobile robot which aims at compensating the slowly varying disturbances affecting the control
inputs. A similar project for trajectory tracking of a small helicopter is considered in [Liu
et al., 2011] were the disturbance observer provides the system with robustness against constant
wind gusts. Furthermore, there are many works related to disturbance rejection for USVs using
observer-based robust control. The authors in [Do, 2010, Yang et al., 2014, Wang et al., 2018]
employ a nonlinear observer within a backstepping technique to design a trajectory tracking
robust controller of the underactuated ship. However, the constraints coming from physical
limitations are not considered. To the best of the author’s knowledge, there are very few studies
using disturbance observer-based MPC to ensure the robustness of a surface vehicle in case of
uncertainties. [Liu et al., 2017, Abdelaal et al., 2018] present obstacle and collision avoidance
in the presence of external disturbances while tracking a reference path, but they only take
one ship into account which operates in a simple environment. For that reason, the practical
application of safe navigation in a complex coastal environment for multi-surface vehicles under
uncertainties remains an open problem.

Motivated by all the observations above and the results of Chapters 2 and 3, the present chapter
introduces enhancements in the distributed motion planning for safe navigation of multiple
surface vehicles in the presence of external disturbance in the Trondheim fjord complying with
the COLREGS rules. Specifically, the contributions of this chapter are:

1. generates a LOS (Line-of-Sight) guidance system via a graph-based method, e.g., through
the RRT* (optimal Rapidly-Exploring Random Tree) algorithm;

2. considers on-off barrier functions which guarantee the necessary connectivity distance for
information exchange among the agents as well as activates the associated repulsive po-
tential for static and dynamic obstacles;

3. considers a NDO (Nonlinear Disturbance Observer) to reject the disturbances from the
ocean that may lead to undesirable performance for the ships;

4. integrate the above ingredients in a distributed NDO-NMPC - based algorithm with a
threefold purpose: i) track the RRT*- based feasible path through LOS guidance system,
ii) activate the constraints in the view range? of the agent for on-line collision avoidance
complying with the COLREGsS rules and iii) exchange information for connectivity main-
tenance;

5. validation of the proposed algorithm through simulations over a real benchmark for the
safe navigation of ships in the Trondheim fjord.

This chapter is organized as follows: Section 4.1 presents the graph-based LOS guidance system.
Section 4.2 presents the distributed motion planning algorithm for connectivity maintenance and
COLREGS compliance in the presence of external disturbances. Section 4.3 shows the simulation
results over a real benchmark. Section 4.4 draws the conclusions and presents the future work.

!The Static Var Compensator (SVC) is a device of the Flexible AC Transmission Systems (FACTS) family
using power electronics to control power flow on power grids.

2As required by COLREGS, all ships shall maintain a proper radar lookout (has a view of up to several
kilometers if there are no physical obstructions) to obtain early warning of risk of collision.
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4.1 Path generation with LOS guidance based on randomized
sampling algorithms

LOS guidance for path following is often used in the vessel control practice, [Pettersen and
Lefeber, 2001]. In particular, the reference yaw angle can be obtained from the set of waypoints.
The result is global asymptotic stabilization of the heading and cross-track error of the ship.
Therefore, we can recognize that the set of waypoints has a crucial role concerning the estab-
lishment of the LOS guidance system. The collection of these points has to be determined from
the a priori known environment (e.g., islands, shorelines or anchored ships representing fixed
obstacles) so that a path generated for USVs from the waypoints is collision-free. Of course, we
can choose any collision-free way from the starting to the target point but this does not guaran-
tee the shortest path. Hence, randomized sampling algorithm is chosen as having a reasonable
chance to obtain a near-optimal solution.

4.1.1 Graph-based methods

Table 4.1.1: Summary of advantages and disadvantages of sampling-based algorithms.

Algorithm Probabilistic Asymptotic Monotone
Completeness® | Optimality* | Convergence®

PRM Yes No Yes
k-sPRM Conditional No No
PRM* Yes Yes No
RRT Yes No Yes
RRT* Yes Yes Yes
k-RRT* Yes Yes Yes

Arguably, the most famous sampling-based algorithms until now include PRM and RRT. Al-
though the idea of joining points sampled randomly from the state space is primary in both
methods, there are still significant differences in the way that they construct a graph connecting
these points [Karaman and Frazzoli, 2011]. The PRM algorithm and its variants (PRM*, k-
sPRM) are multiple-query approaches that first construct a roadmap (i.e., graph), which stands
for a rich set of feasible paths. Next, answering queries by computing the shortest path is ob-
tained by using the Dijkstra algorithm to connect the initial state with a final state through
the roadmap. Meanwhile, the RRT algorithm and its variants (RRT*, k-RRT*), is an approach
built on ideas of optimal control theory to explore a tree with many branches (i.e., feasible
paths). The collision-free paths rooted at the initial state grow incrementally and the algorithm
returns a result as one of the collision-free paths reaches the goal region. RRT algorithm tries to
find a feasible solution as quickly as possible and is terminated after seeing the first reasonable
solution. The remaining computation time is employed to optimize the trajectory concerning a
cost function.

3Probabilistic completeness means that if a path exists, the probability of finding the path is ’1’, as the number
of iterations goes to infinity [Moon and Chung, 2014].

4The asymptotic optimality is defined as almost-sure convergence to optimal paths.

5The monotone convergence theorem states that if a sequence is increasing and bounded above by a supremum,
then the sequence will converge to the supremum. Also, if a sequence is decreasing and is bounded below by an
infimum, it will converge to the infimum.
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Table. 4.1.1 presents the advantages and disadvantages of PRM and RRT as well as their
variants in some criteria. RRT* and k-RRT* approaches are the most prominent among the
sampling-based algorithms.

Usually for the control part for USVs is easier to have a priori defined a path which can be
then be tracked on-line. In here, RRT*, with an asymptotic optimality property (i.e., almost-
surely convergence toward an optimal solution) is applied for generating an off-line shortest
collision-free path within the a priori known workspace (e.g., the initial state and the set of
fixed obstacles). The general idea of the RRT* algorithm is to initialize a tree .7 from an initial
vertex (Xinit) and to bias growth towards unexplored regions of the state space randomly. In
the process of exploring the tree, shortest paths are generated while verifying the collision-free
condition involving the fixed obstacles after each iteration until reaching a new state close enough
to the desired target. The feasible path is established based on the connection of shortest paths
connecting among the waypoints. The RRT* algorithm is described in detail in Appendix B.

Ezxample 4.1.1. Consider the operating space in the presence of three static obstacles a priori.
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Figure 4.1.1: RRT* algorithm with the different randomized samples.

A feasible path without collision from the initial to final state generated by RRT* with the
different randomized sample is illustrated in Fig. 4.1.1. It is worth noting that the determina-
tion of step size used in the forward simulation of the exploring-tree procedure is significant. If
the obstacles are located far away and the system’s dynamics are relatively simple (e.g., double
integrator dynamics), then a large step size can be used. With a substantial number of ran-

Table 4.1.2: The comparison of RRT* with the different randomized samples.

RRT* algorithm

100 randomized samples

200 randomized samples

(Fig. 4.1.1a) (Fig. 4.1.1b)
Time step [s] 20 20
CPU time [s] 11.79 25.02
Number of way-points 6 6
Length of trajectory [m] 236.08 225.87

domized samples the chances of obtaining a collision-free path generated from RRT* which is
also shorter are increased. However, we must accept a trade-off between path shortness and the
computation time as can be seen in Table. 4.1.2.
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4.1.2 LOS guidance system

The LOS guidance principle embodies an intuitive understanding of the behavior of a ship and
the action of a helmsman. An essential feature of the LOS guidance system is to be able to be
applied with commercial autopilots by replacing the set of original course (i.e., heading) angle
references® being fed to the controller by the desired course angles, which are yielded by the
parameterization based on the error of the current position of ships and the group of the shortest
collision-free paths generated from RRT*. Therefore, this guidance system can be computed in
real-time and has an instant practical application.

In order to define the LOS guidance system, we first determine the LOS position, there are
three ways to find it: i) the entire collision-free path for the ship to follow is composed of
a set of way-points obtained, the LOS position is simply selected as the current way-point,
denoted (zp,yp); ii) the path reference is also composed of a collection of waypoints, the LOS
position is at the closest (w.r.t the next way-point in the sequence) intersection point obtained by
intersecting the circle (with the radius expressed as a distance of two or three-times ship lengths)
enclosing the ship’s current position and the segment connecting the previous (z,—1,yp—1) and
current waypoint, and iii) the feasible collision-free path is a parametrized geometrical path, this
approach attracts attention because of the ability to guarantee global asymptotic stability (i.e.,
convergence toward the path) [Breivik, 2003, Pavlov et al., 2009, Oh and Sun, 2010], and is used
to obtain the LOS guidance system in this manuscript.

The parametrization variable denoted « € R is a scalar. The path reference of the ships is a set
of points, pg(a) = [rg(a),ya(a)]” € R?, will depend on the dynamical model of the ship and is
defined as follows:
zq(a) = xp—1 + acos(dp()), (4.1.1a)
ya(a) = yp—1 + asin(dy(a)), (4.1.1b)

where 9, () presents the orientation of the path and can be expressed as

dp() = atan2(yp(a), Tp(a)). (4.1.2)

The LOS position pros is a point located along the straight line segment with a lookahead
distance, A > 0 from py(«), connecting the previous way-point and current way-point. The
position pr,og moves along the line as the ship is approaching the path reference.

Therefore, a dynamic projection algorithm is used to calculate the value of « so that the dis-
crepancies between the path reference and the current position of the ship are minimized in
real-time. Usually, this distance is so-called along-track (z.) and cross-track error (y.) and is

described as: -
[ Te ] _ [ cos(0p(a))  —sin(dp(e)) ] [ x; — xq(a) ]

Ye sin(6p(@))  cos(dp(e)) yi — ya(e)

where (z4(c),yq(a)) as presented in (4.1.1), 6,(a) as in (4.1.2), (x4, y;) is current position of the
ith ship.

(4.1.3)

It is worth mentioning that in (4.1.3), to simplify, along-track error (x.) is considered zero.

SCorresponding to each feasible path found, there is a desired course angle as can be seen in Fig. 4.1.2.
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[Zp+1, Yp+1]

Figure 4.1.2: LOS guidance system for a feasible path.

The LOS angle, ¥1,0s (as can be seen in Fig. 4.1.2), is calculated based on the cross-track error
ye and the look-ahead distance A, expressed as:

Ye
Yrog = ———— (4.1.4)
Ve + A2
It is worth noting that in (4.1.4), arctan-function can also be used as described in [Qu et al., 2017],
however, this approach will result in a very sophisticated controller when ¢ g is differentiated
in the subsequent design steps’.

The angle, ¥1,05° is considered as a reference state of the heading angle 1 of surface vehicles to
ensure convergence of the ships position to a feasible path generated by RRT™.

Fig. 4.1.2 depicts all the relevant parameters in (4.1.1), (4.1.2) and (4.1.3) in order to define the
LOS guidance system, i.e., LOS angle as in (4.1.4).

4.2 Path planning for connectivity maintenance with COLREGS
compliance with external disturbances

This section presents the motion planning algorithm for multi-surface vehicles connectivity main-
tenance. The motion planning strategy is illustrated via the block diagram in Fig. 4.2.1. From
a map of the Trondheim fjord, the ground represented by static obstacles and the coordinates
of the harbors can be acquired as seen in Fig. 3.1.3b. A collision-free path, and LOS guidance
system can then be generated off-line from the starting harbor to the desired destination based
on a set of waypoints yielded by the RRT* algorithm. NDO-based NMPC, a feedback control
scheme in which an optimization problem is solved on-line at each time step, will ensure collision
avoidance for dynamic obstacles and robustness in the presence of the external disturbances. If

"In case of Yros = 3, the arctan-function goes to infinity.

8Note that, since locally A corresponds to the inverse proportional gain [Breivik and Fossen, 2008], the con-
vergence to the path depends on the value of A. A low value means faster convergence than a larger one, but
with a large overshoot.
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Figure 4.2.1: Path planning strategy for MAS.

there are no static or dynamic obstacles, the NDO-based NMPC will try to re-establish path
following of the path obtained from RRT*.

4.2.1 Connectivity maintenance condition

We consider here that the information of the agents (trajectories, velocities, and the like) can
only be exchanged with their neighbors who are inside the communication range.

Let us consider the undirected graph G = (V, ) where V is the set of nodes representing all
agents and & = {(4,j) € VXV : i <> j } is the set of edges of the graph. The adjacency
matrix A = [a;;] indicates if a pair of nodes are adjacent or not in the graph hence satisfying

the property:
1, if (z,5) €€,
dij = { 0, otherwise. (4.2.1)

Definition 4.2.1. The neighboring set of agent i € V is defined by N; = {j € V\ {i} : T'¢},
¢) is described as the communication range of agent i, with r{ € Ry, is the radius

where T'$(p;, 7
of the ball centered in p; € R™, the current position of agent i.

Consequently, the condition of connectivity maintenance for information exchange among agent
i and its neighbors (N;) is defined as follows:

N ={j € V\ {i} : || Ap ]l < T} (4.2:2)

Next, for any edge between two nodes of set N;, we define an on-off barrier function as in (3.2.2)
whose value is near zero within the interval [0, min(I'{, I')):

1+ e*ﬁzj(||Apf,j\\*min(rf7r§))

M; j(pi,pj) = (4.2.3)

Note that in this case, 8;; > 0 and L;; has a high value such that the distance among the agents
of N; does not exceed the I'; because of penalizing.

Using the above construction we define a so called “connectivity maintenance function” of agent
i with its neighbors N;:
M;(pi, pj) = Z aij M j(pi, pj)- (4.2.4)
JEN:
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4.2.2 NDO design for external time-variant disturbance

We first reconsider the ship model (3.1.1) as presented in Chapter 3 in the presence of the
external time-variant disturbance:

X; = fi(Xi(t), ui(t), wi(t)) = (4.2.5)

ni = Ri(Yi)vi,

M;v; = —Ci(vi)v; — Divi + u; + wj,
where the state vectors such as n;, v; and the input vector, u; are presented in detail in Chapter
3. The additive disturbance w; = [wui Wy, wn.] T € R3 is not a pure Gaussian noise but rather
the output of such a noise (after it passed through a nonlinear filter), is bounded by |Jw;|| < ¢;
and accounts for the ocean environment?.

The unknown varying external disturbances (e.g., ocean currents) impact directly the control
inputs of vessels leading to bad performance. Consequently, the nonlinear disturbance observer
will provide an estimate of the disturbance, and its estimation is fed back to the NMPC solver.
Since the control inputs of the ship model (4.2.5) are affected by the ocean currents accounting for
vector w;, a disturbance observer is presented for a general nonlinear dynamic. This disturbance
observer will be used to estimate the uncertainties vector w; with regard to the i-th agent.

A fundamental idea of disturbance observer in NMPC scheme is to estimate the unknown dis-
turbance w; by an estimate w; such that |[@; — w;| — 0. In fact, the acceleration, ; , is not
available in many robotic manipulators, and it is also difficult to construct the acceleration
signal from the velocity signal by differentiation due to measurement noise. Therefore, we first
need to define the ¢; = M,;v; as the auxiliary variable and its estimation ¢;. Consequently, the
estimated error, g;. is described as below:

Gie = Gi — G- (4.2.6)
From the eq. (4.2.5), the time derivative of ¢; can be rewritten as:
qi = _Ci(Vi)Vi — DZ(VI)VZ + u;. (427)

As the results of [Do, 2010, Chen et al., 2000], the time derivative of auxiliary variable’s estima-
tion, ¢; is defined as follows:

¢ = L(=Ci(vi)vi — Di(vi)vi + w; — h(qic)), (4.2.8)

where L = diag{ci, co,c3} > 0, are the gains of the NDO, and h(g;.) € R3 is a design vector to
be determined.

Consequently, the time derivative of estimated error between auxiliary variable, ¢; and its esti-
mation, ¢; described as:

die = Qi — qi
= (L — 13)[—01‘(111')1/@' — Dz(VZ)I/,L + ui] — Lh(qie), (429)

where I3 is the identity matrix with dimension related to the state space vector of v;.

To ensure that (4.2.9) converges to zero, (4.2.9) has to satisfy two conditions:

1. L=1s,

%I.e., wind, wave, ocean current affect control input of the ship.
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2. The designed function vector converges towards zero, i.e., h(g;) — 0.

We propose the use of on-off barrier function with continuous nature in order to design h(g;)
based on the estimated error, ¢ in (4.2.6). Hence, the design function, h(g;.), is described as
follows:

h(Gie) = K1i(qie) + K2ilgie| T (Gie) + di Ti(die), (4.2.10)
BiNDoMiwe 7B7{VDOQ7L& 3. . .
where J;(¢ic) = “—xpo— — “—~po— € R” is a vector whose dimension depends on vec-
1P 7 die 14 P die

tor g € R Ky; = diag{K{,, K3, K.}, Ko = diag{K3;, K3, K3.} and d; = diag{d},d?,d3}
positive gain matrices.

Remark 4.2.2. In [Zhu et al., 2017], the authors employed signum function (Ji(qie) = %%') to
design function h(g;.). However, a discontinuity at zero is the main drawback which comes from
the property of the signum function. Since design function h(g;e) considers the estimation error
of the real disturbance, a discontinuity at zero means that the convergence of this error toward

zero will be indefinite.

4
3
2
1
= 0
=
-1
—2
. =h( - ) using the signum function )
-3 =h(-) using the on-off barrier function, BN DO _3
o h( - ) using the on-off barrier function, ghDO — 9
e e I 2 3 1 5

Vie

Figure 4.2.2: The comparison of designed function h;(-) (4.2.10) between on-off barrier function
(with the various value of VP9 > 0) and signum function.

Fig. 4.2.2 compares the proposed function h;(-) with two different values for VP9 with the
original signum function as in (4.2.10).

With h;(-) as in (4.2.10), eq. (4.2.8) can be written as:
Gi = — Ci(vi)vi — Di(vi)vi +
— Kii(die) — K2ilGie| Ti(gie) — diTi(ie)- (4.2.11)
The estimated disturbance, w; will be given by:

Wi = G; + Ci(vi)vi + Di(vi)vi — u;
= —K1i(die) — K2ilie| T (Gie) — diT (Gie) = h(ie)- (42.12)

The following proposition is introduced to highlight the convergence of estimated disturbances
toward the real disturbances.



4.2. Path planning for connectivity maintenance with COLREGS compliance with external
disturbances 86

Proposition 4.2.3: Consider the additive disturbances in (4.2.5). Given the NDO as in Eq.
(4.2.11)-(4.2.12), its estimate w will asymptotically track the input disturbances w. In other
words, || — w|lec — 0.

Proof. Consider the following Lyapunov function

Vi= %(Qie)T(Qie)~ (4.2.13)

The time derivative of the Lyapunov function is

Vi = (gie) ' (die) = (qie) " (Gi — Mity)
= (gie) " [~ K1i(tie) — Kailqie| Ti(qie) — diTi(gic)]
—(gie) " K1i(gie) — (qie) " Koilgie| Ti(ie)
—2K14,,,, Vi — 2K9i,,,, Vi
0, (4.2.14)

IAIAINA

where Ky, = min{K{;, K};, K};} and Ky; ,, =min{K3;, K3;, K3}
The estimated error g will converge to zero (i.e., ¢, — 0) due to (4.2.14).

Combining (4.2.5) and (4.2.12), the disturbance error wj, is rewritten as follows:

Wie = W; — W; (4.2.15)
= —K1i(qgie) — Ka2ilgie|hi(gic) — dihi(gie) — Miv; — Civy — Divi + u;
= Gi — 4i = die,

where h;(v;) was defined in (4.2.10).

Since vje is the velocity error (surge, sway and yaw rate), if v converges to zero, ;. (accel-
eration’s error) will converge to zero also. Hence, using the NDO as in (4.2.11)-(4.2.12), the
observer w; will converge towards the external disturbance w;. O

4.2.3 NMPC - based distributed motion planning with disturbance compen-
sation

The NMPC - based distributed approach of multi-agent systems has an operational mechanism
based on information exchange between an agent and its neighbors to converge towards a stan-
dard solution. Each agent also has its controller, and their information will be transmitted
among the local controllers within the communication range if the connectivity maintenance
condition which is defined by (4.2.3) is guaranteed. Therefore, each one of them has some
knowledge of the behavior of its neighbors. In other words, each controller receives the decision
variables (trajectories, positions, velocities and the like) from the nearby neighbors through a
specified communication topology to be aware of their behaviors and to make the right con-
trol decisions for the agent being controlled. The external disturbances (i.e., wind, waves and
currents) acting on the agents (i.e., surface vehicles) are compensated by using the estimates
obtained with the nonlinear observer.
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Figure 4.2.3: Parallel distributed NMPC architecture.

Figure. 4.2.3a illustrates a communnication topology of distributed motion planning in the con-
text of a group of the three agents if the connectivity maintenance among agents is guaranteed.
The information is broadcasted and received by agents through the undirected graph in parallel.

Let us summarize in the following the necessary ingredients for formulating the motion planning
with disturbance compensation algorithm:

1. to obtain a more flexible behavior, the look-ahead distance, A from (4.1.4) is time-varying
and optimized to obtain accelerated convergence and negligible overshoot.

2. to satisfy collision avoidance with the ground and comply to rules 8 and 13 of the COL-
REGS with moving obstacles we add the repulsive potential constructions from (3.3.7),
(3.3.10) in an NMPC optimization problem which will be activated only in the view range
of the agents;

3. to comply with rules 14 and 15 of the COLREGS we add a slack variable in the cost to
give priority to a negative rate of change of yaw moment, i.e., turning to starboard side
as in [Mohamed et al., 2018].

4. to ensure the agents’ connectivity we add in the optimization problem the connectivity
function given in (4.2.4);

5. to reject the unknown disturbance from the current affecting the control system of the
agents, the output of the NDO as in (4.2.11)-(4.2.12) is introduced as a compensation
signal;

6. the implementation is done in a distributed fashion, i.e., the agents exchange information
only with those inside their communication range.

The nominal system of it agent is defined from (4.2.5) by neglecting the disturbances, i.e.,
w;(t) =0, and given by
z; = fi(7;i(t), w;(t),0). (4.2.11)
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Problem 4.2.3 (Collison avoidance and connectivity maintenace for tracking DNMPC). The
potential field approach, at this point, is the combination of the on-off repulsive potential fields
representing static and dynamic obstacles (or the other agents) (3.3.7) and (3.3.10) and attractive
potential function describing the goal configuration at a global energy minimum presented by
quadratic function (2.2.11). This is refomulated by finite prediction horizon strategies, as in
Problem 2.2.8 in order to consider only the repulsive potential fields in the view ranges of MAS,
thus leading to a better-behaved solution in terms of feasibility and collision avoidance.

For each nominal system (4.2.11) we solve a finite horizon open-loop OCP (optimal control
problem) at time ¢, using the measured state x;(t) over the prediction horizon T),:

te+Tp
min  Ey(%i(ty, +Tp)) + / [EP'OORP(XZ-(T), %;(r), 0,(7)) | dr, (4.2.12a)
a;(+) b
subject to
x;(1) = f(%i(7),w(7),0), Xi(tx) = xi(tx), (4.2.12b)
Xi(1) € Xisx;(1) € Xj; (7)) € Uy, V7 € [tg, b + T)p], (4.2.12¢)
Amin < A(T) < Amaxa (4212(21)
&(1) >0, (4.2.12¢)
Tri(7) — (1) <0, (4.2.12f)

where E?'OORP(-) is the cost per stage of distributed motion planning using the on-off repulsive
potential for collision avoidance and connectivity-preserving approach.

LR (i(7), 1;(-)) = LM (Ri(7), () + [0 (1) | AR, + Mi(Xi(7),%5(7)) + [l&s(®)15,

(4.2.13)
with LOORP(.) defined as in (3.4.3).
The terminal cost is defined as:
Ei(Xi(t +Tp)) = |[Xi(t + Tp) = Xireslp,- (4.2.14)

In (4.2.12b), fi(-,-) is presented in (4.2.5), X;(7),u;(7) are the predicted states and inputs
while @;(-) represents the predicted input trajectory along the prediction horizon 7,. In the
cost per stage (4.2.13), 1;(7) is the predicted input variations, M; penalises the connectivity
maintenance between agent ¢ and its neighbors as defined in (4.2.4) and the last term ¢; is the
slack variable. Q;,R;,P; and S; are (semi)-positive definite weighting matrices of appropriate
dimensions. Look-ahead constraint, A is presented in (4.2.12d). Constraint (4.2.12f) is tightened
by the positive slack variable, ¢; (4.2.12f) in order to prioritize the negative rate of change of
the yaw moment. This forces the vessel to turn to starboard in any situation, hence complying
with the rules 13, 14 and 15 of COLREGS (see Appendix A). Rule 8 is also obeyed through the
use of the repulsive potential in (3.3.10).

At each sampling instance, each agent solves its OCP (4.2.12a) and yields the minimizing control
sequence for the nominal system (4.2.11) over the interval [t,¢+Tp]. Then, only the first sample
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of the control input will be combined with the estimated disturbance in a closed-loop to yield a
compound control as follows:
u;(t) = u;(t) —w;(t). (4.2.15)

Thus, the agents compensate external disturbances in real-time and obtain a predicted collision-
free trajectory x;(7) through the use of repulsive potential fields constructed for fixed and moving
obstacles. The information (predicted trajectory) of agent ¢ will be transmitted to its neighbor
j € N; whenever the connectivity between them holds. Then the agent j, with the information
updated from agent i, will solve its own OCP (4.2.12a). This procedure will continue until agent
i € V solves its own problem (4.2.12a) and is repeated at next sampling instance.

Note that the repulsive potentials of static obstacles (3.1.9) and the moving obstacle/other ships
(3.1.6) are taken into account over the prediction horizon for collision avoidance, and is called
repeatedly, for each time instant 7. However, they are disabled due to combining with on-off
barrier function as in (3.3.6) and (3.3.9) (it has a “0” value if nothing is in the ship’s view range).
The repulsive potential will be activated via on-off barrier function (it has a “1” value if the
moving obstacle/other ships or the fixed obstacles are in the ship’s view range). This approach
has shown effectiveness when the potential field changes constantly via on-off barrier function
thus allowing the vessel to avoid getting trapped inside a local minima as presented in Chapter
3.

Note that the distributed NMPC scheme employed is a parallel architecture with the aim of
improving the closed-loop performance for USVs (compared with the sequential architecture)
[Liu et al., 2010]. More specifically, the separate NMPC controllers are evaluated based on a
new measured state (as can be seen z(t) in Fig. 4.2.3b) and broadcast their information (i.e.,
predicted states, for example, Z1(7), Z2(7) and Z3(7) in Fig. 4.2.3b) to their neigbors if they
stay interior of the communication range in parallel at the same sampling time. Fig. 4.2.3b
illustrates the communication topology of the distributed control framework for three agents.

Several remarks are as follows:

Remark 4.2.4. The nominal system (4.2.11) admits only one solution with one input.
Remark 4.2.5. Only the nominal system (4.2.11) is utilized in OCP.

Remark 4.2.6. The initial state of NDO, ¢;(7) (4.2.11), has to be provided.

Remark 4.2.7. Regarding the rate of change of yaw moment, 7, , there are two possible cases:
i) 77, > 0 (i.e., ship will turn to port side), ii) 7y, < 0, (i.e., ship will turn to starboard).

The slack variable weight should be carefully chosen so that 7}2 can only be a very small positive
number but still satisfy constraint (4.2.12f) while the slack variable, ¢;, is always a small positive
number as in (4.2.12e). These restrictions combine to make case (’7}2 > 0) improbable. In other
words, the case (7}1 < 0) is strongly encouraged.

Remark 4.2.8. The prediction horizon should be chosen large enough to ensure cover of the
agent’s view range or at least assure that the agent has time enough to avoid an imminent
collision. Conversely, the prediction horizon cannot be chosen arbitrarily large due to numerical
and computational issues.

The details are presented in Algorithm 2. The procedure of information exchange among the
agents in Algorithm 2 is based on [Miiller et al., 2012] and Algorithm 1 as presented in Chapter
3. Collision-free motion planning with the rejection of external disturbances through NDO is
proposed by the authors and described in the following:
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Algorithm 2 Information exchange procedure and collision avoidance of the NMPC-based
distributed motion planning with the rejection of external disturbances through NDO.

Require: Consider the set of agents V with the nominal model (i.e., w; is zero in (4.2.11)), the

10:
11:

12:

13:
14:

15:

16:
17:

18:

19:
20:
21:

22:
23:
24:

set of repulsive potentials of the forbidden cells (3.1.9) and of the agents (3.3.4), the on-off
barrier function as in (3.3.6) and (3.3.9), the safe distance DY’ the vew and communication
ranges of agents i, € V, set of waypoint obtained through RRT*.
T € [t,t+Tp);
Initialize the NDO as in (4.2.11)-(4.2.12);
Each controller updates the measured state (x(tx)) and shared information;
fori=1:N, do
Agent i solves OCP (4.2.12a) and obtains the predicted trajectory z;(7);
if the connectivity conditions between agent i and the others are satisfied then
NMPC i broadcasts its entire information (i.e., predicted state z;(7)) to its neighbors
(Ni). N receives the predicted state Z;(7) of NMPC ¢ and evaluates their predicted input
trajectories based on the measured state x(tx) and received predicted state (i.e., Z;(7));
if [|Ap;,ll > D5 and ||Ap§{j|| > min(I';,I';) then
inactivate static and dynamic repulsive potential fields for the ¢* fixed and and
the j** moving obstacle (or other agent) in (4.2.13);
end if ‘
if [|Apg || > DY and [|Apd,|| < min(T;,T;) then
inactivate the ¢/* static RP of the fixed obstacles and activate the dynamic RP of
the j'" agent (or moving obstacle) in (4.2.13);
end if
if [|Ap;, | < D" and [|[Apd|| > min(T;,T;) then
activate the " static RP of fixed obstacle whose value stays within the range
(0, 1]@;(-)10and inactivate the dynamic RP of the j!" agent (or moving obstacle) in (4.2.13);
end if
if [|Apg [l < DY and [|Apd, || < min(T;,T;) then
activate the ¢! static RP of fixed obstacle whose value stays within the range
(0, 1]@{ (-) and activate the dynamic RP of j** agent (or moving obstacle) whose value stays
within the range (0, 1]Y;(-)in (4.2.13);
end if
end if
Apply only the first sample of the compound control sequence (i.e., @/ (7;x;(tx))) as in
(4.2.15) to both the nominal system and NDO over the interval [t,t + T},];
end for
Continue to the next sampling instance;
RETURN step 1;

4.3 Simulation results for collision avoidance and connectivity

maintenance

Hereinafter we use the Cybership II model for ship dynamics. This characterizes a real ship at a
scale of 1:70. Since we aim to test our algorithm on a realistic benchmark (using real movement

10@2’(‘) is repulsive potential of the £*" static obstacle as defined in (2.2.12).
1,(+) is repulsive potential of the j** agent (or moving obstacle) as defined in (3.1.6).
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data, as given by the AIS), we scale all the information (distances, velocities) proportionally to
the scale mentioned earlier (e.g., the distance between harbors used in simulation is 70 times
less than the real one).

Consider a set of N, = 3 underactuated ships with the dynamical model (4.2.5) with the length
overall (LOA) being 1.255 [m], and the matrices'? R, M, D and B as presented in the simulation
section in Chapter 3. These vessels are simulated to navigate in the Trondheim fjord (Norway).
Fig. 3.1.3b illustrates the operating region in which the ships need to navigate among different
harbors while simultaneously maintaining connectivity and avoiding the shore or small islands
and other vessels. The Automatic Identification Systems (AIS) is used to provide real numerical
data related to the position and velocity of ships, as well as time of navigation between harbors.

Furthermore, in order to ensure that the ships can broadcast and be aware of each other’s
complete information, we have three neighboring sets. The neighbors of ship 1 is defined N7 =
{2,3} (i-e., neighbors of ship 1 are ship 2 and 3) and N3 = {1,2} (i.e., neighbor of ship 3 are
ship 1 and 2).

The three agents in the group need to maintain the connectivity among them while traveling
from Orkanger to Trondheim harbor (for situation 1) and Stjordal harbor (for situation 2) and
avoid fixed obstacles and a mobile obstacle whose dynamical model is described in (4.2.5).

The number of cells considered from partitioning the map as in Fig. 3.1.3b is Ne = 22.

The view-range of the ships used in (3.3.5), (3.3.8) is I'; = 35 [m]. The scaling coefficient is
o€ [1.2,1.8].

In order to observe easily, the communication range, I'{ for information exchange among ships
used in (4.2.3), is assumed 70 [m].

The steepness of the repulsive potential defined in (3.3.6) and (3.3.9) is given by 8; = 1. The
steepness of connectivity maintenance function (4.2.4), 3;; and curve’s maximum value, L;;
used as in (4.2.3) are $12 = (13 = P23 = 0.002 and Li2 = L13 = Loz = 1000. Other parameters
of the NMPC optimization problem in (4.2.13) are chosen as follows: the weighting matrices
Qi = 0.116, Ri = 0.112, Pi = [0.512 02 02;02 12 02; 02 02 12], SZ = 10_6. We consider
a conservatively chosen prediction horizon Tj, = 6s in order to asses less than ideal conditions
(decisions have to be made when the other ships/obstacles are already very close) and the
sampling time T is 2s.

The design parameters of the NDO in (4.2.11) and (4.2.12) are chosen as follows: \; = 1 and
BNPO =1, Ky; = diag {0.2, 0, 0.2}, Ko; = diag {0.025, 0, 0.025} = d;.

We consider the surge velocity of agent 1 to be the highest (u; € [—0.2,0.6] [m/s]); the surge
velocities of agent 2 and 3 equal (ug = us € [-0.2,0.4] [m/s]) and less than the surge velocity of
agent 1. The yaw angles’ constraint is [—7,w]. We consider constraints on the actuation force
Tuy € [-2,2] [N], Toy, = Tug € [—2,2] [N] and on the yaw moment 7,, = T, = T, € [—0.2,0.2]
[Nm]. The look-ahead distance is taken in the interval A € [2-LOA, 10 - LOA].

The simulations are done using IPOPT solver and CASADI [Andersson et al., 2018] toolkit
in Matlab R2016a on a computer with the following configuration: Intel Core i7-4790CPU,
3.60GHz, 8GB RAM.

12For simplicity, the Coriolis matrix is neglected.
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4.3.1 Scenario 1: Connectivity maintenance of MAS

Scenario 1 evaluates the validity of motion planning for connectivity maintenance in a group of
three vessels in the course of going to the desired harbors, while maintaining collision avoidance,
complying with the COLREG rules, avoiding dynamic obstacles under LOS guidance in the

absence of disturbances.

Situation 1: Multi-USVs depart from Orkanger to Trondheim harbor
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(a) Feasible collision-free path from Orkanger to Trondheim harbor.

10°

1.01

lheim

—Total potential field

=Ship 1

=Ship 2

=Ship 3

—A\lu%)il(' obstacle
Feasible path RRT*

7,300 7,400

1.01 é
Tkz
7 7,100 7,200

6,900 7,000
EAST [m]

(b) Connectivity maintenance of the 3 USVs in situation 1 with COLREGS compliance -
rules 13 and 14.

Figure 4.3.1: Motion planning of the three agents in situation 1.

Fig. 4.3.1a shows the off-line collision-free path generated using the RRT* algorithm after 1500

iterations.

Fig. 4.3.1b depicts the actual motion of the three vessels traveling from Orkanger to Trondheim
harbor. In the same figure, we show the group of agents at 7 different time instances as they
are changing their formation configuration, for instance due to the moving obstacle motion
illustrated in black. Fig. 4.3.2d shows that the connectivity condition is maintained.
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Figure 4.3.2: Control inputs, course angles, surge velocities and relative distances of the three
agents in situation 1.

At time instance k£ = 93, the ship 1 (in red) is overtaking on the port side of the second and third
ship, hence satisfying the COLREGS rule 13 - the overtaking situation. This can also be observed
in Fig. 4.3.2b and 4.3.2¢c where ship 2 (in green) and 3 (in blue) are being overtaken, not changing
their course and speed until step & = 135. In time interval k € [365,400] the COLREGS rule 14
concerning head-on collisions between ships and/or mobile obstacles, becomes active. The first
ship in the group (in red) and the mobile obstacle start changing their course angles to turn to
their starboard (right side) at time step k = 365 (Fig. 4.3.2b), then the course angle of the third
ship of the group (in blue) has a significant increase at time step k = 400 (see also Fig. 4.3.2b).
Note that if the course angle of the ship is increasing, then the vessel is steered to its starboard
and vice-versa.

Fig. 4.3.2a depicts the control inputs corresponding to surge thrust and rudder deflection of the
three vessels.

Situation 2: Multi-USVs depart from Orkanger to Stjordal harbor

Similarly with situation 1, a collision-free path is generated from Orkanger to Stjordal harbor
via RRT* after 1500 iterations as in Fig. 4.3.3a.

Fig. 4.3.3b illustrates the actual motion of the three vessels traveling from Orkanger to Stjordal
harbor. We show the group of agents at 10 different time instances changing their formation
configuration due to the moving obstacle illustrated in black. Note that starting with time
step £ = 200, the three ships steer away from the given path due to the repulsive potential
of the forbidden cell for ensuring a safe distance between agents and the shore-line. However,
after some steps, in particular, at k = 416, the agents re-approach the given path and continue
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(b) Connectivity maintenance of the three ships group in situation 2 with COLREGS com-
pliance - rules 13 and 15.

Figure 4.3.3: Motion planning of the three agents in situation 2.

tracking it. A crossing situation (Rule 15 of COLREGS) between the group of three ships (which
start from Orkanger harbor) and the mobile obstacle (which starts from Trondheim harbor) is
encountered. Since the mobile obstacle crosses from the starboard of the three ships group, the
mobile obstacle can maintain its direction, while the three ships must turn starboard for collision
avoidance at time step k = 500. The change of the ships’ course angles can also be observed in
Fig. 4.3.4b, the first (the red line) and third (the blue line) ship’s course angles start increasing
at time steps k£ = 500 and k& = 515, respectively for collision avoidance on starboard with the
mobile obstacle. The course angle of the second (the green line) ship is not changing since the
mobile obstacle has passed by the time they enter this area. Fig. 4.3.4a and Fig. 4.3.4c present
the control input and the surge velocities of the three ships respectively.

Collision avoidance and connectivity-preserving among agents are also validated since the relative
distances are greater than the safety threshold and smaller than the connectivity threshold, as

can be seen in Fig. 4.3.4d.
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Figure 4.3.4: Control inputs, course angles, surge velocities and relative distances of the three
agents in situation 2.

4.3.2 Scenario 2: The environmental disturbances affect the performance of
MAS

Assume that the disturbances originated by the ocean environment are time-varying and are
described as follows:

wy, = 0.965in(0.02t) + 0.845in(0.03¢),

=0, (4.3.1)
= —0.165in(0.09¢ + T) — 0.025in(0.01¢).

Wy,

7

Wy,

K3

Then the external disturbances are bounded by |[||w,|| |w,nl”—r < [1.72 0.18]T.
Situation 1: Multi-USVs depart from Orkanger to Trondheim harbor

In this scenario, the NMPC-based optimized control is combined with NDO (eq. (4.2.11) and
(4.2.12)) in the presence of the time varying disturbance as in eq. (4.3.1). The effectiveness of
the combination between NMPC and NDO is shown in Fig. 4.3.5 where the trajectories of three
vessels are similar with those shown in situation 1 of scenario 1. The connectivity maintenance
is also guaranteed as observed in Fig. 4.3.6d. Although the course angle of the three ships is
oscillating more than in the case of no disturbance (in Fig. 4.3.2b), there is also an increased
trend for the ships and the mobile obstacle to steer to their starboard side. For example, at
the time instance k = 368, the course angle of ship 1 (red line) and mobile obstacle (black line)
increase, which also can be observed in Fig. 4.3.6b. As a consequence, the COLREG rules 13
and 14 are maintained as in situation 1 of Scenario 1.
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Figure 4.3.6: Control inputs, course angles, surge velocities and relative distances of the three
agents in situation 1 in the presence of disturbances and NDO.

Fig. 4.3.6a and Fig. 4.3.6¢ illustrate the control inputs and surge velocites of the three vessels.
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Figure 4.3.7: The estimated disturbances of the situation 1 and 2.

Since the nonlinear disturbances of each ship can be estimated and compensated for, the esti-
mated perturbations () of three ships converge towards the real disturbance (w), as depicted
in Fig. 4.3.7a. The effectiveness of the use of on-off barrier function for the designed function
(eq. (4.2.10)) (for example, the NDO of the 2"¢ vessel) can be seen in Fig. 4.3.8. The errors
between estimated and actual disturbances when applying the on-off barrier function (the red
one) have had shown a slight improvement.
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Figure 4.3.8: Comparison of NDO using signum function and on-off barrier function.
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Situation 2: Multi-USVs depart from Orkanger to Stjordal harbor
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Figure 4.3.9: Simulation results of the three vessels in situation 2 in the presence of disturbances
and NDO.

In this situation, the connectivity maintenance and collision avoidance among agents in the
group are maintained in simulation as illustrated in Fig. 4.3.9c.

Rule 13 of COLREG - overtaking is obeyed as illustrated in Fig. 4.3.9a (at time instance k = 101,
ship 1 in red, overtakes on the left side of the two ships). Moreover, rule 15 - crossing, is also
complied with when the obstacle ship keeps its direction and ship 1 turns starboard for collision
avoidance as can be seen (k = 486) in Fig. 4.3.9a. This can also be seen in Fig. 4.3.9b, the
course angle of ship 1 (red) which increases at k = 486 while course angles of ship 1 (green) and
3 (blue) are not changing since the mobile obstacle has passed by the time they enter this area.

Similar to situation 1 in this scenario, good results are obtained because NDO provides an
estimate that rapidly converges towards the real disturbances depicted in Fig. 4.3.7b. This
allows the ships’ trajectories in the presence of external disturbances (Fig. 4.3.9a) to behave like
the trajectories in the absence of disturbances (Fig. 4.3.3b).

Note that in Fig. 4.3.1b, 4.3.3b, 4.3.5 and 4.3.9a, we also illustrate the repulsive and attractive
potentials projected in 2D (the repulsive potentials appear around the forbidden region pre-
venting the ship’s collison with the fixed and moving obstacles and the attractive potential is
represented by circles around the destination harbor).
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Computation time of the optimization problem, trajectory length and number of simulations to
arrive at the destinations are delineated in Table 4.3.1.

Table 4.3.1: Performance criteria for the motion planning algorithm of situation 1 and 2 for
Scenario 2 and 3.

H Situation 1 ‘ Scenario 1 | Scenario 2
Prediction horizon [s] 6 6
Number of simulations 650 650

CPU time [s]/step 0.0039 0.0039
Length of trajectory [m] 505.2 503.4

H Situation 2 ‘ Scenario 1 | Scenario 2
Prediction horizon [s] 6 6
Number of simulations 1050 1050

CPU time [s]/step 0.0103 0.0103
Length of trajectory [m)] 847.6 858.5

4.4 Conclusions

In this chapter, we first presented the collision-free path generation, which is based on the
randomized sampling algorithm, namely RRT*. This algorithm assures the necessary conditions
for sampling-based motion planners towards probabilistic completeness, asymptotic optimality,
and monotone convergence. This path is generated off-line and based on a set of the waypoints
yielded by the RRT* algorithm. It is further parameterized by the associated heading angle
which is to be used for the LOS guidance system employed by the USVs for path tracking.

An NDO-based distributed NMPC scheme has been developed for the motion planning prob-
lem which ensures connectivity maintenance and collision avoidance for multi-surface vehicles.
The classical non-convex constraints from this problem were penalized in the cost function
through appropriate potential field constructions. NDO can estimate the external disturbance
and compensate for their impact via feedback control. Simulation results prove the excellent
performances of the algorithm as well as giving insights for real implementation.

More details on LOS guidance system used for multi-vehicle surfaces can be found in [Breivik
and Fossen, 2004, Bgrhaug et al., 2010, Hinostroza et al., 2018, Jiang et al., 2019, Wang et al.,
2019¢]. NDO formulations can be found in [Fu et al., 2018, Gao and Guo, 2019, He et al., 2019b].
Some applications of tracking MPC for autonomous surface vehicles are introduced in [Yan and
Wang, 2012, Guerreiro et al., 2014, Sun et al., 2018a, Hagen et al., 2018, Persson and Wahlberg,
2019, Chen et al., 2019].

Future work will concentrate on the recursive feasibility of NMPC, the stability of the closed-loop
system as well as experimental results.
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Chapter 5

Conclusions and future developments

5.1 Conclusions

The present manuscript proposed an NMPC (Nonlinear Model Predictive Control) algorithm for
motion planning of multi-agent systems in an environment with fixed and moving obstacles. The
focus was on a real application of safe navigation for ships in the Trondheim fjord. The classical
non-convex constraints resulted from this problem were penalized in the cost function through
appropriate potential field constructions. To reduce complexity and computation times we have
considered on-off barrier functions as weights for the repulsive components of the potential field
(such that only agents and obstacles in the view range of the current agent contribute into its
potential field). Then, an NDO (Nonlinear Disturbance Observer)-based distributed NMPC
scheme has been developed for motion planning problem with connectivity maintenance and
collision avoidance for multi-surface vehicles. NDO was used to estimate the external distur-
bance and compensate for their impact via feedback control. Simulation results have shown the
excellent performances of the algorithm as well as given insights towards real implementations.

We have to emphasize that the collision avoidance problem for multi-agent systems is a large and
challenging domain. We have thus concentrated our contribution on a specific thematic related to
the safe navigation of ships. The topic is complex enough as it covers different challenging issues
appearing in the control of the multi-agent systems such as having underactuated dynamics and
ensuring collision avoidance and connectivity maintenance, all of these in presence of external
disturbances and in a cluttered environment.

Throughout the manuscript we have considered various tools. Chiefly among these, we consider
polytopic sets to characterize obstacles, agents’ safety regions and ground features (islands or
mainland). We have also considered barrier functions and proposed an implementation based
on the logistic regression (shown to behave better than, e.g., the signum function). These tools
allowed us to write the various limitations (either as hard constraints for the MIP (Mixed-Integer
Programming) approach or as penalty terms into the cost for the APF (Artificial Potential
Field) approach) into a manageable form which was further integrated into a MPC (Model
Predictive Control) framework. While in the beginning of the thesis we show both MIP and
APF approaches, we have done so only to highlight the shortcomings of the former (in terms of
computation time and feasibility) w.r.t. to the later.

Despite the fact that the potential field approach in MPC scheme showed some efficiencies in
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obstacle avoidance, the local minima usually emerges as the main shortcoming which may affect
the motion planning procedure. Therefore, we proposed a combined methodology between on-
off barrier functions (is a technique borrowed from machine learning algorithms used in the
field of statistics) and APF constructions to make sure that the magnitude of the total potential
fields (repulsive and attractive potential field) is always variable in the view range of the agents
(needed in order to reduce the probability of having null potential field which would lead to
undesirable behavior for the agent). The proposed method was applied over a benchmark
using real numerical data for the safe navigation of ships in the Trondheim fjord complying to
COLREGS rules. The simulations have shown the effectiveness of the proposed method with
respect to other classical methods.

Finally, we have developed a distributed control framework to deal with the motion planning
problem for multiple surface vehicles in the presence of varying environmental disturbances. The
goal was to steer the vehicles from an initial to a final destination while ensuring connectivity and
avoiding collision with fixed and moving obstacles. Some ingredients like LOS (Line-of-Sight)
guidance and RRT* (optimal Rapidly-exploring Random Tree) algorithms were first employed
for generating a collision-free path considering static surroundings. The main contribution was
in the employment of potential field constructions within a distributed NMPC framework for
safe navigation in a dynamic coastal environment. We discussed the proposed algorithm through
simulations with different scenarios and comparisons carried out over a benchmark for motion
planning in the Trondheim fjord, Norway.

Since the combination between on-off barrier function and APF approach in NMPC scheme is a
new approach for distributed motion planning of MAS topic, there are still many open questions
that will be detailed in the last section.

5.2 Future developments

First of all, we consider the most relevant topic to be the one of time-delay systems! in the
distributed motion planning framework of MAS. Delays in communication and in reaching a
decision may strongly influence the collision avoidance guarantees. Not in the least, we may
mention that the particular choice for expressing the repulsive component, the sum function,
is not always well-posed. That is, it may happen that the sum function’s derivatives have
discontinuities which negatively influence the resulting cost function. Hence, alternatives to the
sum function will be considered.

Secondly, although the on-off repulsive potentials are the main contribution in this manuscript,
improvements can be carried out in order to better the results. Instead of assuming a fixed
slope parameter (3, we may obtain it through an estimation/fitting procedure which maximizes
the appearance of the obstacles in the agent’s view range, i.e., a collision risk may be alerted
earlier. The Newton-Raphson [Bakari et al., 2016, Al-Daffaie and Khan, 2017] and Gradient
Descent [Kim et al., 2018, Manogaran and Lopez, 2018] method as well as its variants such
as Batch Gradient Descent and Stochastic Gradient Descent can be employed to estimate this
parameter.

Thirdly, the additive disturbances need to be fully considered despite the fact that we took the
impact of the environmental disturbances into account with respect to the control inputs (i.e.,

!Delays occur due to finite velocities of signal propagation or processing delays leading to memory effects and,
in general, infinite-dimensional systems [Otto et al., 2019].
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ocean currents affect the performance of the surge thrust and rudder deflection). That is, the
effect of ocean currents defined in the inertial frame [Caharija et al., 2018] has not yet been taken
into account. Furthermore, the impact of multiplicative disturbances should also be discussed.
These factors cause delays in the communication channel, or degradation of the information
exchanged among the agents. One of the most popular approaches for dealing with the issues in
MPC framework is to employ the min—max MPC, which uses the maximum overall realizations
of the disturbance sequence in the objective function [Gesser et al., 2018, Liu et al., 2018a, Hu
and Ding, 2019]. Another interesting method is tube-based MPC [Villanueva et al., 2017, Sun
et al., 2018b, Yadbantung and Bumroongsri, 2019] which guarantees that the actual dynamics
track the nominal dynamic and are guaranteed to stay in a tube around it.

Finally, one of the most challenging perspectives is to guarantee asymptotic stability of the
potential field-based MPC scheme by using the predicted input trajectory along the prediction
horizon. Without doubt, this is not a trivial problem to deal with since MAS have to leave
their predicted paths due to repulsive forces coming from the forbidden areas. Some well-
known approaches from the literature are promising. On the one hand, stability can be ensured
for finite-horizon problems by suitably choosing a weighting matrix for terminal cost and an
attractive terminal region [Chen and Allgower, 1998, Nguyen et al., 2019]. On the other hand,
closed-loop stability can also be achieved for relatively long horizons without the need to use
a terminal cost or a terminal constraint [Griine, 2012, Griine and Pannek, 2017]. Stability is
guaranteed by tuning the weighting matrices of the cost function.

Last but not least, while our results have been tested only in simulation, they consider realistic
ship models, ocean disturbances and a benchmark inspired from real data (shore shape, ship
movements, etc.). Thus, we are interested to continue the work and apply our results in real
settings and/or more complex scenarios.
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Appendix A

COLREGS

e Rule 8 - Action to avoid collision: avoidance action must be applied timely, before other
vessel approaches. Any alterations of course and/or speed must be large enough to clear
the approaching vessels.

e Rule 13 - Overtaking: The overtaking vessel can pass on either side and must keep out of
the way of the vessel being overtaken. The vessel being overtaken must hold the course
and speed until other vessel is past and well clear.

e Rule 14 - Head on situation: when two power-driven vessels are meeting on nearly recip-
rocal courses so as to involve risk of collision, then alter course to starboard so that each
pass on the port side of each other.

e Rule 15 - Crossing situation: when two power-driven vessels are crossing so as to involve
risk of collision, the vessel which has the other on her own starboard side shall keep out
of the way.

e Rule 16 - Actions by give-way vessel: take early and substantial action to keep well clear.
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Appendix B

Brief overview of RRT*

Algorithm 3 The Exploring-tree procedure.

Input: Nodes K € N, xjnit € F, Xgout C F.
Output: tree 7.
VY < 7 .Node; &£ + 7 .Edge;
(Xnear) < Nearest(7, Xpand);
(Xnew) < Steer(Xnear, Xrand, At);
if Collision-free-path(Xpear, Xnew) then
T+ T U{xnew};
Xmin <= Xnear; Cmin COSt(Xnear);
cost(Xpew) — COSt(Xpear) + dist({Xnear; Xnew } );
Znearest < Check-nearest-neighbors(Xyand, R);
for all Xpearest € Xpearest do
if Collision-free-path(Xpearests Tnew) and cost(Xpearest) + dist ({Xnearests Xnew }) < Cmin then
Xmin € Xnearest;
Chin + COSt(Xnearest) + diSt({Xnearestv Xnew});
end
end
E+ €& U{(Cminaxnew)};
for all Xpearest € Xpearest \ {Xmin} do
if COHiSion'free'path(Jcncarcst7 Xnew) and COSt(Xnoarcst) > cost (chw)+diSt({charcst> chw});
then
Xparent < Parent (Xnearest)§
E+ & \ {(Xparenta Xnearest)};

E+ €& U{(Xnearesta Xnew)};
end

end

end
Return .7 = (V,€).
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Appendix C

Solving local minima

Assume that the operating space of the ¥ agent is the total potential field in classical APF
approach, which is presented as (2.2.10):

Nobs
Cle 2
S¢(x: :E: R | C.0.1
) = (a0 + 7e(x:))? i = xiperla, ( )

The simplest control action would be a descent gradient method were the input is equated with
the steepest gradient:

Nobs obs
Ff(x;) = —-VS(x;) = — Z [(cﬂﬁylf& )3] \V4 Z Ye(xi) — 2Qi(%Xi — X ref) VX, (C.0.2)
/=1

Local minima will happen when there is a bad choice of the parameters of repulsive and attractive
potential making these potential components cancel each other. This means that (C.0.2) is equal

to zero, i.e.,
obs obs
_ Z |:(02£+’W(xz) } v Z Ye(xi) = 2Qi (X — X ref) VX, (C.0.3)
On the other hand, the proposed method gives us a total potential! described as follows:
Nobs
Foo(1ADS o], Bit) ————— + 1% — Xiresl|, C.0.4
; NG H 6” f)( +’7€(XZ))2 H ) JCHQZ ( )

Similar with the classical approach, one has also:

Nobs
FP(x;) = -VSP(x;) = — | — VF; _ar
P(x,) (x) [ gz o TG
Nobsi obs
+ ) FiollApsll, Bie) 3 o + o V Z Ye(xi) — 2Qu(Xi — Xiper)Vxi | (C.0.5)
=1 i)

(C.0.5) will become (C.0.2) (i.e., local minima) if and only if Z F; o([Ap; I, Bie) = 1 and
Z_

Nobs i
> VE o(|ApS I, Bie) = 0, i.e., entire total static repulsive potential must be in the interior of
=1 ’

Tt is worth noting that all the parameters of total the potential fields are similar.
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the view range of it" agent (i.e., all static repulsive must be activated). This cannot happen
since the view range of the agent is significantly smaller than the size of the workspace under
consideration. Therefore, (C.0.5) always differs from (C.0.2), in other words, the proposed
method can better deal with local minima in comparison to the classical approach.
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Abstract

This thesis proposes optimization-based control solutions for the motion planning of multi-agent
dynamical systems operating in a variable environment (with static/mobile obstacles and time-
varying environmental disturbances).

Collision-free paths are planned for the agents through the combined use of set theory (par-
ticularly, bounded convex sets), non(-linear) Model Predictive Control (MPC), Potential Field
(PF) and graph-based methods. The contributions build on the proposal of repulsive poten-
tial field constructions together with on-off barrier functions which describe and, respectively,
activate/deactivate the collision-free conditions introduced in a distributed NMPC framework.
These constructions are further used for connectivity maintenance conditions among the group
of agents while ensuring the tracking of the a priori generated path. Furthermore, a nonlin-
ear disturbance observer is integrated within the control scheme for environmental disturbance
rejection.

Finally, the results are validated in simulation through comparisons with mixed-integer ap-
proaches and over a benchmark for the safe navigation of Unmanned Surface Vehicles (USVs)
in the Trondheim fjord, Norway, using real numerical data.

Résumé

Cette these propose des solutions de commande basées sur la planification optimale de trajec-
toires pour des systemes dynamiques multi-agents fonctionnant dans un environnement variable
(avec obstacles statiques ou mobiles et des perturbations variables dans le temps).

Cette planification de trajectoires repose sur 1'utilisation combinée de la théorie des ensembles
(en particulier des ensembles convexes bornés), de la commande prédictive non-linéaire (NMPC),
du calcul de champs de potentiel et des méthodes basées sur des graphes. Elle se base sur la
construction de champs de potentiel répulsifs associés a des fonctions de barriere marche-arrét
(on-off barrier functions) qui décrivent et activent ou désactivent les trajectoires libres (sans
collision) calculées au préalable par une commande de type NMPC distribuée. Ces constructions
sont ensuite utilisées pour maintenir la connectivité dans le groupe d’agents, tout en assurant
le suivi du chemin pré-généré. En outre, un observateur pour I’estimation de perturbations non
linéaires est intégré dans le schéma de commande afin de les rejeter.

Les résultats théoriques obtenus sont validés en simulation, par des comparaisons avec des
approches utilisant la programmation mixte en nombres entiers, a ’aide de données numériques
réelles provenant d’une plateforme de navigation sécurisée pour les véhicules de surface non
habités dans le fjord de Trondheim (Norvege).
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