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Abstract

The collision avoidance system for an autonomous ship is of vital importance for nav-
igational safety. This motivates the idea of utilizing other vessels’ intentions to improve
performance, which is the topic of this preliminary project.

A study on manually operated ships was performed to reveal that one of the main rea-
sons for collisions at sea is fatigue among crew members that leads to not paying enough
attention to traffic situations. A literature study on existing collision avoidance methods
has also been performed to provide insights on existing collision avoidance methods and
how other vessels’ intentions can be used to reduce the risk of collision. The initial design
of a collision avoidance algorithm was started, where the proposed algorithm is based on
the Simulation-Based Model Predictive Control method and considered how the existing
method can be extended to include intentions. Furthermore, a simulator has been devel-
oped that is able to simulate the behavior of a Platform Supply Vessel in addition to static
and dynamic obstacles. The control system, line of sight guidance and ability to detect
collisions has been tested to show acceptable performance.
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Position and orientation vector
Velocity vector
Generalized force vector
Heading angle

Course angle

Position along x-axis
Position along y-axis
Position along z-axis
Position vector

Speed in x-direction
Speed in y-direction
Yaw rate

Rotation matrix

Inertial matrix

Mass

Damping matrix
Coriolis-centripetal matrix
Time constant
Controller gain

Relative bearing angle
Sideslip angle

Waypoint number k

Desired value for a variable
Reference value for a variable
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Abbreviations

Al = Attificial Intelligence

COLREG = The International Regulations for Preventing Collision at Sea.
VO = Velocity obstacles

MPC = Model Predictive Control

GNC = Guidance, navigation and control
LOS = Line of sight

ILOS = Integral line of sight

DOF = Degree of freedom

NED = North-East-Down

VFF = Virtual Force Field

MVEFF = Modified Virtual Force Field

MO = International Maritime Organization
RRT = Rapidly-Exploring Random Tree
PD (Controller) = Proportional Derivative (Controller)
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PSV = Platform Supply Vessel

AIS = Automatic Identification System
VHF = Very High Frequency

GPS = Global Positioning System

ECDIS = Electronic Chart Display and Information System
FMI = Functional Mock-Up Interface

usSv = Unmanned Surface Vehicle

MIMO = Multi-Input Multi-Output

VTS = Vessel traffic service




Chapter

Introduction

1.1 Motivation

In recent years, autonomous systems have become more and more popular, and the
growth is expected to increase in the years to come (Saracco, 2017). Autonomous sys-
tems are used for numerous different applications, ranging from self-driving cars to house
cleaning robots. In the maritime industry, autonomous ships have become an active area of
research. One of the first large scale research projects on autonomous ships was MUNIN
(Maritime Unmanned Navigation through Intelligence in Networks), a feasibility study
whose aim was to show the feasibility of an autonomous vessel (MUNIN, 2016).

What are the benefits of autonomous ships? When having no crew members, there is a
potential for reducing costs. The MUNIN project predicted a saving of 7 million dollars
per autonomous vessel over a 25-year period in crew cost and fuel consumption (O’Brien,
2018). Another big advantage of an autonomous ship over a manually operated ship is the
potential for making the voyage safer. According to Allianz Global Corporate & Specialty
(2017) it is estimated that between 75% and 96% of all accidents in the shipping sector
are caused by human errors. In addition to reducing the number of accidents, having
autonomous ships results in reduced consequences of accidents due to fewer human lives
being at stake.

One of the challenges with autonomous ships is the integration of autonomous ships
into the existing fleet of manually operated ships. Furthermore, existing regulations and
laws have not been adapted to apply for autonomous ships yet (@rnulf Jan Rgdseth and
Burmeister, 2012). An example of this is the International Regulations for Preventing
Collisions at Sea (COLREGs) from International Maritime Organization (1972). These
are navigational rules that must be followed to prevent collision between vessels. How-
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ever, the COLREGs are formulated in a way that makes them difficult to implement in an
automatic navigation system. For instance, many of the COLREGs rules have imprecise
formulations. The rules contain keywords like ”safe distance” and “’safe speed”, without
defining what these values should be.

Collision avoidance is an important aspect of autonomous ships. For autonomous ships
to be commercially accepted, they need to be at least as safe or safer than existing ships
(Rolls-Royce, 2017). Having a well-functioning collision avoidance system, that is able
to follow the COLREGsS, is an important step towards making vessels more safe. Even
though COLREGs are written for human-operated vessels, autonomous vessels should
also be required to follow these rules. This is based on the assumption that in the near
future, both human-operated and autonomous ships need to interwork in the same areas.
This is the reason why COLREG compliance is important.

Collision avoidance is a popular area of research. Statheros (2008) gives an overview
of different types of collision avoidance methods. There are several existing collision
avoidance methods that have been developed to be able to comply with the COLREGs.
This includes the COLREG-RRT method from Chiang and Tapia (2018), which is a global
path planning method able to find COLREGs compliant trajectories. Other methods worth
mentioning are the Modified Virtual Force Field (MVFF) method by Lee et al. (2004) and
Velocity Obstacles (VO) by Kuwata et al. (2014). There has also been developed Model
Predictive Control (MPC) based methods to solve the collision avoidance problem. One
of the first uses of MPC for ship collision avoidance with COLREGs compliance was the
Simulation-Based Model Predictive Control (SBMPC) method by Johansen et al. (2016)
which, according to Chiang and Tapia (2018), is one of the current state of the art methods
for collision avoidance today.

There has been some research on cooperative collision avoidance where a ship can com-
municate and coordinate its actions with other ships. Tam and Bucknall (2013) developed
a cooperative path planning algorithm able to find COLREGs compliant paths, while Li
et al. (2019) propose a coordination strategy to solve the collision avoidance problem in
situations where a vessel must consider several obstacle ships at the same time. However,
there has not been done any research on a collision avoidance method that utilizes other
vessels’ intentions and at the same time investigates COLREGs compliance and the ef-
fect of environmental constraints (such as shallow waters and shorelines) that limits the
maneuverability. This motivates the task of developing a collision avoidance system that
utilizes other vessels’ intentions, to investigate if the performance of existing methods for
collision avoidance can be improved.

The hypothesis that the inclusion of other vessels’ intentions will improve the perfor-
mance of the collision avoidance is based on the idea that it will be easier to compute a
collision-free trajectory for a ship if the future trajectories of obstacle ships are known.
In addition, many existing algorithms, including SBMPC, the future trajectory of obsta-
cles ships are estimated. There are several ways this estimation can be performed. Xu
et al. (2011) developed a neural network to predict the future positions of the ship based
on ship motion data and Murray and Perera (2018) present and compare the performance
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of several data-driven trajectory prediction methods that utilize historical AIS data. Suc-
cessful inclusion of intentions will make such estimation methods obsolete for the case of
collision avoidance.

1.2 Problem description

The goal of this project is to design and implement a navigational guidance system that
utilizes information about other vessels’ intentions or near-future route plans to improve
the performance. The system should be able to plan and execute a safe route to avoid colli-
sions with other vessels, but also avoid grounding with fixed obstacles such as archipelago
and be able to act according to international regulations at sea. The main research ques-
tion to be answered in this project: is it possible to use other vessels’ intentions to improve
already existing algorithms for collision avoidance? As of now, there has not been done
an extensive amount of research to answer this question.

In order to answer the question at hand, several tasks must be completed. The work on
this project will be completed in two phases. The first phase is the preliminary project, and
the second phase is the master’s thesis. The work to be done in the preliminary project is
the following proposed tasks:

e Perform a literature survey on collision avoidance methods for surface vessels and
assess the properties of different approaches for collision avoidance. Consider how
other vessels’ intentions could be exploited to reduce collision risk.

e Create a simulator for the vessel, the environment, other vessels and demonstrate
the capabilities of the developed system. To introduce readiness for further work the
following capabilities should be considered implemented:

- Boundaries for land and ’no go” zones.
- Different future trajectories for targets.

e Do a brief and initial study of how ships are manually operated to avoid collisions
and identify the most critical situations and the main reasons for collisions. (To be
further elaborated in master’s thesis).

o Start the design of a collision avoidance system capable of navigating safely in var-
ious types of waters, and to act on suddenly occurring obstacles, as well as utilizing
other vessels intentions. (Design to be further developed and implemented in mas-
ter’s thesis).

The remaining work on the project, including the actual implementation and assessment
of the collision avoidance system utilizing other vessels’ intentions, will be completed in
the master’s thesis.
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1.3 Contributions

The main contribution of this preliminary project is to investigate how ships are man-
ually operated to avoid a collision and find the most common reasons for collisions for
manually operated ships. This provides valuable insight into what features are needed in
an automatic collision avoidance system. A literature study of existing collision avoidance
methods has been performed, and four different collision avoidance methods have been
studied in detail (COLREG-RRT, Modified Virtual Force Field (MVFF), Velocity Obsta-
cles (VO) and Simulation-Based Model Predictive Control (SBMPC)). Recommendations
on how to improve their performances by utilizing other vessels’ intentions have been
given. In addition, the initial design of a collision avoidance system based on the SBMPC
method has been proposed. This design

A simulator has been developed in MATLAB & Simulink (MATLAB, 2017), and the
simulations have been performed in DNV GL’s CyberSea platform. A ship model for a
Platform Supply Vessel has been implemented, along with a control system and guidance
system. The performance of the control and guidance system has been tested. The sim-
ulator also includes functionality for adding obstacle ships and static obstacles such as
boundaries for land.

1.4 Outline

The theoretical background for this project is given in Chapter 2. In this chapter, im-
portant concepts such as a mathematical 3 degree of freedom ship model, line of sight
guidance and model predictive control are discussed.

In Chapter 3, details about COLREGs will be given in addition to an explanation of
how ships are manually operated in order to avoid collisions. At the end of the chapter,
common reasons for collisions at sea are discussed.

Chapter 4 contains a literature study on collision avoidance for surface vessels and gives
a detailed explanation of four different collision avoidance methods. For these methods,
the possibility to improve performance by utilizing other vessels’ intentions has been in-
vestigated.

The initial design of a collision avoidance system that utilizes other vessels’ intentions
is given in Chapter 5. The design is based on the existing SBMPC algorithm and focuses
on how intentions can be included. In addition, data about intentions and requirements for
the algorithm will be discussed.

Chapter 6 describes the development of a simulator and the ship model used in the
simulator. A 3 degree of freedom ship model of a platform supply vessel has been imple-
mented, and its maneuverability performance has been tested by using one of DNV GL’s
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simulators. This chapter explains how the control system and LOS guidance has been
implemented, and also describes how static and dynamic obstacles are included.

The developed simulator’s performance has been tested, and Chapter 7 contains the
simulator testing results for the control system and guidance system. The ability to detect
collisions is also investigated.

Chapter 8 gives a summary of the conclusions that can be drawn from the project and
Chapter 9 gives an overview of further work to be done.




Chapter

Background theory

This chapter will present the relevant background theory for this project. The chapter
starts with an introduction to guidance, navigation and control. A mathematical 3 degrees
of freedom ship model, line of sight guidance and feedback linearizing control will also
be presented. Towards the end of the chapter, a discussion of model predictive control
will be given in addition to a presentation of the International Regulations for Preventing
Collisions at Sea (COLREGsS).

2.1 Guidance, navigation and control

This section will provide the necessary theoretical background related to guidance, nav-
igation and control. The material is based on Fossen (2011). A motion control system
for a marine craft usually consists of three main components, which communicate with
each other through data and signal transmission. These components are called Guidance,
Navigation and Control (GNC), and are interconnected as seen in figure 2.1.

The navigation system is responsible for directing the craft by estimating states such
as position and heading. This is done by using different kinds of sensors, for instance a
global navigation satellite system (GNSS), accelerometers and gyroscopes. Usually, the
sensor and navigation data are processed by an observer such as the Kalman filter. This
observer is able to perform noise filtering, reconstruction of unmeasured states in addition
to prediction of states. The predicted states are used as input to the guidance and control
system.

The guidance system is responsible for computing the desired path for the craft to fol-
low, which also includes the desired speed. The desired path computed by the guidance
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Figure 2.1: Connection between guidance, navigation and control. Figure is taken from Fossen
(2011).

system often consists of a series of waypoints and can be approximated by the straight
lines between the waypoints. This is illustrated in Figure 2.2. In order to compute the
desired path, several types of data will be used, including weather data, estimated states,
geographical data (information about shallow waters, shorelines, etc.) in addition to hu-
man operator inputs. Often, some kind of optimization technique is used in order to find
the optimal path, which can take into account fuel consumption, minimum time to reach
destination and collision avoidance.

North

~ P3=(xa3ya)

P2 = (x2,¥2)

P1 = (x1,¥1)

East

Figure 2.2: The desired path for a marine craft can be specified as the combination of straight lines
between waypoints.

The control system takes the desired path (computed by the guidance system) as input
and determines the necessary control forces in order to make the marine craft follow the
desired path. Typically, such a control system consists of a speed controller responsible
for keeping the desired speed and a heading autopilot, which steers the heading of the craft
towards the desired heading angle 4. This desired heading angle is the angle that makes
the marine craft follow the desired path. A line of sight guidance method is often used to
compute 4.
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2.2 A 3 degrees of freedom ship model

A model of a ship with 3 degrees of freedom (DOFs) will be used in this project. Such
a model will only consider the horizontal plane motion of the ship, where the three de-
grees of freedom are surge, sway and yaw as seen in Figure 2.3. There also exist more
advanced 6 DOF models, but in this project a 3 DOF model will be used since it will
provide sufficient accuracy.

Vv (sway)
Vb

Zp

Figure 2.3: The 3 degrees of freedom of a marine craft. Figure is taken from Fossen (2011).

When analyzing the motion of marine crafts, it is convenient to use two different co-
ordinate frames. The first one is the North-East-Down (NED) coordinate frame, denoted
{n}. This coordinate frame has its origin fixed to the surface of the earth, and as the name
suggests, the x-axis points north, the y-axis points East and the z-axis points downwards
normal to the Earth’s surface (towards the Earth’s center of gravity). When modeling the
marine craft, the NED frame is assumed to be inertial (the Earth’s rotation is disregarded).
The second coordinate frame is the body-fixed frame, denoted {b}, whose origin moves
with the marine craft. The origin of {b} is often chosen to be at the same location as the
center of gravity of the craft. The x-axis points in direction from aft to fore, the y-axis
points to the right and the z-axis points downwards.

The 3 DOF model can be written in vectorial form as in equation (2.1).

i = R()w o
MI)—FCRB(V)V‘FCA(VT VT+D(VT)V7‘:T+Twind+Twa'UE '

A brief explanation of the terms will be given. For a more in-depth discussion of the
physical interpretation of the different terms, the reader is referred to Fossen (2011).

The vector n = [z,y,]T consists of the position (x,y) and heading angle ¢ of the
ship with respect to {n}. R(v)) is the rotation matrix from {b} to {n}, given as a principal
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rotation about the z-axis. The expression for R(v)) is given by equation (2.2).

cosy —siny 0

R(¢) = |siny cosyp O (2.2)
0 0 1
The velocity vector of the vessel with respect to {b} is given by v = [u,v,7]?. v and v

are the speed in surge and sway direction, while 7 is the angular velocity about the z-axis
(also called yaw rate). v.. is the velocity vector of the craft relative to the velocity of the
ocean current.

M = M 4 + M gp is the inertial matrix, where M rp is the rigid-body inertia matrix
and M 4 is the added mass matrix (added mass is a virtual mass added because the vessel
must move some volume of fluid as it accelerates or decelerates). The expressions for
these matrices are given by equations (2.3) and (2.4)

m 0 0
Mgrp=10 m.o M (2.3)
0 mx, I,
X, 0 0 A11(0) 0 0
Ma=| 0 -Y, -Y|= 0 A2(0)  Az(0) 2.4
0 -Y; —-N.: 0 A(,Q(O) AG()(O)

where m is the mass of the ship, z, is the location of center of gravity (CG) along the
x-axis of the body frame relative to the chosen origin of the body frame (CO). I, is the
moment of inertia about the z-axis. The elements in the M 4 matrix are the hydrodynamic
derivatives. For a 3 DOF model, the added mass matrix M 4 can be found by using a
zero-frequency model. Therefore, the hydrodynamic derivatives can be found from the
6x6 frequency-dependent added mass matrix A(w) for frequency w = 0. In equation
(2.4), A;;(0) is the matrix element of A(w = 0) in row ¢ and column j.

Crp(v) is the rigid-body coriolis-centripetal matrix (due to rotation of {b} about the
inertial frame {n}), and is given by equation (2.5)

0 0 —m(zgr + v)
Crpv) = 0 0 mu (2.5)
m(zgr +v) —mu 0

C 4(v,) is the hydrodynamic coriolis-centripetal matrix, given by equation (2.6). It will
be assumed that the ocean current has no velocity, then v, = v

0 0 Yiv + Yer
CA(I/T») = CA(V) 0 0 —Xuu (2.6)
—Y.vo—-Y:r Xuu 0

D(v,) = D(v) = Dv + d(v) is the damping matrix, which consists of a linear
damping term, Dv, and a nonlinear damping term d(v). The linear damping is important

9
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for low-speed, while nonlinear damping dominates at higher speed. In this project it will
be assumed that the nonlinear damping term is zero. The expression for D is given in
equation (2.7).
—Xu 0 0
D= 0 -Y, -Y, 2.7
0 -N, —N,

D consists of moment coefficients. The diagonal terms in D can be found using equation
(2.8)

A
Xy =B, = 7””‘; 11(0)
surge
Ago(0
Y, = By, = 21220 23)
sway
I,+A
—N, = Bgg, = =0 *T 65(0)
yaw

where Tsyrges Tsway and Tyq, are time constants in surge, sway and yaw respectively.
The off-diagonal terms —N,, and —Y,. are assumed to be zero.

The vector 7 are the generalized forces and moments that act on the ship. 7,41 and
T wind are environmental forces and moments from waves and wind that act on the ship.

2.3 Path following with line of sight guidance

Path following is the task of following a predefined, desired path independent of time
(Fossen, 2011). A popular method to solve the path following problem is LOS guidance.
Fossen (2011) describes a lookahead-based LOS steering law that calculates the desired
course angle x4 necessary to make the vessel follow a straight line path between two
waypoints pp = (zk,yx) and pg+1 = (Tg+1, Yk+1), as shown in Figure 2.4. The position
of the craft is given by (x, y) and the goal is to minimize the cross-track error e, which is
the shortest distance from the vessel to the path.

The straight line path to follow is always defined by only two waypoints. If the desired
path of the vessel consists of more than two waypoints, as shown in Figure 2.2, a switching
mechanism is used. For instance, if the desired path consists of three waypoints p;, p2 and
ps, the vessel first tries to follow the straight line path between the active waypoints p; and
p2. When the vessel reach the waypoint ps, the switching mechanism changes the active
waypoints to po and ps.

10
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P41
P

& Tk, Yken)

Py~
pe
(h,yx)

(x,y)

Figure 2.4: Line of sight guidance. The desired path is the straight line path between waypoints ps
and pj1.

The desired course angle x4 can be found from equation (2.9)

Xd = Xp + Xr(€) (2.9)

where x, = o = atan2(yg+1 — Yk, Tr+1 — Tx) (called the path-tangential angle) and
xr(e) = arctan(=). A is called the lookahead distance, which can be seen in Figure
2.4. A large A will give slow convergence to the desired, straight path. However, a large
A also reduces amount of oscillations in position around the desired path.

According to Bgrhaug et al. (2008), the LOS guidance method above has good con-
vergence properties. However, in the presence of environmental disturbances like ocean
currents, waves and wind, the LOS guidance method can have convergence problems and
experience path deviation. Bgrhaug et al. (2008) developed a modified version of the LOS
guidance method called Integral Line-Of-Sight (ILOS) where use of integral action can
counteract disturbances due to ocean currents, waves and wind. The integral action can be
included by modifying the expression for x(e).

2.4 Feedback linearizing controllers

In order to make the ship follow the predefined desired path, a controller for speed
and heading is needed. This can be implemented as a feedback linearizing controller.
The concept behind a feedback linearizing controller is to transform the nonlinear system
dynamics into linear system dynamics (Fossen, 2011). The transformation can be done
either in the body frame for velocity control or in the NED frame for position and attitude
control.

11



2.5 Optimization and model predictive control

For the case of velocity control, the linear ship dynamics can be written as & = aP’,

where v = [u,v,7]T and a’ can be interpreted as a commanded acceleration vector. From
equation (2.1) we have
Mv+nv)=r (2.10)

where n(v) = Crp(v)v + C4(v)v + Dv. By choosing
7= Ma®+n(v) .11

we can substitute the expression for 7 in equation (2.11) into equation (2.10) to yield the
expression in equation (2.12)

Mpv +n(v) = Ma® +n(v) (2.12)

which can be simplified to 7 = a®. The next step is to choose the commanded acceleration
a’. A simple choice is a regular proportional (P) controller, shown in equation (2.13)

a® = -K,v (2.13)

where = v — vy. v is the desired velocity vector for the ship to follow and

kpy 0 0
K,=| 0 ko 0 (2.14)
0 0 ks

where k,, ; (i = 1,2, 3) are controller gains.

2.5 Optimization and model predictive control

2.5.1 Optimization

Optimization is concerned with maximizing (or minimizing) an objective function that
often is subject to constraints on its variables (Nocedal and Wright, 2006). In other words,
there is a search for the best solution. Optimization is used in a number of different areas,
ranging from engineering applications such as control to operations research used by the
management of organizations. The standard form of an optimization problem is given in
equation (2.15). In this case, f(x) is the objective function to be maximized, and the
problem is solved by finding values for the variables in the vector  that maximize f(x)
while satisfying the constraints g(x) < 0 and h(x) = 0. The constraints of the problem
put limits on how variable values can be chosen.

maximize f ()
subject to g(x) <0 (2.15)
h(z)=0
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2.5 Optimization and model predictive control

2.5.2 Model predictive control

Model Predictive Control (MPC) is an iterative control method which solves an op-
timization problem at each time step. A high level algorithm for MPC from Foss and
Heirung (2016) is given below.

1. Get the current plant state x4 (or estimate it).

2. Solve an open loop optimization problem on the prediction horizon from ¢’ to ¢’ + N
with x4 as the initial condition. This solution gives a set of state estimates &y to
24 and the corresponding control inputs uy to uy 4 y—1 necessary to make the
plant reach these states.

3. Apply the first control input, u/, to the real plant. This will make the plant move
from current state x, to the new state x, 1. Then go back to step 1.

Solution to the open loop
$uptimizatiun problem at ¢ = ¢’

T (most recent measurement)
e It (predicted)
uy (predicted)

Measured
state at t/

First control input
. ug from solution

« ¢ (measured history)
Ty (most recent measurement )
e Ut (control history)

—— Uy (most recent control input)

+ Past | Future —
T T T [ T T 1 ™

t

Present

Figure 2.5: Illustration of the MPC principle. The bottom graph shows the history of states for the
plant as blue dots and history of control inputs as black bars. At current time t’, an optimization
problem is solved with z; as initial condition, illustrated in the graph on top. The solution of the
optimization problem gives a series of control inputs, where the first control input u, is applied to
the plant. Figure is taken from Foss and Heirung (2016).

The MPC principle is visualized in Figure 2.5. The bottom graph in Figure 2.5 shows
the history of states and control inputs for the plant. In each time step, an open loop
optimization problem is solved on the prediction horizon from ¢ to ¢’ + N and the solution
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2.6 COLREGs

of this optimization problem is illustrated in the top graph in Figure 2.5. In order to obtain
this solution, a mathematical model of the plant is used. The solution to this optimization
problem is a prediction of the future behavior of the system, described as a set of state
estimates (24 to &4 ) illustrated as blue dots in the top graph in Figure 2.5. In addition,
the future control inputs (uy to uy 4+ n—1) necessary to achieve this predicted behavior are
found. They are illustrated as red bars in the top graph in Figure 2.5. The first control input
found from the solution of the optimization problem, wu,, is applied to the physical plant
to steer the system in a way that minimizes an objective function. This objective function
is chosen according to the designer’s goal. For instance, the designer can decide that he
wants the states of the system to stay close to the desired states while keeping control
inputs small.

A challenge with using MPC for collision avoidance is that complex collision avoidance
scenarios might lead to non-convex optimization problems to be solved, where finding the
best solution is difficult. Therefore, implementing an MPC for collision avoidance pur-
poses is challenging. The MPC based collision avoidance system by Johansen et al. (2016)
avoids solving a traditional optimization problem with numerical optimization as used in
conventional MPCs. Instead, concepts from robust MPC are used where the optimiza-
tion is done over a finite set of control behaviors. The method will be more thoroughly
discussed in chapter 4.2.4.

2.6 COLREGs

For both manually operated and autonomous ships, the COLREGs define rules that
must be followed to prevent accidents and ensure a safe voyage. The current COLREGs
were published by the International Maritime Organization (IMO) in 1972 and came into
effect a few years later in 1977 (U.S Department of Homeland Security, U.S. Coast Guard,
2014). The COLREGs include a total of 41 rules and are divided into 6 separate sections:
A - General, B - Steering and Sailing, C - Lights and Shapes, D - Sound and E - Light,
F - Exemptions, G - Verification of compliance with the provisions of the Convention
(International Maritime Organization, 1972). For the case of collision avoidance, part B
is of most interest. However, some requirements in part C and D are also relevant. Part C
contains requirements on the use of lights to make the ship more visible and part D contains
requirements on the use of sounds to alert nearby vessels. The rules in part B for Steering
and Sailing define different collision scenarios and specify what maneuvers should be
taken in order to prevent collision between ships (International Maritime Organization,
1972).

2.6.1 Presentation of relevant COLREGsS

In this project, the relevant COLREGs can be found in part B - Steering and Sailing.
In the following, the most important COLREGs for collision avoidance will be presented.
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2.6 COLREGs

The material here is taken from the regulations issued by the International Maritime Or-
ganization (1972), but does not replicate the rules in their entirety. Only a summary of
the most important parts will be given. For a complete description of all COLREGs, the
reader is referred to the report by the International Maritime Organization (1972).

Rule 8 - Action to avoid collision

Any action taken to avoid collision shall follow the rules of Part B - Steering and Sailing.
In addition, actions shall be taken in ample time and result in passing at a safe distance.
If there is sufficient sea room, alteration of course angle alone may be the most effective
action. Any alteration of course and/or speed to avoid collision should be readily apparent
for other vessels. A succession of small alterations of course and/or speed should be
avoided. If necessary to avoid collision, a vessel shall reduce her speed, stop or reverse.

Rule 13 - Overtaking

Any vessel overtaking any other vessel shall keep out of the way of the vessel being
overtaken. A vessel shall be deemed to be overtaking when coming up to another vessel
from a direction more than 22.5 degrees abaft her beam. This situation is shown in Figure
2.6.

] Beam

Figure 2.6: Overtaking situation. Rule 13 specifies that the overtaking vessel shall keep out of the
way of the vessel being overtaken by passing on either side. Figure is taken from Henriksen (2018).
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Rule 14 - Head-on situation

When two power-driven vessels are meeting on reciprocal (or nearly reciprocal) courses,
each shall alter her course to starboard so that each pass on the port side of the other. This
situation is shown in Figure 2.7.

Figure 2.7: Head-on situation. The two vessels must alter their course to starboard according to
Rule 14. Figure is taken from Henriksen (2018).

Rule 15 - Crossing situations

When two power-driven vessels are crossing, the vessel which has the other on her
starboard side shall keep out of the way. If the circumstances allow, the vessel directed
to keep out of the way should avoid crossing ahead of the other vessel. This situation is
shown in Figure 2.8.

Figure 2.8: Crossing situation. The vessel which has the other on her starboard side shall keep out
of the way according to Rule 15. Figure is taken from Henriksen (2018).
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Rule 16 - Action by give-way vessel

The vessel which is directed to keep out of the way of other vessels is referred to as the
give-way vessel. The give-way vessel shall take early and substantial actions to keep well
clear.

Rule 17 - Action by stand-on vessel

The vessel which is directed to keep her course and speed is referred to as the stand-on
vessel. The stand-on vessel can, however, take action to avoid collision if the give-way
vessel does not take appropriate action to avoid collision. When the stand-on vessel is so
close to the other vessel that collision cannot be avoided by the action of the give-way
vessel alone, the stand-on vessel shall take action to try to avoid collision. In a crossing
situation where the give-way vessel does not take appropriate action to avoid collision, the
stand-on vessel should, if the circumstances admit, not alter her course to her own port
side.

2.6.2 Challenges with COLREGs

There are several challenges with making a collision avoidance system comply with the
COLREGs. The first challenge is that the COLREGs are written for human navigators and
are open to different interpretations. This means that the rules can be difficult to implement
in a collision avoidance system, due to imprecise formulations. As an example, rule § -
action to avoid collision states that ”Action taken to avoid collision with another vessel
shall be such as to result in passing at a safe distance”. What should be regarded as a safe
distance” is not specified. A second difficulty is that the collision avoidance system needs
a way to check which COLREGs rule applies in different situations, and take actions that
comply with the relevant COLREGs. A third problem with COLREGs is that they are not
designed for complex situations involving several vessels (Tam and Bucknall, 2013).

An example of a complex situation where applying COLREGs is difficult can be seen
in Figure 2.9. In this situation, ship A and B are in a crossing situation. According to Rule
15, ship B is the stand-on vessel relative to ship A. Therefore, ship A should keep out of
the way of B, but if ship A turns either left or right, a collision with ship C' or D might
occur.
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2.6 COLREGs

Figure 2.9: In this situation, ship B is required to be stand-on vessel relative to vessel A, and ship A
should keep out of the way from B. However, the presence of ships C' and D limits the maneuvering

options for ship A.
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Chapter

Manual operation of ships and
reasons for collisions

This chapter will explain how ships are manually operated and what kind of technical
equipment is used on board ships to help the navigators. Based on collisions investigated
by the International Maritime Organization and interviews conducted with navigators from
DNV GL, common reasons for collisions at sea will be presented.

3.1 Manual operation of ships

In order to investigate how a ship is manually operated, interviews have been conducted
with two experienced navigators from DNV GL. Much of the material in the following
sections was obtained during these interviews. The manual operation of a ship differs
slightly in different parts of the voyage. When a ship travels from an origin port to a
destination port, the voyage can be divided into three main phases.

The first phase begins when the ship is leaving the origin port. Crew members on deck
inspect the ship, handle the lines and ropes and make sure that the ship is seaworthy. A
pilot enters the ship and helps guide the ship out of the port and gives recommendations
on where to steer the ship.

The second phase of the voyage is traveling on the open sea, and this phase starts when
the pilot leaves the ship. Requirements for the crew composition depend on several fac-
tors such as the type of ship, traffic situation along the planned route and the operational
procedures defined by the shipowner. The crew on the bridge is responsible for steering
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3.1 Manual operation of ships

the ship. As a minimum, there has to be one officer of the watch who is responsible for
steering the ship. During daytime, when the visibility is good, there is usually only one
person on the bridge. When visibility is bad due to weather conditions or night-time, there
is also a lookout on the bridge in addition to the officer of the watch. The lookout is re-
sponsible for visual monitoring of other ships and obstacles. Also, the ship always has a
captain on board the ship with navigational experience who is responsible for every aspect
of the voyage and vessel. In difficult navigational situations, the officer of the watch can
ask the captain for advice.

In the final phase, the ship is docking at the destination port. This phase is quite similar
to the first phase. A pilot enters the ship to gives advice regarding where to steer the ship,
and the crew on the deck prepares the ropes and lines.

3.1.1 Technical equipment on board ships

There is a wide range of technical equipment used on board the ship for navigational
purposes. There are sensors that measure the ship’s parameters such as speed, rudder
angle, rate of turn for the rudder angle, engine RPM in addition to measurement of external
factors such as wind speed. Global Position System (GPS) and radar are used in order to
show the ship’s location and the location of surrounding ships and obstacles. Automatic
Identification System (AIS) is a tool that supplements the radar and is used to track other
ships. Real-time information about position, course and speed for other ships is available
through AIS, and the information is displayed on a monitor or an Electronic Chart Display
and Information System (ECDIS). AIS also provides other types of information, such as
destination port and ship type. Radar and AIS are important tools to gain an overview of
the traffic situation.

The ship utilizes different kinds of equipment to communicate with surrounding ships.
Different colored lights on different sides of the ship allow the ship to be more visible, and
the use of lights is especially important at night. The ship is also equipped with a horn
that can be used to alert nearby ships when visibility is poor. Another important way of
communication is to perform drastic changes in heading angle to clearly show the direction
the ship will be traveling. The ship is equipped with a Very High Frequency (VHF) radio
which allows the captain to communicate directly with other ships. In collision situations,
use of VHF allows the ships involved to cooperate on finding maneuvers that will avoid a
collision. However, this should generally be avoided since improper use of VHF radio can
also lead to misunderstandings. There have been collision situations where VHF radio was
used to plan collision avoiding maneuvers, but communication happened with the wrong
ship.
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3.1 Manual operation of ships

Figure 3.1: Technical equipment on the bridge of a ship. Figure is taken from
https://www.captecamericas.com/marine-simulation-integration-ships-bridge-installation/.

3.1.2 Collision avoidance for manually operated ships

For manually operated ships, the COLREGs specifies what maneuvers that should be
taken to avoid a collision. Some COLREGs rules that are relevant for collision avoidance
are presented in chapter 2.6. Generally, the navigator uses both visual monitoring and
technical equipment such as radar and AIS in order to detect obstacles. In a collision
situation, the navigator should perform collision avoiding maneuvers as soon as possible
and the maneuvers done should be visible to the surrounding ships. For instance, a change
of heading angle of 5° is not visually noticeable by other ships. Instead, a larger change
of 15°-30° should be performed.

Statheros (2008) presents several factors that influence how collision avoidance is per-
formed for manually operated ships. The first factor is the type of the ship, which de-
termines which evasive maneuvers that can be performed. Small speed boats have high
maneuverability and can avoid obstacles with more ease than a 200-meter long oil tanker.
Due to poor maneuverability of large ships, changes in speed and heading can be slow.
Therefore, collision avoiding maneuvers have to be performed early. The second factor is
the type of traffic, which can be categorized as either inside a confined environment (near
ports or in canals) or out in the open sea. Being in a confined environment drastically limits
the maneuverability of the ship. In addition, confined environments often have more dense
traffic. The third factor is weather conditions, which influence the maneuverability and can
make it difficult to detect obstacles in the case of fog. However, technical equipment such
as radar and AIS helps the navigator to get a better overview of the traffic situation and
makes it possible to detect obstacles.
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3.2 Collision statistics

3.2 Collision statistics

Even though modern navigation and communication equipment such as AIS, GPS and
VHF radio is extensively used, maritime collisions still occur on a regular basis. Collisions
at sea can potentially have disastrous consequences. Perhaps the worst collision incident
occurred in 1987, where the overcrowded passenger ferry MS Dofia Paz collided with the
oil tanker MT Vector near Marinduque in the Philippines. This tragedy led to over 4000
fatalities (Mariano, 2017).

According to the European Maritime Safety Agency (2018), between 2011 and 2017 a
total of 23264 ships were involved in marine accidents and a total of 683 human lives were
lost. In 2017 alone, a total of 3647 ships were involved in maritime accidents (European
Maritime Safety Agency, 2018). Among the accidents in 2017, there were a total of 1018
persons injured and 61 fatalities. The number of persons injured per year due to maritime
accidents has been relatively constant at around 1000 persons per year since 2014, but the
number of fatalities due to maritime accidents has been decreasing since 2015.

During the period 2011-2017, around half of all accidents with casualties were related to
navigational problems such as contact, collisions and groundings. 23.2% of all accidents
with casualties in this period were due to collisions. Figure 3.2 contains statistics on
how many accidents happened in different areas of the sea in the period 2011-2017. The
majority of accidents occur near ports and near the coast.

Coastal waters <=12nm

Inland Waters -Channel

Inland Waters - River

Inland Waters - Other

Internal Waters - Archipelago fairway
Internal Waters - Channel, river
Internal Waters - Port area

Open Sea - Outside EEZ

Open Sea - Within EEZ

Open Sea - Unspecified

Other - Unspecified
o 200 400 600 800 1000 1200 1400 1600

201 2012 2013 2014 2015 2016 2017

Figure 3.2: Statistics on how many accidents occured in different areas of the sea in the period
2011-2017. Figure is taken from European Maritime Safety Agency (2018).
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A large part of the research within Maritime Safety is concerned with the analysis of
historical data, not on measures that can be implemented to reduce the number of col-
lisions. It is possible to compare collision statistics before and after the inclusion of a
safety measure, but this is rarely done. However, using well-functioning technology has
been shown to reduce the number of accidents in some cases. According to Vanem et al.
(2008), the use of ECDIS caused a reduction of grounding frequency of between 19% and
38%.

3.3 Common reasons for collisions at sea

One of the most common reasons for accidents at sea is human errors. European Mar-
itime Safety Agency (2018) performed investigations on 1645 accidents in the period
2011-2017 and found that 57.8% of these accidents were caused by human errors. In the
shipping industry, Allianz Global Corporate & Specialty (2017) estimates that between
75% and 96% of all accidents are caused due to human errors.

A collision can be regarded as a specific type of maritime accident. Human errors are
also a common cause for collisions at sea. An overview of which human errors that con-
tribute to collisions can be seen in Figure 3.3 from Ziarati and Ziarati (2007). In this
study, poor lookout, bad decision-making and poor manning levels were the most com-
mon human-related factors that led to collisions.

Common Factors in Collisions

I

Poor use of radar |
Radio failure

Poor communication between personel

Inexperience

I
|
Over working 1
Fatigue
Unfamiliarity with equipment
Poor training
I

Poor lookout
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Bad decision making

[
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T

Poor manning level

T T
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Number of times Factor was a Contributary Cause

Figure 3.3: Overview of common factors that led to collisions. Figure is taken from Ziarati and
Ziarati (2007).

IMO has published investigations of different maritime accidents on their website (Inter-
national Maritime Organization website, 2017), including collisions and groundings. For
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each accident investigated, IMO has given a description of what happened, why it hap-
pened and what can be learned to avoid that type of accident in the future. The material
from these investigations, in addition to interviews conducted with navigators from DNV
GL, has been used to find the causes for collisions at sea as described in the following.

Many collisions investigated by IMO happened due to undermanned ships. According
to Lloyd (2006), the shipowners want to save as much money as possible and therefore
prefer to have a small crew. This results in a big workload for the crew members, thus
less attention is paid to the traffic and weather conditions. When not keeping a proper
lookout, the crew might not be able to detect obstacles and therefore not be able to take
actions early enough to avoid collisions. Due to undermanning, crew members might
be preoccupied with other tasks than keeping lookout. There are examples of collisions
happening due to the crew being too busy doing paperwork and thus not paying enough
attention to surrounding ships.

The undermanning on ships can cause crew members to become fatigued due to big
workloads and long working hours. According to Wohrn (2007), the crew members often
experience long work hours (nine hours or more). In some cases, collision happened due to
crew members falling asleep on duty. Fatigue among crew members leads to less attention
being paid to surrounding ships, and it can take longer before necessary collision avoiding
actions are taken. Crew members are also more likely to misread warning signals and make
poor decisions when they are fatigued (Lloyd, 2006). Lack of experience could also lead
to bad decision making. For instance, navigators with less experience might be willing to
take larger risks and keep a too small distance away from obstacles.

Some collisions have happened due to misunderstandings, where the officer of the watch
falsely assumes that the other ship will take collision avoiding actions. These types of col-
lisions could have been avoided if the ships were able to communicate effectively over
VHF radio. However, language barriers can make it difficult for ships to agree on a so-
lution. After investigations of the collision between the bulk carrier Huayang Endeavour
and the oil tanker Seafrontier in the English Chanel in 2017 (Figure 3.4), it was shown that
bad communication over radio and fatigue among the crew members were main reasons
for the collision (Wingrove, 2018).

Weather conditions can play an important role. Some of the collisions studied by IMO
happened due to poor weather conditions, making it hard to perform visual monitoring of
surrounding ships. In addition to restricted visibility, poor weather conditions can make the
ship difficult to steer. The effect of weather conditions is often underestimated, especially
for ships with heavy cargo (Wo6hrn, 2007).

Another common reason for collision is violation of COLREGs. Even though the nav-
igator is required to follow the COLREGs, several of the collisions investigated by IMO
happened due to ships making maneuvers that were in violation with the COLREGs. In
some cases, collision happened due to turning the wrong direction compared to what the
COLREGs required. In other cases, collision happened due to collision avoiding maneu-
vers were made too late.
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Figure 3.4: The aftermath of the collision between Huayang Endeavour and Seafrontier in 2017.
Figure is taken from https://www.energyvoice.com/oilandgas/169893/report-into-collision-between-
oil-tanker-and-bulk-carrier-on-dover-strait/.

Failure of equipment is another factor that can lead to collisions. A well-functioning
navigation system and propulsion system are necessary in order to discover potential ob-
stacles and to be able to perform collision avoiding maneuvers. Several collisions have
happened due to malfunctioning propulsion and steering systems, which led to loss of
control of the ship. Knowing how to properly use and be familiar with the onboard equip-
ment is also important.

Over-reliance on the electronic equipment can sometimes be a problem (W&hrn, 2007).
For example, not all ships are equipped with AIS (especially true for smaller ships, such
as fishing vessels). Accidents have occurred in the past due to trusting the AIS too much.
If the ship does not appear on the AIS, the navigator might believe that there are no other
ships in close proximity, which can give the navigator a false sense of security. Equipment
such as AIS and radar must be used in addition to visual monitoring of the traffic situation.

To summarize the findings, one of the major reasons for collision is that crew mem-
bers do not pay enough attention to traffic conditions. Not having enough crew members
on duty can lead to a big workload and less attention being paid. Fatigue among crew
members is dangerous and can lead to collision avoiding maneuvers being taken too late.
Other common reasons for collisions are violation of COLREGsS and failure of equipment.
The collisions investigated by IMO happened both in confined spaces, such as fairways,
and out in the open sea. However, navigation in confined spaces is more difficult since it
reduces the maneuvering possibilities, partly due to more dense traffic. Many collisions
don’t happen solely because of the ships directly involved in the collision situation. There
might be static obstacles or other ships nearby not directly involved in the collision situa-
tion that limits the possibility for maneuvering.
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Chapter

Collision avoidance

The previous chapter discussed manual operation of ships, how collision avoidance is
performed for manually operated ships and highlighted some common reasons for col-
lisions. This chapter will be concerned with algorithms for collision avoidance, in the
setting of autonomous ships. In this chapter, the terms own-ship and obstacle ship will
be used. Own-ship refers to the ship that has implemented some algorithm for collision
avoidance, while obstacle ship is a ship to be avoided by the own-ship.

Section 4.1 provides a literature survey on collision avoidance and gives an explanation
of the difference between long-term and short-term collision avoidance methods. Exam-
ples of several types of collision avoidance methods that achieve COLREGs compliance
are presented, before exploring cooperative collision avoidance methods. Section 4.2 will
go more in-depth into the workings of four different collision avoidance algorithms and
investigates the possibility of using other vessels’ intentions to improve their performance.

4.1 Literature survey on collision avoidance

A historical overview of several collision avoidance algorithms is given in the review
article by Statheros (2008). In this paper, different approaches for collision avoidance are
divided into two main categories: classical and soft computing based techniques. The
classical methods are based on mathematical models of the ships’ dynamics (as well as the
environment), while soft computing techniques use artificial intelligence to solve the colli-
sion avoidance problem. Statheros (2008) gives an overview of several collision avoidance
methods, belonging to both categories, and also mentions hybrid methods that use a com-
bination of different techniques. An example of this is the collision avoidance system
proposed by Hwang et al. (2001) which combines two Al technologies, fuzzy logic and an
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expert system, to carry out collision avoidance.

The paper by Tam and Greig (2009) tries to expand the work done by Statheros (2008).
This review article discusses collision avoidance methods with and without COLREGs
compliance, in addition to path planning methods. In the algorithms studied by Tam and
Greig (2009), there were three main limitations: no consideration of environmental fac-
tors, most dynamic ship models have unrealistic dynamics and the obstacles are not truly
dynamic (which can be assumed to mean that the objects move with constant heading and
speed).

Collision avoidance methods can be distinguished as either long-term or short-term al-
gorithms, as in Bitar et al. (2019). The long-term algorithms perform long-term path
planning and decide on a path from start to finish. Such algorithms typically rely on map
data and will find a path that avoids static obstacles. Typically, long-term algorithms can
run offline, prior to a mission. On the other hand, short-term algorithms allow a vessel
to deviate from the long-term planned path when the vessel is on collision course with an
obstacle. When no longer in danger of collision, the vessel can return to the planned path.
These algorithms typically rely on real-time sensor data and make the vessel able to avoid
dynamic obstacles. The difference between long-term and short-term collision avoidance
is illustrated in Figure 4.1. According to Loe (2008), long-term path planning requires a
lot of computations compared to short-term methods, which suggests that long-term algo-
rithms are not well suited for rapidly changing environments.

(a) Long-term collision avoidance. (b) Short-term collision avoidance.

Figure 4.1: Difference between long-term and short-term collision avoidance. Long-term path plan-
ning determines a path from start to finish, while short-term collision avoidance makes the own-ship
deviate from desired path to avoid obstacles.

It is also possible to combine both long-term and short-term collision avoidance methods
into a hybrid approach, as done in Bitar et al. (2019) and Loe (2008). The hybrid approach
suggested in Bitar et al. (2019) uses a three layer architecture consisting of high-level, mid-
level and short-term collision avoidance. Bitar et al. (2019) implement the two top levels,
where the high-level is a long-term planner based that solves an optimization problem to
find an energy-optimized trajectory and the mid-level is an MPC-based long-term collision
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avoidance algorithm. The hybrid approach in Loe (2008) combines a short-term Dynamic
Window algorithm with a long-term, modified version of the Rapidly-Exploring Random
Tree (RRT) method.

When it comes to specific methods that solve the collision avoidance problem and at the
same time achieve COLREGs compliance, there are several papers worth mentioning. Chi-
ang and Tapia (2018) developed the COLREG-RRT method, a long-term algorithm based
on the RRT method to find long-term trajectories in compliance with COLREGs. Based
on simulation studies with both single ship and multi-ship encounters, they achieve a high
success rate. Lee et al. (2004) proposed the Modified Virtual Force Field (MVFF) method
based on fuzzy logic to solve the collision avoidance problem. The method can perform
both track-keeping (follow a desired path) and collision avoiding maneuvers. Kuwata et al.
(2014) introduced Velocity Obstacles (VO), a short-term algorithm that calculates a set of
velocities that must be avoided in order to prevent a collision. They used on-water tests
with up to four different vessels to verify COLREGs compliance. The paper by Johansen
et al. (2016) presents an MPC-based approach to collision avoidance called Simulation-
Based Model Predictive Control (SBMPC). Simulation studies are used to show that the
method is able to handle complex collision situations involving multiple dynamic obsta-
cles. The methods presented by Chiang and Tapia (2018), Lee et al. (2004), Kuwata et al.
(2014) and Johansen et al. (2016) will be further discussed in the next section.

An important aspect of any collision avoidance system is COLREGs compliance. If
vessels can follow the guidelines set by the CORLEGs, many accidents due to human
error could have been avoided (Campbell et al., 2012). There has not been an extensive
amount of research regarding applying COLREGs evaluation to existing collision avoid-
ance methods. According to Woerner (2016), many authors who have studied collision
avoidance claims to achieve compliance with the COLREGs, without having any metric
of verification or validation. Woerner (2016) created different metrics in order to evaluate
collision avoidance algorithms. The master’s thesis by Minne (2017) developed a frame-
work for automatic testing of collision avoidance algorithms, using the metrics developed
by Woerner (2016).

Potential collision situations where multiple ships are involved are common, especially
near ports where the traffic is dense. It would be advantageous for a ship to communicate
and coordinate her actions with other ships, which motivates the research regarding coop-
erative control of ships. However, according to Chen et al. (2018) vessels in operation in
2018 does not coordinate their actions. The advantage of such cooperative methods for
collision avoidance is that ships are able to share their intentions. Cooperation between
ships is not only advantageous for the purpose of collision avoidance. It can also help coor-
dinate voyage plans to avoid congestion at ports and also make tasks like rescue missions
more effective (Chen et al., 2018). In non-cooperative methods such as VO, the obstacle
vessels’ actions have to be predicted which is prone to errors.

In recent years, there has been some research regarding cooperative collision avoidance
for vessels. Chen et al. (2018) propose an MPC-based method for cooperative control
of multiple vessels. The main focus of the paper is to solve the Vessel Train Formation
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problem, where several vessels travel along the same path and at the same time must avoid
collisions. The ships broadcast their trajectory and a shared global variable is used to store
trajectories that the vessels broadcast. Simulation results reveal that the proposed method
is able to solve the Vessel Train Formation problem for up to 30 vessels. However, Chen
et al. (2018) does not consider COLREGs compliance of the method.

Tam and Bucknall (2013) describe a cooperative path planning algorithm that deter-
mines a COLREGs compliant path to avoid collision for vessels on collision course. The
only data that is shared among the vessels is position and heading, which means future
intentions are not used (real-time data such as current position and heading is available
through AIS). Simulation studies reveal that the proposed method can find collision avoid-
ance maneuvers which complies with the COLREGs. However, avoidance of static obsta-
cles, such as shorelines, was not considered.

Li et al. (2019) propose a coordination strategy for solving the collision avoidance prob-
lem in many-to-many collision situations, where a single ship must must consider several
obstacle ships at the same time. The information that is exchanged between ships is in-
tended course, in addition to position, speed and current course. However, compliance
with COLREGs was not thoroughly investigated and the effect of reduced maneuverabil-
ity due to static obstacles was not considered.

To summarize, there has been done some research on cooperative methods, but not all
of them use data about future intentions. Research regarding methods that utilize future
intentions of obstacle ships is very limited. The author has not been able to find a collision
avoidance algorithm that utilize other vessels’ intentions where COLREGs compliance is
investigated and at the same time investigates the effect of static obstacles such as shore-
lines that reduce maneuverability for the ships involved. This motivates the work of this
project to find out if other vessels’ intentions can be used to improve already existing
algorithms for collision avoidance.

4.2 Methods for collision avoidance

One of the tasks in this project is to assess the properties of different collision avoidance
approaches and consider how other vessels’ intentions could be used to improve perfor-
mance. The previous section gave a general overview of previous work done regarding
collision avoidance. This section will dive deeper into the workings of four different algo-
rithms and also go beyond what is described in the papers and consider how other vessels’
intentions could be utilized to improve performance of these collision avoidance meth-
ods. It is possible to use data about planned trajectory, deviations from planned trajectory,
whether or not the obstacle ship will be a stand-on vessel or a give-way vessel and infor-
mation about equipment malfunctions. It is assumed that such data is available. A more
in-depth discussion of which intentions that that can be utilized is given in the next chapter.
Even though ideas to improve performance will be given in the sections that follow, these
ideas have not been tested in simulations.
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There exist a vast amount of different methods for collision avoidance. Therefore, it is
necessary to limit the scope of the study. Much of the work done on collision avoidance
has been done for mobile robots and road vehicles. However, the methods that have been
studied in this project are methods for collision avoidance for marine surface vessels that
satisfies COLREGs. Both long-term and short-term methods will be considered. The
objective with this study is to find out how these algorithms could be extended to include
other vessels’ intentions in order to hopefully improve the performance.

4.2.1 COLREG-RRT

The Rapidly-Exploring Random Tree (RRT) method was originally developed to make
robots navigate among obstacles. It can be characterized as a long-term path planning
method that plans a path while taking vehicle dynamics into account (Loe, 2008). Chiang
and Tapia (2018) developed a method called COLREG-RRT, an RRT-based motion plan-
ner able to find long-term COLREGs compliant trajectories. A brief explanation of the
RRT method is given in Chiang and Tapia (2018) and is summarized here.

In RRT, a tree consisting of nodes is sequentially built, where each node stores a state.
A root node is created and stores the vessel’s start state Tstart = [Mrarts I/Stm.t}T where
n = [z,y,¥]" and v = [u,v,7]T. As in chapter 2.2, x and y are the vessels’ coordinates,
1) is the heading angle, u, v are velocities in x- and y-direction and 7 is the yaw rate. A
loop with the following three steps is performed for a fixed number of iterations in order
to build the tree:

1. A random state x,,q is selected. If & ,4,q is not in collision with any obstacles,
the node in the tree with the state closest to x,.4,q4 1S selected. This node is called
Npearest and the state stored in N,,eqrest 1S called T eqrest-

2. A control action u is computed that will make the vessel move from @, cqrest tO
Lrand-

3. A forward simulation is performed. It is assumed that the vessel starts in &,cqrest
and applies the control action u for Ay, seconds. This will make the vessel move
from @,cq, t0 @ NEW state Xyey. If the resulting new state a,,¢,, is not in collision
with any obstacles, a new node is created. This new node contains @, control
input v and a pointer to the parent node n,cqrest that contains the previous state

LTnearest-

If a node reaches the goal destination, a path can be found by traversing through the
nodes in the tree since each node will contain a current state, the previous state and a
control action u that makes the vessel move from the previous state to the current state. In
order to speed up the tree growth, the probability of choosing the goal state as @4y, can
be increased.

In Chiang and Tapia (2018), a joint forward simulation inspired by the method used
by Xue et al. (2009) is performed during the tree growth to provide COLREGs compliant
trajectories. The joint forward simulation simulates trajectories for the own-ship and the
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obstacles. Consequently, both the own-ship’s state and the obstacle’s state need to be
stored in each tree node in COLREG-RRT. The trajectories found from the joint forward
simulation make it possible to anticipate collisions.

In order to find trajectories that avoid collision with obstacle ships, the first step is to
determine if a collision is likely to occur when assuming that obstacle ships and the own-
ship maintain their current velocity. If a collision is likely to occur, the type of collision
situation is identified. If the collision situation requires the own-ship to take an action in
order to avoid collision, a new trajectory that avoids collision is computed. By assuming
that all obstacle ships travel with a constant velocity, the own-ship can compute the desired
course angle necessary to make the ship follow the new trajectory.

Chiang and Tapia (2018) use the principle of virtual obstacles in order to find the COL-
REGs compliant trajectories that avoid collision. When an obstacle ship is within a dis-
tance dcolreq Of the own-ship, a virtual obstacle is created according to the collision en-
counter type. This is illustrated in Figure 4.2. The virtual obstacle is an “extension” of the
ship in some direction and the desired trajectory for the own-ship is constructed such that
the own-ship will not collide with the virtual obstacle. The inclusion of virtual objects will
make the own-ship comply with COLREGs.

1
1 Virtual
Obstacle Ship {Obstacle

Own-ship Obstacle Ship

Own-ship

Figure 4.2: Principle of virtual objects for crossing and head-on situations. The virtual objects will
force the own-ship to follow a trajectory that satisfy COLREGs. Figure is taken from Chiang and
Tapia (2018).

The COLREG-RTT algorithm by Chiang and Tapia (2018) is divided into three phases.
In the first phase, a tree is grown to check if there exists a direct, collision-free trajectory
from the current own-ship position to the destination. If such a trajectory cannot be found,
the second phase starts and tries to grow an RRT tree by using joint forward simulation and
use of virtual obstacles in order to maintain COLREGs compliance during the tree growth.
If no trajectory is found, the third phase performs a tree growth without considering virtual
obstacles. A pseudocode of the complete algorithm is given in Chiang and Tapia (2018).
These three phases make sure that a COLREGs compliant trajectory is found when possi-
ble. Even when a COLREGs compliant trajectory is not found the ship is still able to move
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forward towards the destination. A trajectory is returned from one of the three phases and
a heading autopilot can be used to follow this trajectory.

Utilizing other vessels’ intentions to improve performance of COLREG-RRT

In the paper by Chiang and Tapia (2018), they do not consider utilizing other vessels’
intentions to improve performance. This section will contain some ideas on how intentions
could be included in the COLREG-RRT algorithm, assuming that information about an
obstacle’s planned trajectory is available. In COLREG-RRT, a joint forward simulation
is performed in order to compute a trajectory for the own-ship that achieves COLREGs
compliance. When computing this trajectory, it is assumed that the obstacle will continue
to travel along a straight path. If it turns out that the obstacle does not travel along a straight
path, using the obstacle vessel’s intended planned trajectory can probably help improve the
generation of a new desired trajectory for the own-ship that avoids collision. This could
be implemented in the algorithm by modifying how the virtual objects are generated.

In the COLREG-RRT method, a virtual obstacle is created according to the collision
encounter type, as shown in Figure 4.2. A possible modification is to update this virtual
obstacle to be along the planned trajectory of the obstacle ship. This is illustrated in Figure
4.3. The red region illustrates the original virtual obstacle and the blue region illustrates
the new virtual obstacle that follows the obstacle ship’s planned trajectory.

QOld virutal obstacle

e g Obstacle ship
e ’
e
s
Ve
New virutal
obstacle
/ A
/ :
Planned path
Own ship

Figure 4.3: Illustration of the new virtual obstacle.

An example can be used to illustrate how intentions might help improve the performance
of the COLREG-RRT algorithm. Consider the situation shown in Figure 4.4. This is a
crossing situation between the own-ship A and the obstacle ship B. According to the
current known position and velocity of the obstacle ship, the own-ship believes that the
obstacle will continue to travel in the same direction along a straight path. According
to COLREGs rule 15 for crossing situations, the own-ship must keep out of the way of
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the obstacle ship by turning starboard to avoid crossing ahead of the obstacle ship. This
leads to the path for the own-ship as shown in Figure 4.4. However, the assumption that
the obstacle ship will travel along a straight path is wrong. The own-ship is unaware
of the static obstacle that the obstacle ship B is facing. Due to this static obstacle, the
obstacle ship decides to turn to her port side to avoid collision. As seen in Figure 4.4 this
will lead to a potential collision between the own-ship and the obstacle ship. If the own-
ship had information about the future trajectory of the obstacle ship such that the virtual
obstacle was updated to follow the planned obstacle trajectory, then the own-ship could
have followed a safer trajectory.

- Straight path for B

Obstacle for B

Path for A

Path for B

Figure 4.4: Collision situation that illustrates how other vessels’ intentions can potentially improve
the performance of COLREG-RRT.

4.2.2 Modified Virtual Force Field

The Virtual Force Field (VFF) method has been successfully used in mobile robotics.
The main idea of VFF is to let the vehicle be influenced by two forces: one force that pulls
the vehicle towards the next waypoint and another force that pushes the vehicle away from
the obstacle. This idea is illustrated in Figure 4.5.

This method does not work very well for moving obstacles. Lee et al. (2004) have
proposed a modified version of VFF, called Modified Virtual Force Field (MVFF), that
is able to handle moving obstacles. The MVFF method is designed for surface vessels
and it provides both a track-keeping mode and a collision avoidance mode that satisfies
COLREGs. The desired heading angle for the vessel is given by ¢g = 915 + ¥.q Where
Yy 1s the desired heading angle for track-keeping mode and ., is the desired heading
angle for collision avoidance mode.
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Figure 4.5: The main idea of VFF. The obstacle provides a pushing force and the goal destination
provides a pulling force. These forces are used to find the path for the robot. Figure is taken from
Lee et al. (2004).

Track-keeping mode

The track-keeping mode calculates the desired track-keeping heading angle, /., in
order to make the surface vessel follow the desired trajectory. To calculate 1), two force
vectors F', and F'), are used. These forces are defined in equations (4.1a) and (4.1b)

F,=cae, (4.1a)
F, = e, (4.1b)

where e, is the unit vector from the own-ship to the next waypoint and e, is the unit vector
that points towards the desired path. These vectors can be seen in Figure 4.6.

Ship

(Max —S)Fl; :

ot =0
Desired track

Waypoint 2

Waypoint 1

Figure 4.6: Track-keeping for MVFE. F', points towards the next waypoint and F',, points towards
the desired track. Figure is taken from Lee et al. (2004).

[ and « are parameters determined by the fuzzy rules R - R3 in (4.2)
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Ry :IFdis Near THEN « is B and 3 is .S,
Ry : IF dis Middle THEN « is M and 8 is M, 4.2)
R3 :IF dis Far THEN «is S and 8 is B

d is a linguistic variable whose set of possible values are letters or words. The variable d
describes the shortest distance between the vessel and the desired path and has the possible
values {Near, Middle, Far}. The possible values for « and f3 are {S, M, B} where S, M
and B are abbreviations for Small, Medium and Big respectively. The values of o and
[ determine how the vessel will behave. A large o and a small 8 make the craft move
quickly towards the next waypoint. On the other hand, a large 3 and a small o make the
craft move quickly towards the desired path.

The final track-keeping heading angle is found by equation (4.3)
Y, = angle(SF, + (Maz — S)F)) (4.3)

where Max is a constant that depends on the specific vessel and the mode number S is a
number in the range [0, M azx].

Collision avoidance mode

In order to find the heading angle for the collision avoidance mode, 1).,, several fuzzy
rules are used. An example of a single fuzzy rule is given below.

IF dops is Near and v,.¢; is S
and 0 is LF and ¢ is LS
THEN 1),is22.5°

dops is the distance between the own-ship and the obstacle, with possible values {Near,
Far }. v, is the absolute value of the relative velocity vector between the own-ship and
the obstacle, with possible values {.S, M, B}. 0 is the location of the obstacle relative to
the ship, found by the angle between the own-ship’s heading and the obstacle ship (see
Figure 4.7). The possible values for § are {LB, LS, LF, F, RF, RS, RB} where L and R
are abbreviations for left and right. B, S and F are abbreviations for Back, Side and Front
respectively. ¢ is the moving direction for the obstacle with respect to a local coordinate
frame fixed to the obstacle. The possible values of ¢ are {LB, LS, F, RS,RB}. An
illustration of the parameters 6 and ¢ is shown in Figure 4.7. The variable 1., can have
values {0, 22.5°,45°,67.5°,90°}.

In the example fuzzy rule given above, the obstacle ship is Near the own-ship and the
obstacle ship is located "Left Front” of the own-ship. The obstacle ship is approaching the
own-ship from the “Left Side”. In this situation, the own-ship is commanded to turn right
at an angle of 22.5°. The example fuzzy rule above can be generalized to the fuzzy rule
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Figure 4.7: Illustration of the parameters 6 and ¢ used in the fuzzy rule 4.4. Figure is taken from
Lee et al. (2004).

formulation given in (4.4).

IF dobs is (LVdobs)i and Urel is (varel)i
and 0 is (LV0); and ¢ is (LV ¢); 4.4
THEN ., is angle

¢ is the index to denote the fuzzy rule number and LV x represents a linguistic value for
the linguistic variable .

This MVFF method is not too difficult to implement, due to few tunable parameters.
A shortcoming of the work done by Lee et al. (2004) is to only consider the collision
avoiding maneuver of turning right at an angle of 22.5°,45°,67.5° or 90°. With these
limited options for movement, a total of 210 fuzzy rules were created. Implementing more
maneuver options (for instance the ability to turn left and change the speed) will require
more fuzzy rules and therefore more computational power. Another shortcoming is that the
simulations performed to test the performance of the algorithm only considered a single
obstacle. According to Kuwata et al. (2014), the MVFF method does not scale well to
multiple obstacle ships.

Utilizing other vessels’ intentions to improve performance of MVFF

Possible ways to include other vessels’ intentions to the algorithm developed by Lee
et al. (2004) will now be presented. The desired angle for the collision avoidance mode
of the MVFF method is found by the fuzzy rule formulation in (4.4). It would be possible
to extend this rule to include the obstacle vessel’s intended trajectory. For instance, a new
variable P could be included in the fuzzy rule to denote where the intended trajectory of
the obstacle ship will be relative to the own-ship. Unlike in the paper, it is assumed that
the own-ship is able to turn left.
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The behaviour of the own-ship with the new fuzzy rule can be illustrated with an ex-
ample. Assume that the planned trajectory for the obstacle ship is known to the own-ship.
Imagine that we define a half circle around the own-ship A with radius r as shown in
Figure 4.8. This half circle is divided into four regions: Left, FrontLeft, FrontRight
and Right (abbreviated as L, FL, FR and R in the figure). Assume an obstacle ship B’s
planned trajectory lies within two of these four regions, as shown in Figure 4.8. The red
straight line represents the obstacle ship’s planned trajectory. The idea is that the own-ship
should not make a turn such that it’s bow points into a region that contains the obstacle’s
planned trajectory. In the situation in Figure 4.8, the own-ship A cannot turn such that it’s
velocity vector v 4 points into the Le ft or FrontLeft region. The only allowed direction
should be to move in the F'ront Right or Right direction.

~_

B

Figure 4.8: Determination of possible movements utilizing other vessels’ intentions. The obstacle’s
planned trajectory lies within the regions F'L and L, thus the own-ship A should only be allowed to
move into the regions F'R and R. In this case, the velocity vector v 4 indicates that the own-ship is
currently moving into the region FR.

As mentioned above, this behavior can be implemented by modifying the fuzzy rule in
(4.4) by adding another variable P. This variable’s value depends on which of the four
regions L, F'L, F'FR and R the obstacle’s planned trajectory lies within. For instance,
if the obstacle’s planned trajectory lies within the regions L, F'L and F'R, then P =
"L/FL/FR”. If the obstacle’s planned trajectory lies within region R, then P = ”L”.
The own-ship can only move into a region that is not stored in P. The new fuzzy rule is
given in (4.5).

IF dops 18 (LV dops )i and vy.¢; is (LV'Urel)i
and 0 is (LV0); and ¢ is (LV ¢);
and P is (LV P);
THEN ., is angle

The variable P is used to restrict the values the variable angle can take. For instance,
if P="L/FL/FR’ then angle can only be chosen such that the own-ship’s velocity
vector points into the region R.

(4.5)

37



4.2 Methods for collision avoidance

4.2.3 Velocity Obstacles

The Velocity Obstacles (VO) method was first introduced by Fiorini and Shiller (1998)
for robot motion planning. Since then, several modifications of the algorithm have been
published. The version presented here is the VO algorithm proposed by Kuwata et al.
(2014), which extends the main idea of VO to the context of maritime navigation and also
considers COLREGs compliance.

The idea behind the algorithm is to generate a cone-shaped obstacle in the velocity space
called VO. As long as the own-ship’s velocity vector is outside the set of velocities defined
by the VO, there will not be any future collisions (assuming that the velocity vectors does
not change). The VO algorithm is fast, therefore it is well suited for high-speed operations.

Let p € IR? be the ship’s position and let € IR? be the ship’s velocity vector. A ray
starting from p going in direction of v is defined as in equation (4.6).

Ap,v)={p+tv|t>0} (4.6)

Let the geometrical shape of the own-ship be denoted by the set A and let the geometric
shape of the obstacle ship be denoted by B. The VO of obstacle ship B relative to the
own-ship A is defined as in equation (4.7)

VOB (wp)={va| Xps,va —ve)N(BD-A) # 0} 4.7

where v 4 and v p are the velocity vectors of the own-ship and the obstacle ship respec-
tively. p4 and pg are the position vectors of the own-ship and the obstacle ship respec-
tively. The set operation A@® —B = {a+b| a € A,b € B} is called the Minkowski sum
and —A = {—a | a € A} is the reflection of the set .A.

An interpretation of equation (4.7) is that the cone-shaped VO is the region where the
rays originating from ship A going in the direction of v4 — v p intersects the geometric
region B & —A, as illustrated in the right part of Figure 4.9. The region B & —.A is the
geometric shape of the obstacle B expanded by the geometric region of the own-ship A.
This “expanded B-obstacle” can be seen in the right part of Figure 4.9. As stated earlier,
as long as the own-ship’s velocity vector lies outside the VO, it will not collide with the
obstacle ship.

The collision situation can be divided into three regions, as illustrated in Figure 4.10.
If the own-ship has a velocity vector in region V;, the own-ship avoids the obstacle while
seeing it on the right. In region Vs, the own-ship avoids the obstacle while seeing it on
the left. In region Vs, the own-ship moves away from the obstacle. The method presented
by Kuwata et al. (2014) uses information about these regions to make the algorithm find
maneuvers that satisfy the requirements specified by the COLREGS in head-on, crossing
and overtaking situations.
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Figure 4.9: Graphical view of the cone-shaped VO. A is the geometric shape of the own-ship and
B is the geometric shape of the obstacle ship. In this case, the Unmanned Surface Vehicle (USV) is
denoted as the own-ship. Figure is taken from Kuwata et al. (2014).

Ba—A
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Figure 4.10: The situation can be divided into three different regions: V1, V2 and V3. These regions
can be used to determine on which side the own-ship will pass the obstacle ship. Figure is taken
from Kuwata et al. (2014).

The VO algorithm

The first step in the algorithm presented by Kuwata et al. (2014) is to use a pre-collision
check to determine if a situation is likely to lead to a collision in the near future. Closest
Point of Approach (CPA) can be defined as the position at which two moving objects reach
their closest possible distance. Both time to CPA, tcp4, and distance at CPA, dcop 4, is
computed. For each moving ship, COLREGs apply only if the situation is likely to lead
to a collision situation in the near future. In other words, COLREGs will apply only if the
pre-collision check in equation (4.8) is true.

0 < tCPA < tmaz N dCPA < dmin (48)
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The next step is to find out if the own-ship is facing a head-on, crossing or overtaking
situation as defined by the COLREGs. Kuwata et al. (2014) do not go into many details
regarding how to identify each individual collision situation. However, Stenersen (2015)
presents an approach to VO where the relative bearing angle is used to identify which
collision situation applies. Relative bearing f3 is the clockwise angle from the heading of
the own-ship to the line-of-sight vector from the own-ship to the obstacle. Figure 4.11
illustrates how to find the bearing angle 5 for own-ship A. In order to determine which
collision situation that applies, the following rules can be used:

1. Head-on if 8 € [—15°,15°]

2. Crossing from right if 8 € [15°,112.5°]

3. Crossing from left if 5 € [-112.5°, —15°]

4. Overtaking if 5 € [112.5°,180°) U [-180°, —112.5°)

112.5°

Figure 4.11: Bearing angles for own-ship A can be used to determine the type of COLREGS situa-
tion that applies. Figure is taken from Stenersen (2015).

The last step in the algorithm is to determine the best velocity vector for the own-ship.
This is done by searching the velocity space grid. Each cell (v;, 4;) in this grid represents
a speed v and a heading angle ). The VO and COLREGs put constraints on which speeds
and headings that can be chosen. The set of speeds and headings that cannot be chosen,
due to VO and COLREGsS violation, is called the constraint set. A cost function is used
to calculate a cost for each cell outside the constraint set. The cost function proposed by
Kuwata et al. (2014) is given by equation (4.9)

V; COS Y4
VTef — |: v w]:|

v; sin “4.9)

Wr
Jij = — +twy
Tij

‘ Q

where w, is the weight for time to collision, 7;; is time to collision when own-ship has
speed v; and heading angle 1;, w, is a weight on deviation from the desired velocity,
Vyey is the desired velocity and [|-||, is a weighted two-norm with a 2-by-2 weight matrix
Q. When all costs are computed, the (v;, ;) pair with the lowest cost is chosen for the
own-ship to follow.
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Utilizing other vessels’ intentions to improve performance of VO

The algorithm proposed by Kuwata et al. (2014) could be extended to include other
vessels’ intentions. In the VO algorithm, when trying to find a (v, 1)) pair, the constraint
set contains the set of velocities and headings that cannot be chosen due to the VO and
COLREGs violation. Utilizing other vessels’ future planned trajectory could be used to
extend the constraint set. A possible way to implement this is to create a virtual obstacle
that overlaps the planned trajectory of an obstacle ship. Any (v, ¢) pair that will make the
own-ship collide with the virtual obstacle will be added to the constraint set.

An example illustrates how this can be done. Figure 4.12 shows an example of an over-
taking situation where the own-ship A wants to overtake the obstacle ship B. Due to an
island on the left-hand side, the obstacle ship has planned to turn right as indicated by the
planned path for B in Figure 4.12. The blue region defined by two curves at a distance r
from the planned path for B defines a virtual obstacle. The (v, 1)) pairs that will make the
own-ship collide with this virtual obstacle will be added to the constraint set. The region
defined by angle v, in Figure 4.12 represents the all heading angles that put the own-ship
on collision course with the obstacle ship.

Planned path for B

Planned path for A

Figure 4.12: Overtaking situation where the planned path for obstacle ship B is used to create
a virtual obstacle, defined by the blue region. a (v, ) pair that makes the own-ship A travel on
collision course with the virtual obstacle is added to the constraint set.

A drawback with this implementation is that the calculation to check if a collision will
happen between the virtual obstacle and the own-ship can be difficult to perform. An
alternative implementation method would be to modify the cost function given in equation
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(4.9) such that heading angles in the set 1,., that makes the own-ship be directed towards
the planned path for the obstacle ship, will have increased cost.

There are other ways intentions could be used to improve the performance of the algo-
rithm. Assume that the obstacle ship tells the own-ship which role it will take in a potential
collision situation. The obstacle ship will either continue along her path and take the role
of a stand-on vessel or will alter her course and take the role of a give-way vessel. This
information can be used to make changes to the cost function in equation (4.9). If the
obstacle ship takes the role of a give-way vessel, the own-ship will take the role as the
stand-on vessel. Therefore, (v, ) pairs that will make the own-ship continue to travel
along her planned trajectory can have an increased cost. On the other hand, if the obstacle
ship takes the role as a stand-on vessel, (v, 1) pairs that will make the own-ship alter her
course will have a decreased cost.

4.2.4 Simulation-Based Model Predictive Control

A different approach to solve the collision avoidance problem is to use Model Predic-
tive Control (MPC). There has been quite a lot of research regarding the use of MPC for
collision avoidance purposes in a number of different areas. Liu et al. (2015) created an
MPC-based obstacle avoidance method for ground vehicles, Keller et al. (2015) published
an MPC-based approach for collision avoidance for cars in critical traffic situations and
Bousson (2008) presents an MPC-based algorithm to prevent collision between aircrafts.

In the case of marine crafts, one of the first uses of MPC for collision avoidance with
COLREGs compliance was presented by Johansen et al. (2016). According to Chiang and
Tapia (2018), the method by Johansen et al. (2016) is one of the current state-of-the-art
methods for collision avoidance. The use of MPC for collision avoidance is motivated
by the fact that many existing methods for collision avoidance, as presented in Statheros
(2008) and Tam and Greig (2009), do not scale well to handle several dynamic obstacles
and at the same time can take into account ship dynamics and environmental disturbances
(Johansen et al., 2016). According to Chen et al. (2018), there are many advantages of
using MPC for maritime collision avoidance. Because maneuverability in a collision sit-
uation is restricted, it is an advantage that the MPC is able to predict trajectories into the
future, which makes it possible to detect possible collisions early.

Johansen et al. (2016) present a collision avoidance method based on MPC called
Simulation-Based Model Predictive Control (SBMPC) where the collision avoidance func-
tionality is separated from the mission planning. The collision avoidance method deter-
mines a control behavior, which consists of a course offset and a speed command, that is
sent to the autopilot. The best control behavior is found by evaluating different scenarios
and choosing the control behavior associated with the lowest hazard. In the following, this
method will be presented in more detail.
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System overview

The collision avoidance method presented by Johansen et al. (2016) uses a modular ap-
proach, where the collision avoidance system is separated from the mission planning. An
overview of the system is given in Figure 4.13. The mission planning provides the nominal
path for the ship to follow as a set of waypoints, in addition to a nominal speed command.
The collision avoidance module uses sensor data, predicted obstacle trajectories and the
own-ship’s nominal path to compute a collision-free trajectory close to the nominal path.
The output of the collision avoidance system is a propulsion command and a course angle

offset.
Steering and Sl
Autopilot g4 Propulsion Ship
Systems
System

Modified steering and
propulsion commands

Planned
path (WPs)
Mission and speed

Planning

Collision Measured positions and Radar, AlS,
Alarms, oidance predicted obstacle trajectories Lidar, etc.
<

Sound System (CAS) N
and Lights

Naviagation measurements (postion, heading and velocity)

Figure 4.13: Block diagram of the system. The collision avoidance system is implemented as a
separate module. Figure is taken from Johansen et al. (2016).

Control behavior and scenarios

The collision avoidance system must decide on a control behavior for the own-ship,
which consists of a course angle offset and a propulsion command for the autopilot. The
choice of control behavior is made by simulating different scenarios. Each scenario con-
sists of a single control behavior for the own-ship, the own-ship’s simulated trajectory
when following this control behavior and a predicted trajectory for each obstacle ship.
The simulation time in the scenario is called the prediction horizon. In order to choose
which control behavior to apply to the own-ship, the concept of hazard minimization is
used. The total hazard is computed for each scenario and is a function of COLREGs com-
pliance, collision hazard and grounding hazard. The control behavior in the scenario that
minimizes the total hazard is chosen and applied to the own-ship. Johansen et al. (2016)
recommend a minimum set of possible control behaviors as

e Course offset: -90, -75, -60, -45, -30, -15, 0, 15, 30, 45, 60, 75 or 90 degrees.
e Propulsion command: keep nominal speed, slow forward, stop or full reverse.

The propulsion command for the ship is P € [—1, 1] where P = —1 is reverse, P = 0
is stop and P = 1 is nominal forward speed. This minimum set of control behaviors
gives a total of 13 - 4 = 52 different control behaviors. It would be advantageous to have
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even more control behaviors to choose from and perhaps even be able to change control
behaviors during the prediction horizon. However, there is a trade-off between the number
of possible control behaviors and computational complexity.

Prediction of obstacle and own-ship trajectories

Johansen et al. (2016) use a simple method for predicting the future trajectory for each
obstacle. It is assumed that the future obstacle trajectories are straight lines, which means
that the obstacle ship’s future position can be calculated from the simple relation in equa-
tion (4.10)

plto +T) = plto) + B(to) - (T — o) (4.10)

where ¢, is the current point in time, p(to + 7') is the position at time ¢y + T', p(to) is
an estimate of the position at time ¢( and ©(¢o) is an estimate of the obstacle’s velocity at
time t¢g.

In order to estimate the future trajectory of the own-ship, a 3 DOF model similar to the
one described in chapter 2.2 is used to simulate the behavior of the ship. An autopilot based
on LOS guidance is used to steer the ship. This guidance method finds the necessary course
angle xros to make the ship follow the nominal path. In order to avoid collisions along
the nominal path, the collision avoidance system gives a course angle offset x., to the
autopilot. Therefore, the reference course command for the autopilotis x. = Xros + Xeca-
This causes the own-ship to deviate from the nominal path when there is a risk of collision.

COLREGsS compliance

To be able to choose a control behavior that satisfies COLREGs, the type of collision
situation has to be determined. In Figure 4.14, a collision situation is shown. The blue and
red dots represent the predicted position of the own-ship and the obstacle ship respectively
in scenario k. The blue and red curves in front of blue and red dots are the predicted
trajectories of the own-ship and the obstacle ship respectively. The black vector Lf(t)
is a unit vector pointing in the LOS direction from the own ship to the obstacle ship 7 in
scenario k. The blue vector v§ (¢) and the red vector v, (t) represent the predicted velocities
of the own-ship and the obstacle ship ¢ respectively in scenario k.

Several binary variables are used to determine if the own-ship is in a situation where
COLREGs applies. The vectors shown in Figure 4.14 are used to find the value of these
variables. The own-ship is said to be CLOSE to obstacle ship ¢ at time ¢ in scenario k if
condition in equation (4.11) is true.

dg ;(t) < d’ (4.11)

d’g,i(t) is the predicted distance between the own-ship and the obstacle ship ¢ in scenario
k at time ¢ and d$ is the distance two ships must have before COLREGs start to apply.
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Figure 4.14: Collision situation between the own-ship and an obstacle ship. Figure is taken from
Johansen et al. (2016).

If the distance between the two ships is larger than d¢!, COLREGs does not have to be
considered.

The own-ship is OV ERT AK E N by the obstacle ship i if the obstacle ship has a higher
speed than the own-ship and condition in equation (4.12) is true.

v (t) - vi(t) > cos (68.5)°|vg ()| |vi(t)] 4.12)
The obstacle ship 7 and the own-ship are HEAD-ON at time ¢ in scenario % if the obstacle

ship 7 is CLOSE to the own-ship, the obstacle ship’s speed |v;(¢)] is not close to zero and
conditions in equations (4.13a) and (4.13b) are true.

vh(t) - vi(t) < — cos(22.5)°vg ()] |vi(t)] (4.13a)
vf(t) - LE() > cos(Pancaa)||vE(t)] (4.13b)
Pahead 18 @ tunable parameter.

Obstacle ship i is C ROSSED by the own-ship at time ¢ in scenario k if itis CLOSE
to the own-ship and condition in equation (4.14) is true.

vE(t) - vi(t) < cos(68.5%)|vE (1) [|vi(t)] (4.14)

The obstacle ship i is STARBOARD relative to the own-ship at time ¢ in scenario k
if the bearing angle the vector Lf (t) is larger than the own-ship’s heading angle.

Hazard computation and scenario selection

A hazard is associated with each scenario. The control behavior in the scenario with the
lowest hazard is chosen for execution. A new control behavior is chosen every 5 seconds,

45



4.2 Methods for collision avoidance

to be able to utilize new sensor data. The hazard is a function of several parameters such as
risk collision factor, cost of collision, grounding penalty and a function f that represents
the cost of deviation from traveling in a straight path. These parameters will be discussed
next.

The risk collision factor is defined as in equation (4.15)

— ﬁ ! if Jk safe
Rf(t) — ) [t=tol? (dg‘i(t)) , if do,i(t) <d;

0, otherwise

(4.15)

The parameters d:"/® and the exponent ¢ > 1 are chosen such that the own-ship keeps
enough distance from the obstacle, as required in COLREGS rule 16. t( is current time
and t > tg is a future point in time. The exponent p > 0.5 is a factor that determines how
important the time until the event occurs is. Avoiding collisions in the near future is more
important than avoiding collisions in the far future.

The cost of collision with obstacle ship 7 at time ¢ in scenario k is given by equation
(4.16).

Cr(t) = K" |oi (1) — v (1) (4.16)

This cost is proportional to the difference in velocity with proportionality factor K¢oU.

This proportionality factor depends on several parameters such as the size of the obstacle.

A binary variable ;¥ € {0, 1} is used to indicate a violation of COLREGs rules 14 or 15
(head-on and crossing situations) between the own-ship and the obstacle ship ¢ in scenario
k at time t. A value of 1 means that COLREGs are violated. In order to determine if
COLREGs rule 14 or 15 are violated, equation (4.17) is used. RULE 14 and RULE 15 are
binary variables that evaluate to T'rue if the respective COLREG rule is violated. Equation
(4.17) also implicitly incorporates rule 13 for the overtaking situation.

RULE 14 = CLOSE & STARBOARD & HEAD-ON
RULE 15 = CLOSE & STARBOARD & CROSSED NOT OVERTAKEN 4.17)

¥ (t) = RULE 14 or RULE 15

Compliance with COLREGs rules 8 and 16 (which requires that collision maneuvers
should be taken early and that the give-way vessel should keep out of the way) is achieved
by choosing the prediction horizon length to be a lot longer than the time it takes to make
a significant change in heading angle and speed.

The total hazard for scenario k based on the information available at time % is given by
equation (4.18).
H* (to) = max_max (CF(ORF(E) + kipf (1))
i t€D(to) (4.18)
+F(PY, X&) + 9(P*, XE)

to is the current time and the set of discrete time samples is denoted by

D(to) =to,to+Ts,....,t00+T
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where T is the discretization interval and 7' is the length of the prediction horizon. &;
is a tunable parameter. The total hazard 7*(ty) depends on the previously mentioned
risk collision factor in equation (4.15) and the cost of collision C¥(¢) given in equation
(4.16). Inclusion of the binary variable x in the total hazard makes sure that violation
of COLREGs will increase the hazard. The total hazard also depends on a function g(-),
which represents a penalty for grounding. The function f(-) given in (4.19) is included
to give higher cost for control behaviors that make the own-ship deviate from the nominal
path and nominal speed.

f(Pk7 Xlga) = kp(l - Pk) + kX(X]Za)Q + AP(Pk - f)l]z,st) + AX(XIZa - X?a,last) (419)

Ap and A, are penalty functions. Parameters kp and k,, are positive tuning parameters
that determine how important it is to keep nominal speed and course. As before, P is the
propulsion command and Y., is the course angle offset.

Simulation results in the paper by Johansen et al. (2016) reveal that this method is able
to handle different collision scenarios while complying with the COLREGs. The majority
of the simulation results discussed in Johansen et al. (2016) are cases where the obstacles
travel along a straight path. Also, functionality to make the obstacle ships comply with
COLREG:s is not included. Tuning of parameters is important to achieve a good result.
SBMPC can be difficult to implement due to a large number of tunable parameters.

As with the other collision avoidance methods in the previous subchapters, it is possible
to include intentions to the SBMPC algorithm. This will be further discussed in the next
chapter.
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Chapter

Initial design of a collision
avoildance system utilizing other
vessels’ intentions

The previous chapter discussed how some existing methods for collision avoidance can
be modified to utilize other vessels’ intentions. Now, the initial design of a collision avoid-
ance system utilizing other vessels intentions will be given. This chapter begins by speci-
fying some assumptions made and the choice of the design before continuing with a dis-
cussion on which data about a ship’s intentions that can be used by a collision avoidance
system. Towards the end of the chapter, the initial design of a collision avoidance sys-
tem utilizing other vessels’ intentions will be given. The initial design in this preliminary
project will be concerned with how to include other vessels’ intentions to the original
SBMPC method.

5.1 Assumptions, scope and choice of the design

For this preliminary project, it is assumed that all vessels are equipped with a commu-
nication system that allows ships to share data about their intentions. It is also assumed
that all vessels are equipped with AIS, hence real-time data about position, velocity and
heading angle is available. All measured states, both for the own-ship and obstacle ships,
are assumed to be accurate and without measurement noise. It is also assumed that a
long-term path planning method is used to provide the long-term planned route, as a set of
waypoints.
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5.2 Data about a ship’s intentions

There are several possible approaches to design a collision avoidance algorithm. One
way is to use a negotiation system where ships involved in the collision communicate with
each other and together agree on which maneuvers each ship should take to satisfy COL-
REGs. The principle of such a negotiation system is presented by Szlapczynska (2015).
However, this preliminary project will take a different approach, because in future work
the performance of an existing collision avoidance method will be compared with another
method that utilizes other vessels’ intentions. Therefore, the design will be based on an ex-
isting collision avoidance method. An advantage of using an existing collision avoidance
method as a basis for the design is that in case of communication failure of intentions, the
algorithm can fall back on the existing collision avoidance method. This will improve the
robustness.

An initial design of a short-term collision avoidance system utilizing other vessels’ in-
tentions will be presented. In addition to achieving COLREGs compliance, the algorithm
is required to be able to avoid both static and dynamic obstacles. The long-term path
planning is outside the scope of the proposed algorithm. The design will be based on the
existing SBMPC method from Johansen et al. (2016) and the method will be extended to
include other vessels’ intentions. The proposed modified SBMPC algorithm is meant to
be used by an autonomous ship, but it might be possible to also use it as a decision sup-
port system that tells the navigator on a manned ship which heading angle and propulsion
command should be chosen.

In chapter 4.2, four different collision avoidance algorithms were presented. There
are several reasons why the design of the new collision avoidance algorithm is based on
SBMPC rather than on the other collision avoidance methods in chapter 4.2. The scope of
this project is restricted to a short-term algorithm for collision avoidance, which excludes
the COLREG-RRT method. The MVFF method from Lee et al. (2004) was based on the
use of fuzzy rules. This method will not be chosen for further development because the
paper only considers a very restricted set of possible actions. In addition, only encounters
involving one obstacle ship are tested and the algorithm might not perform as well in
the presence of several obstacles. The VO algorithm by Kuwata et al. (2014) does not
consider vehicle dynamics and motion of obstacle ships, which suggests that the method
could benefit from including intentions. However, according to Moe and Pettersen (2017)
it is challenging to integrate VO with existing path-following methods. Therefore, this
method will not be chosen either.

5.2 Data about a ship’s intentions

A collision avoidance system utilizing other vessels’ intentions needs data from obstacle
ships about their future intentions. As of today, real-time information about obstacle ships
such as speed, heading and position is available through AIS. A problem is that most of the
future intentions for a manually operated ship are only known to the officer of the watch,
and therefore not available for automatic transmission. To be able to transmit data about
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intentions, the navigator needs to manually input his intentions into a computer system.
For autonomous ships, data about intentions would already be available.

There has not been a lot of research regarding sharing of intentions. However, early in
2019 the STM BALT SAFE project started, where the objective is to improve the safety of
navigation (STM Balt Safe, 2019). Among other things, the STM BALT SAFE project in-
vestigates the possibility of exchanging information between ships to increase situational
awareness, which includes testing and development of a concept for exchanging route
plans. The project is estimated to be completed in June 2021. A forerunner project for
STM BALT SAFE was the MONALISA project, which lasted from 2010-2013. MON-
ALISA considered a concept for route exchange between ships where a shore-based ship
traffic coordination center receives the route suggestion from several ships, checks for col-
lisions and gives feedback to the ships. The route is accepted if there is no danger of
collision. On the other hand, the coordination center suggests changes to the route if a
collision is probable. As part of MONALISA, Porathe et al. (2014) tested how cadets and
bridge officers reacted to a prototype of this route exchange concept. The study showed a
high degree of acceptance for the concept.

Possible data about future intentions for ships that could be used to improve the perfor-
mance of a collision avoidance system is important to consider. Perhaps the most obvious
choice would be data about the planned route, which is already stored in the navigation
system. The future route plan could consist of a set of waypoints that define the future
positions of the ship, and linear interpolation could then be used to approximate the fu-
ture route as a set of straight lines between these waypoints. Knowing the future route
of obstacle ships would be useful in order to plan collision avoidance maneuvers for the
own-ship. A natural question that occurs is how many future waypoints of the planned
route are necessary to share? This would depend on the distance between the own-ship
and the obstacle ship.

Before the voyage starts, the route for a ship is planned. A problem with exchanging
future route plans is that the route plan for the obstacle ships can change during the voyage,
as illustrated in Figure 5.1. Therefore, it would be useful to regularly update the planned
route to include planned deviations from the original planned route. The data exchanged
between ships should contain up to date information about the planned route. In addition
to the updated planned route, information about speed changes for the obstacle ships could
be useful. When both speed and future route is available, the future position at different
points in time can be computed.

It might be useful to know which role the obstacle ship is planning to take, either as
a give-way vessel or a stand-on vessel. If the COLREGs require that the obstacle ship
should be a give-way vessel, while the obstacle ship has planned to be a stand-on vessel,
the own-ship needs to perform collision avoiding maneuvers.

50



5.3 Description of the modified SBMPC algorithm

New path
Original
planned path

Figure 5.1: During the voyage the originally planned path can change.

5.3 Description of the modified SBMPC algorithm

As previously mentioned, the algorithm to be designed is based on the SBMPC algo-
rithm from Johansen et al. (2016) and the algorithm will be extended to include other
vessels’ intentions. SBMPC is a short-term collision avoidance algorithm. A modular ap-
proach is used, where the collision avoidance part is separated from the mission planning.
The collision avoidance module suggests a control behavior (consisting of a course offset
and a propulsion command) that allows the own-ship to deviate from the planned path to
avoid obstacles. To find the best control behavior, several scenarios are simulated. Each
scenario consists of a control behavior for the own-ship, a computed own-ship trajectory
when following this control behavior and a trajectory for each obstacle ship. The simula-
tion length of a scenario is called the prediction horizon. A hazard score for each scenario
is computed and the control behavior associated with the scenario with the lowest total
hazard is chosen. The SBMPC method is discussed in more detail in chapter 4.2.4.

5.3.1 Requirements and important aspects to consider

The modified SBMPC algorithm is required to achieve COLREGs compliance since
many collisions happen due to the violation of COLREGs. To achieve COLREGs compli-
ance it is necessary to keep a safe distance from obstacles and perform collision avoiding
maneuvers as early as possible. As mentioned in chapter 3.1.2, maneuvers made need to
be clearly visible to surrounding ships. Consequently, instead of turning an angle of 10°,
the ship should instead turn with a more aggressive angle, perhaps 20° — 30°. A course
alteration is often preferred over a speed alteration since a course alteration is more visible
to surrounding ships. Another reason for this preference is that due to the slow dynamics
of ships, a significant course alteration is often faster than a significant speed alteration (Li
et al., 2019). Rule 8 in the COLREGs also specifies that alteration of course angle often is
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the most effective action. However, reducing the speed is often beneficial due to increasing
time to collision which allows for more time to perform collision avoiding maneuvers.

The algorithm should be able to avoid both static and dynamic obstacles at the same
time. Environmental obstacles such as shallow waters and shorelines will be included as
static obstacles, which implies that the ship should be able to avoid grounding as well as
collisions with other ships. From the study of common reasons for collisions in chapter
3.3, it was found that a collision often occurs due to restricted maneuverability due to static
obstacles and surrounding ships not directly involved in the collision situation.

A problem with using other vessels’ intentions in a collision avoidance system is that
the intentions will change over time, depending on how the situation develops. Therefore,
data about intentions needs to be updated regularly. When new intentions are available,
the total hazard should be computed again and the system chooses a new control behavior.

5.3.2 Modifications to utilize other vessels’ intentions

This section will discuss three different ways to include other vessels’ intentions to
the SBMPC algorithm proposed by Johansen et al. (2016). In order to predict the future
trajectory of each obstacle ship, the original SBMPC method assumes that the obstacles
will continue along a straight line. The future positions for the obstacles can then be
calculated as shown in equation (4.10). If the obstacle ship’s future planned trajectory is
utilized, it can be used to replace the estimated future obstacle positions. To find obstacle
positions from their planned route, the velocity needs to be known. One option is to
assume that the obstacle ship will keep her current velocity. Another option is to use data
about future planned velocity in the calculation. If data about planned deviations from the
planned trajectory is available, this data can be used to update the planned trajectory.

Adding a variable to indicate a future collision

The obstacle vessel’s intentions could be used to improve the hazard computation. The
expression for total hazard can be modified by including the term given by equation (5.1).

FCF(t) - (24 P*) - wpe (5.1)

FCE(t) is a boolean variable to indicate a Future Collision. In a given scenario, the
future trajectory of the own-ship is computed by applying the control behavior for that
scenario. Assuming that the speed and future trajectory for obstacle ship ¢ is known, the
future position of the obstacle ship at time ¢ can be found. If the own-ship is closer than
[ meters away from the obstacle ship ¢ at time ¢ in the prediction horizon in scenario k,
then FCF(t) = True. An example is shown in Figure 5.2. In this situation each of the
scenarios A, B and C have a different control behavior and therefore a different own-ship
trajectory. The obstacle ship’s trajectory is the same in all scenarios. The planned path for
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the obstacle ship intersects the own-ship trajectory in scenario A, indicating that there is a
potential collision. In this example, FC¥(t) can only become True in scenario A. If the
own-ship and the obstacle ship are closer than a distance [ at time ¢ during the prediction
horizon in scenario A, then FCF=4(t) = True.

Trajectory B Obstacle ship's planned path

Trajectory C

Trajectory A

Own-ship Obstacle ship

Figure 5.2: Illustration of how to find the value of FC¥ (t). The variable FC¥ () can only become
T'rue in scenario A if the two ships are sufficiently close at time ¢ in the prediction horizon.

The binary variable FCF(t) is multiplied with the term (2 + P¥) where P* € [-1,1] is
the propulsion command in scenario k. If P* = 1 (keep nominal speed), the hazard will
be higher than if P¥ = —1 (full reverse). FC¥(t) is also multiplied with wxc, a tunable
parameter to determine how important FC¥(t) is for the total hazard. The final expression
for the total hazard is shown in equation (5.2).

H"(tp) = max max (CF(YRF(t) + kipk (t) + FCF()(2 + P*)wrce)
i teD(to) 5.2)
+F(PY, XEa) + 9(P*, XEa)

An explanation of the terms in equation (5.2) is given in chapter 4.2.4.

Penalize deviation from nominal path for stand-on vessel

The total hazard expression in equation (5.2) can be further modified. Assume the
obstacle ship tells which role she plans to take in a collision situation, either as a stand-on
vessel or a give-way vessel. The role of obstacle ship 7 in scenario k£ can be represented
by a binary variable r* whose value is True if the obstacle ship i intends to take the role
as a give-way vessel at any point in time during the prediction horizon. If r¥ = True
this implies that the own-ship takes the role of a stand-on vessel (should keep her current
course), which means that the control behavior that gives large course offset should have
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an increased cost. The reason behind this comes from rule 17 in the COLREGs, which
states that the stand-on vessel should, if possible, keep her current course. To implement
this, the binary variable 7* multiplied with a scaling parameter k, will be added to the
function f(P*, x* ) in the total hazard expression. The new function becomes

FP* Xk, rh) = kp(1 = P*) + ky(x5,)* + Ap(P* — Pl )+

(5.3)
AX(X]CC'(L - Xfa,last) + r’f’ck"‘

The function f(P*,x*,,r¥) in equation (5.3) penalize deviations from the nominal
path. If 7% = True (the obstacle ship i is a give-way vessel and therefore the own-ship is
a stand-on vessel), then the value of the function f(P*, x*  r¥) will increase (deviation
from nominal path will increase) which makes the total hazard increase. The function
f(P* X% rk) should be maximized over i.

Improve the accuracy of the COLREGsS violation variable

The total hazard H*(t¢) is computed by maximizing over each time step in the predic-
tion horizon. Since the original SBMPC implementation assumes that the obstacle ships
follow a straight line, the velocity vector v;(t) for the obstacle ship ¢ will have the same
angle throughout the prediction horizon. When the future route and future speed for the
obstacle ship are known, the position and the velocity vector v;(t) can be found at future
points in time. Since the angle of the velocity vector is used to compute the binary variable
¥ (t), which represents violation of COLREGS rules 14, 15 and 13, utilizing intentions to
obtain a better approximation of v;(t) could potentially make the binary variable 1% (¢) be
more accurate.
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Chapter

Simulator development

In this chapter, the simulator development will be presented. A 3 DOF model of a
Platform Supply Vessel is implemented using MATLAB and simulations are performed
with DNV GL’s CyberSea as simulator core. This chapter will explain how the reference
models, control system and LOS guidance are implemented. The inclusion of obstacle
ships and static obstacles in the simulator will also be discussed.

6.1 Simulator overview

In this project, the simulator consists of three different modules. The simulator core
used in this project is CyberSea, developed by DNV GL. MATLAB & Simulink have been
used to create Functional Mockup Units (FMUs). An overview of the simulator modules
can be found in Figure 6.1. The PSV module contains the implementation of a Platform
Supply Vessel (PSV), including guidance and control systems for the vessel. A module
for dynamic obstacles (obstacle ships) is also included. These obstacle ships are also
PSVs and use the same parameters, control system and guidance system as the own-ship
in the PSV module. Finally, the last module is the collision detection module. It will take
the state of the obstacle ships and the own-ship as input, in addition to the position and
parameters for the static obstacles. The static obstacles are used to represent environmental
obstacles such as archipelago and shores.
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Parameters
Static obstacle positions ———»

is collision?
Detect collision
module
Waypoints————» Dynamic o Obstacle ship states
module
Waypoinis Parameters
PSV module
(own ship)
Reference 5 pr—
heading | Heading reference | DSITed Neading
Guidance madel Feedback linearizing | Control forces pov PSV state
controller
Reference
speed Speed reference
model Desired speed

Figure 6.1: Block diagram of modules for the simulator.
6.2 3 DOF Ship model

The ship model implemented in the PSV module in Figure 6.1 is a 116-meter long
Platform Supply Vessel and the model parameters are provided by DNV GL. This is the
same ship model used by Minne (2017). The ship parameters can be seen in Table 6.1.
|Y,| and | N,.| have been increased compared to the parameters used in Minne (2017) to
improve the stability of the ship.

In order to simulate the dynamics of the ship, the 3 DOF ship model from chapter
2.2 is used. For simplicity, the effects of environmental forces are not considered. It is
also assumed that the ship’s state vector [z, y, y, 1, u,v,7]|T is directly available, without
measurement noise.

6.3 Testing maneuverability of a 6 DOF model

Maneuverability tests for a 6 DOF PSV model have been performed using DNV GL’s
simulator. The goal of these maneuverability tests was to find realistic behavior regarding
maneuverability for a ship and also determine realistic upper limits for forces and moments
that can be provided by the actuators. Since the 6 DOF model is quite similar to the 3 DOF
PSV model in chapter 6.2, the behavior of the two models should be similar. The 6 DOF
ship model used for testing has a total of six actuators, as shown in Figure 6.2. During
transit, only the rear thrusters 4 and 6 are used. Therefore, only thrusters 4 and 6 as seen in
Figure 6.2 have been used in the simulations. DNV GL’s simulator is able to provide log
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” Parameter Value Unit ”
m 15524000 kg
ship length 116 m
ship width 25 m
I, 1.0437-101°  kg-m?
Tg 3.7 m
X, —979290 kg
Y; — 10727527 kg
Y —11357800 kg-m
N; —6.2422-10°  kg/m?
Xy —1650 kg/s?
Y, —1050060 kg/m?
Y, 0 kg-m/s
N, 0 kg-m/s
N, —2452793600 kg -m?/s
Taurge 10000 s
Toway 2500 s
Tyau 1700 s

Table 6.1: Model parameters for the PSV.

files with relevant signal values, and these log files have been used to generate the plots in
this section. For simplicity, the effect of external forces has been turned off during these

Figure 6.2: Actuators on the 6 DOF ship model used to test maneuverability. This ship is equipped
with three main thrusters (4,5 and 6), two tunnel thrusters (1 and 2) and one rotating azimuth thruster

57



Speed [m/s]

6.3 Testing maneuverability of a 6 DOF model

6.3.1 Surge maneuverability

During this test, the goal was to determine how fast this ship is able to accelerate in surge
direction and also find limits for thruster forces in surge direction. The ship starts with an
initial speed of 0 m/s and both thruster 4 and 6 are at 100% capacity. The resulting speed
and surge force responses can be seen in Figure 6.3. It seems like this model converges
towards a speed of 5 m/s after approximately 300 seconds and a speed of 3 m/s is achieved
after approximately 80 seconds. In this case, both thrusters delivered an equal amount of
force. Each thruster was able to provide a maximum of 450 000 N. The maximum force is
achieved after approximately 15 seconds. The reason why the thrust force starts to decline
in Figure 6.3 is partly due to thruster losses.
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Figure 6.3: Speed and force response for surge maneuverability test, when both thruster 4 and 6 are
at 100% capacity.

6.3.2 Yaw maneuverability

The goal of the yaw maneuverability tests was to find how fast the ship is able to change
its heading angle, and also find limits for maximum yaw torque the actuators can deliver.
In the first test, the ship starts with zero initial speed and heading, while thruster 4 was set
to 100% capacity and a rudder angle of -15° (thruster 6 was set to 0%). The moment and
yaw responses can be seen in Figure 6.4. Thruster 4 is able to deliver a maximum yaw
moment of approximately 10 000 000 Nm. It takes almost 140 seconds before a heading
angle of 180° is achieved. The peak yaw moment of 10 000 000 Nm is achieved after
approximately 10 seconds, but the time it takes for the rudder to physically change its
angle is not considered.

In the second yaw maneuverability test, the ship starts with zero speed and heading,
while thrusters 4 and 6 are set to 85% of full capacity with a rudder angle of 0°. When the
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6.3 Testing maneuverability of a 6 DOF model
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Figure 6.4: Yaw moment and yaw (heading angle) response for the first yaw maneuverability test,
where thruster 4 is set to 100% capacity and -15°.
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Figure 6.5: Speed, yaw moment and yaw (heading) angle response in the second maneuverability
test, where thrusters 4 and 6 are set to 85% capacity and rudder angles are changed from 0° to -30°

after 115 seconds.
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6.4 Implementation of the control system and LOS guidance

ship has reached a speed of approximately 3.1 m/s (after 115 seconds), both rudder angles
are changed to -30°. The response in speed, yaw moment and heading angle can be seen
in Figure 6.5. Turning the ship from 0° to 180° takes 120 seconds. After approximately 60
seconds the ship has turned 45°. The actuators can deliver a combined maximum moment
of just over 11 000 000 Nm.

6.3.3 Summary of maneuverability test results

The most important results from the maneuverability tests are summarized below. Since
these results have been obtained for a 6 DOF model, it is expected that the 3 DOF model
implemented in this project will have similar behavior, but not exactly the same.

o When starting at a speed of 0 m/s, it takes approximately 80 seconds to reach 3 m/s
and approximately 300 seconds to reach 5 m/s.

e Each of the two thrusters is able to provide a maximum force in surge direction of
450 000 N.

o It will take approximately 15 seconds before maximum force in surge direction is
achieved.

e With an initial speed of 0 m/s, a 180° turn takes approximately 140 seconds (using
one thruster).

e With an initial speed of 3.1 m/s, a 180° turn takes approximately 120 seconds (using
both thrusters). After approximately 60 seconds, the ship has turned 45°.

e Actuators are able to deliver approximately 11 000 000 Nm combined yaw torque.

o It will take approximately 10 seconds before the maximum moment in yaw is achieved
(not including the time it takes for rudders to physically change their orientations).

6.4 Implementation of the control system and LOS guid-
ance

To achieve good performance in a collision avoidance system, the underlying control
system for speed and heading needs to work well. In this section, the implementation of
the control system and LOS guidance will be presented. In the following discussion, the
reader should be aware of the distinction between desired values and reference values. The
desired values are the values that the control system tries to follow. These desired values
are computed by the reference models (to be discussed in the next section). On the other
hand, the reference values are the values provided by the guidance system.

60



6.4 Implementation of the control system and LOS guidance

6.4.1 Reference models for controllers

Reference models are used to generate feasible values for speed and heading that the
ship is able to follow. The principle is explained in Figure 6.6. If the reference heading
angle from the guidance system is a step signal, it can cause problems since the ship is not
able to follow such abrupt changes in heading. Therefore, a reference model can be used
to smooth out the step signal and provide a feasible, desired heading angle that the ship is
able to follow. The control system tries to make the ship follow the desired heading angle
computed by the reference model. In the simulator developed in this project, two different
reference models are used. One to generate the desired heading and another reference
model is used to generate the desired velocity.

Guidance Reference model Control system
Reference heading Desired heading

Figure 6.6: Principle for a reference model for heading.

Velocity reference model

The reference model for velocity receives reference velocity as input from the guidance
system and calculates the desired velocity vector vg = [ug, Vg, rd]T as output. The same
notation as in chapter 2.2 will be used, where u and v are speed in surge and sway and 7 is
the yaw rate. The subscript d will be used to denote a desired value and subscript re f will
be used for reference values. The velocity controller’s aim is to make the ship follow v/4
as closely as possible. It is desirable to avoid step signal in both v4 and ©4. Therefore, a
second-order lowpass filter is used as a reference model. The resulting velocity reference
model is a second-order lowpass filter given by equation (6.1) from Fossen (2011).

Vg = 2000, + Qv = Qv p (6.1)

v is the desired velocity vector and v,.. ¢ is the reference velocity vector that is computed
by the guidance system. A and 2 are symmetric, positive definite design matrices. Their
diagonals contain relative damping ratios and natural frequencies as shown in equations
(6.2a) and (6.2b).

A= diag{(h <27 §3} (623')
Q= diag{wnla Wn2, wnB} (62b)

The chosen parameters for relative damping ratios and natural frequencies can be seen in
Table 6.2.
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6.4 Implementation of the control system and LOS guidance

H Parameter  Value H

G1 1

G2 1

3 1
Wnt 0.035
Wno 0.14

Table 6.2: Relative damping ratios and natural frequencies used in the velocity reference model.

The velocity reference model is implemented by using the state-space version of equa-
tion (6.1), given by equation (6.3).

Ty = Agqxq + Bgr (6.3)

where 4 = [V,0] and = [Uef, Ures,Tref]t - The reference velocity in y-direction,
Urey 1s set to 0, because the ship will be used for path following. 7, is also set to zero.
The matrices A4 and B are given by equations (6.4a) and (6.4b)

0 I
By = [52} (6.4b)

where O is a 3x3 zero matrix and I is a 3x3 identity matrix.

Heading reference model

The reference model for the heading angle ¢ is chosen to be a third-order lowpass filter,
to avoid step signals in 1, ¥ and 1. The third-order lowpass filter is given by equation
(6.5) from Fossen (2011).

07+ (24 + D)Qity + A + 1D, + Dy = P, 6.5)

I is the 3x3 identity matrix, 7, F= [Tref, Yref, Ure f]T are the reference positions and
heading provided by the guidance system.

The heading reference model is implemented by using the state-space version of equa-
tion (6.5), given by equation (6.6)
Ty = Agxq + Bgr (6.6)

where x4 = [1,7,7]7, r = [0,0,¢,cf]T and the matrices A; and By are given in
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6.4 Implementation of the control system and LOS guidance

equations (6.7a) and (6.7b).

0 I 0
Ag=1| 0 0 I (6.7a)
- —2A+DY -(2A+1)Q]
0
B;=|0 (6.7b)
92

The matrices A and €2 are the same matrices as the ones used in the velocity reference
model.

6.4.2 Velocity and heading controllers

Two different controllers are used to control the ship. A Multi-Input Multi-Output
(MIMO) feedback linearizing controller for speed control and a Proportional (P) controller
for heading control. A general description of feedback linearizing controllers are given in
chapter 2.4.

The speed controller is implemented as a feedback linearizing controller given in equa-
tion (6.8)

T=M(-K,v)+n(v) (6.8)
where 7 is the force vector, M is the mass matrix and & = v — v and vg = [ug, V4, rd]T
is the output from the speed reference model. The nonlinear term n(v) is given by equa-
tion (6.9)

n(v) = Crpv + Cav + Dv (6.9)

where C' 4 and C'rp are coriolis-centripetal matrices and D is a damping matrix. The
controller gain matrix K, is given by equation (6.10).

01 0 0
K,=|0 01 0 (6.10)
0 0 01

Inspired by Minne (2017), the heading controller is implemented as a P controller as
shown in equation (6.11), to provide the desired yaw rate r,; in the feedback linearizing
controller.

rq = kp,w(wd — 1ﬁ) (6.11)

where 1)4 is the desired heading provided by the reference model. The controller gain is
chosen to be k,, ,, = 0.04.
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6.4.3 Implementation of LOS guidance

The LOS guidance method from chapter 2.3 is implemented to find the reference head-
ing angle necessary to make the ship follow a straight line defined by two different way-
points. Reference course angle .. can be found from equation (2.9). Fossen (2011) defines
the course angle as x, = 1. + 6. By assuming a sideslip angle 8 = 0 the reference course
angle is equal to the reference heading angle.

The lookahead distance in the LOS guidance is chosen to be A = 1000. A smaller
value for A will give more aggressive steering and faster convergence to the path defined
by the waypoints, but can make the vessel’s position oscillate around the desired path. The
switching mechanism in chapter 2.3 is implemented as shown in equation (6.12)

(Tog1 — 2(t))* + (yre1 — () < R? (6.12)

where (241, Yr+1) is the position of the target waypoint and (2(t), y(¢)) is the position
of the ship. When the ship is a distance less than R = 300 from the target waypoint, the
waypoints will switch. Fossen (2011) recommends choosing R as twice the ship length.

6.5 Implementation of static and dynamic obstacles

Functionality for adding static and dynamic obstacles is included in the developed
simulator. There are two types of static obstacles called “circle obstacle” and “’bound-
ary obstacle”. These obstacles can represent different environmental constraints such as
archipelago, shallow water zones and shores. Figure 6.7 shows an example of two such
static obstacles. The boundary obstacle is represented by a straight line, where one side is
defined as illegal and the other side is defined as legal. If a ship’s bow crosses this line and
moves from the legal side to the illegal side, a collision is detected. In the simulations, it is
assumed that the own-ship and obstacle ships always start on the legal side. For the circle
obstacle, a collision is detected if a ship’s bow crosses the circle’s boundary.

The dynamic obstacle module introduced in chapter 6.1 has the functionality to add
one or more obstacle ships to the simulation scenario. All obstacle ships have the same
parameters, same control system and same LOS guidance as the own-ship PSV in chapter
6.2. Therefore, the implementation of obstacle ships is very similar to the implementation
of the own-ship in the PSV module discussed previously.

To detect a collision between ships, a circle with a radius equal to half of the ship length
(a radius of 58 meters) is defined. This circle is illustrated in Figure 6.8. If the bow of
another ship is inside this circle, a collision is detected between the two ships involved.
Consequently, a collision can be detected even if there is no physical impact because the
circle covers a region larger than the ship itself. However, this is acceptable because the
COLREGsS require that two ships have a safe distance from each other anyway.
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Figure 6.7: Boundary and circle obstacles plotted in the North-East coordinate system.

ship center

Figure 6.8: A circle with radius of 58 meters is used to detect a collision between ships. A collision
is detected if the bow of another ship is inside this circle.

6.6 Simulation scenarios

A simulation scenario is defined by several parameters: number of obstacle ships, num-
ber of static obstacles, initial position for all ships and static obstacles, initial speed and
heading for all ships and a planned path for all ships. In order to ensure that a collision is
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6.6 Simulation scenarios

bound to happen, the initial positions, headings and planned route for the ships need to be
chosen with care. In order to choose initial heading angles that will lead to a collision (as-
suming ships will follow a straight line), it is possible to define a set of heading angles that
the initial heading angle can be chosen from. An example of a set of acceptable heading
angles is {0°,45°,90°,125°,180°,225°,270°,315°}. Such a set is visualized in Figure
6.9. If two or more ships have initial heading angle chosen from this set (and none of the
ships have the same initial heading), then a collision will eventually happen assuming that
the ships follow a straight line. The point of collision is the center of the circle shown in
the figure.

U= 0°

W = 270° 1 =90°

U = 180°

Figure 6.9: Possible choice of initial heading angles for a simulation scenario to ensure that a
collision will happen (assuming ships travel on a straight line).

When initial heading angles are chosen, it is possible to calculate initial positions for
the ships. First, choose a point Peoj = (Zcol, Yeol) Where two or more ships will collide.
Next, choose a time until collision as ty.. Then we can calculate the initial position from
equations (6.13a) and (6.13b).

Tinit = Tool — LitcWUinitCOS(Pinit ) (6.13a)
Yinit = Yeol — tltcuinitSin(winit) (6.13b)

where uy;; is the initial speed and iy is the initial heading angle.

If ships are allowed to travel in a curved path, finding scenario parameters that ensure a
collision is a bit complex. Assume that in a given scenario there will be a collision between
an obstacle ship following a straight path and the own-ship ship following a curved path.
This scenario is illustrated in Figure 6.10. In such cases, the first step is to decide an
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6.6 Simulation scenarios

initial starting position and a curved path for the own-ship (defined by a set of waypoints
{P;}), and a straight path for the obstacle ship, defined by an initial heading angle. The
point of collision is chosen as P.o) = (Zcol, Yeor ). Time until collision can be approximated
by the relation ¢y, = g where . is time to collision, d is the length of the curved path
approximated by straight line segments between waypoints, u is the speed of the obstacle
ship. When ¢, is known, the initial position for the obstacle ship can be calculated from
equations (6.13a) and (6.13b).

Peol

P1

Obstacle ship Own-ship

Figure 6.10: Scenario where the own-ship follows a curved path.
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Chapter

Simulation results

In the previous chapter, the implementation of control system, guidance system as well
as inclusion of static and dynamic obstacles in the simulator was discussed. In this chapter,
the performance of the simulator will be tested. This chapter starts with an analysis of the
performance of the control system (both speed control and heading control) for the own-
ship in the PSV module, and continues with analysis of the performance of LOS guidance
for the own-ship and for the dynamic obstacles. At the end of chapter, all the modules in
the simulator will be connected together to test collision detection abilities of the simulator.

7.1 Performance of the control system

The control system for the PSV consists of two parts. A feedback linearizing controller
is used to control the speed and a P controller is used to control the heading angle of the
ship. The control system implementation is discussed in more detail in chapter 6.4.2. The
purpose of the two control systems is to make the ship follow the desired heading angle
and desired speed calculated by the reference models.

7.1.1 Performance of the speed controller

The performance of the speed controller is tested by providing a step in reference speed.
The speed controller tries to follow the desired speed calculated from the speed reference
model for this step reference. Based on the surge maneuvering test in chapter 6.3.1, it was
found that a speed of 3 m/s is reached after approximately 80 seconds. Based on this result,
the parameters for the speed reference model is chosen such that a change in speed of 3
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7.1 Performance of the control system

m/s for the desired speed signal (output from the reference model) takes approximately 200
seconds (slightly over 3 minutes). The reason why the speed reference signal is chosen to
reach 3 m/s quite a bit slower than what the results from the maneuver test indicate, is that
the ship needs to decelerate in order to avoid overshoot. In the maneuver test, the thrusters
were able to operate at 100% capacity the whole time. The saturation on the force in surge
direction is chosen to be 450 000 N, which was found to be a realistic value based on
the maneuverability tests in 6.3. From experimentation, it was found that the response in
speed will be too slow if the saturation on surge is too low.

Initial velocities of the ship are set to zero, while the heading angle is kept at 0°. The
response of the ship from a step in the reference speed from 0 m/s to 3 m/s after 50
seconds can be seen in Figure 7.1a, and the corresponding force generated is displayed
in Figure 7.1b. The force in surge direction does saturate after a while, which causes a
deviation between the desired speed ugesireq and the actual speed u. However, the speed
u converges to the desired speed after approximately 200 seconds without any overshoot.
In the maneuvering tests in chapter 6.3, the maximum force in surge was achieved after
approximately 15 seconds. The speed controller test shows a similar response. From the
response in Figure 7.1b it can be seen that it takes approximately 20 seconds to reach

maximum force in surge.

Test of speed controller for step 108 Moment Tym

Speed [m/s]
o
Moment [Nm]

0o 0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250
Time [s]

Time [s]

(a) Step response in speed (b) Yaw moment

Figure 7.1: Response of speed controller with a step reference in speed from 0 m/s to 3 m/s after 50
seconds.

7.1.2 Performance of the heading controller

The performance of the heading controller is tested in a similar manner, by providing
a step in the reference heading angle. The heading reference model calculates the desired
heading for the ship to follow based on this step reference. The parameters of the heading
reference model are chosen such that a heading change of 45° will take approximately 50
seconds. This is a realistic choice, based on the result from the yaw maneuvering test in
chapter 6.3 where a heading change of 45° took approximately 60 seconds with a speed of
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7.2 Performance of LOS guidance

3.1 m/s. The controller is tuned such that minimal oscillations in heading angle 1 appear
from a step in reference of 45°, while at the same time achieving a relatively fast response.

Initial velocity of the ship is set to v = [u = 3,v = 0,7 = 0]7, and initial heading
angle is set to zero. The response of the ship from a step in reference heading from 0°
to 45° after 50 seconds can be seen in Figure 7.2a. The corresponding yaw moment can
be seen in Figure 7.2b. It takes approximately 100 seconds before a heading change of
45° is achieved. Due to the saturation of yaw moment, there is a significant deviation
between the desired heading and actual heading angle ). The yaw moment saturates after
approximately 10 seconds. From maneuvering tests in chapter 6.3, the yaw moment also
saturated after 10 seconds. However, the time it takes for the rudders to physically change
their angles is not taken into account in the maneuvering tests. Therefore, for a real ship
it is expected that it will take a longer time than 10 seconds before the maximum yaw
moment is achieved.

Another test of the heading controller is performed. With the same initial velocity and
heading, a step in reference heading from 0° to 180° is given. The heading response can
be seen in Figure 7.3a. With the chosen heading controller parameters, a large step in
heading reference can lead to a small overshoot in heading angle for the ship, but this
was not the case for this particular example. In the yaw maneuver test in chapter 6.3, a
heading change of 180° took approximately 120 seconds with a speed of 3.3 m/s. From
Figure 7.3a we observe that a change in heading angle of 180° takes approximately 250
seconds, which is twice as long as in the maneuver test in the previous chapter. The
reason for the slow response of the implemented model is that the terms in the damping
matrix D had to be increased in order to achieve stability. Without this scaling of the
terms in the damping matrix, the ship will have a faster heading response, but becomes
unstable for larger velocities. To cope with the problem of slow heading response, the gain
in the heading controller can be increased. However, increasing it too much will cause
oscillations in the heading angle. Also, the saturation limit had to be increased compared
to the limit found in the maneuver test. From the yaw maneuvering test, it was found that
the yaw moment peaked at 11 000 000 Nm. However, the saturation on yaw moment for
the 3 DOF PSV is chosen to be almost twice as high, with a value of 2 - 107 Nm. With
a saturation on moment in yaw significantly smaller than this, the response in yaw is too
slow.

7.2 Performance of LOS guidance

The LOS guidance method with waypoint switching is used to make the PSV in the PSV
module follow a path consisting of straight-line segments. To check the performance of
the LOS guidance, two waypoints at (0, 0) and (4000, 1000) are provided to the guidance
system that defines the desired path to follow (x-axis points north and y-axis points east).
The ship is moving with a constant velocity of 5 m/s, the initial position is set to (0, 500)
and the initial heading angle is set to 0° (pointing north). The resulting trajectory can be
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Figure 7.2: Step response of heading controller with a step reference from 0° to 45°.
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Figure 7.3: Step response of heading controller with a step reference from 0° to 180°.

seen in Figure 7.5a and the resulting heading angle can be seen in Figure 7.5b. The ship is
able to follow the straight path defined by the two waypoints, although it takes some time
to converge to the path. The heading angle of the ship is able to follow the heading angle
computed by the guidance system, ¢ ference, quite well. After the ship has passed the
final waypoint, the ship will continue to move in the same direction.

Figure 7.4a shows the trajectory of the ship when trying to follow another path de-
fined by the four waypoints p; = (0,0), po = (2000, 130), p; = (3500,850) and
ps = (5000,100). The corresponding heading angle for the ship is shown in Figure
7.4b. The initial position of the ship is (100, 0) with an initial heading angle of 0°. When
switching to the last waypoint, it can be observed from Figure 7.4b that the heading angle
has a slight overshoot, but is able to converge to the desired heading quite fast. During
testing, it was found that the ship is able to follow paths with quite sharp turns as long as
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the speed is low enough. If the speed is high, the ship has trouble to keep up with the sharp

turns.
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Figure 7.4: LOS guidance performance for a path consisting of several waypoints.
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Figure 7.5: LOS guidance performance for straight path following.

The obstacle ships in the dynamic obstacles module are implemented the same way
as the own-ship in the PSV module. Therefore, all the parameters for control systems,
reference models and LOS guidance are the same. Figure 7.6 shows the LOS guidance
performance of three obstacle ships. Initial values for position, heading and speed for the
obstacle ship are presented in table 7.1.

As can be seen in Figure 7.6, all obstacle ships are able to follow their desired trajectory
with acceptable accuracy. Even though the trajectories of the obstacle ships intersect each
other, collisions are not considered in this case.
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7.3 Ability to detect collision

H Parameter H Obstacle ship I Obstacle ship2  Obstacle ship 3 H

T 700 0 100
Y 0 500 2000
P T 0 -5
u 3 3 3

Table 7.1: Parameter values for obstacle ships for LOS guidance testing.

Position of obstacle 1, 2 and 3 for waypoint switching
6000 [~
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Figure 7.6: LOS guidance performance for three obstacle ships.

7.3 Ability to detect collision

The ability to detect collision between two ships and collision between a ship and a static
obstacle is tested in three different scenarios. These scenarios are generated by using the
two procedures discussed in chapter 6.6.

7.3.1 Scenario A

The first scenario is a head-on situation between the own-ship and an obstacle ship, as
illustrated in Figure 7.7. The point of collision is P, = (500, 500), time to collision
is tyc = 400 seconds and initial velocities for the own-ship and the obstacle ship are
3 m/s and 5 m/s respectively. Initial heading angles are chosen as ¥own-ship = 180° and
Yobstacle ship = 0°. By using equation (6.13a) and (6.13b), the initial positions are calculated
to be Pownship = (1700, 500) and Prpstacte ship = (—1500,500). Both ships are steered
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7.3 Ability to detect collision

towards the point P, by using LOS waypoint guidance.

. Pown.ship = (1700, 500)

Yownship = 180°

Pol = (500,500)

WYobstacle ship = 0°

. Pobstacle ship = (-1500, 500)

Figure 7.7: Scenario A: head-on situation between two ships.

The simulation results are shown in Figure 7.8. The collision between the ships is
detected in the time interval [387,401] (the simulation continues for some time after the
collision is detected).

After t = ty. = 400 seconds, the positions of the own-ship and the obstacle ship are
(502, 500) and (496, 500). Both these positions are close to the selected point of collision
P, = (500,500). The reason why the collision detection variable goes to zero at ¢ = 401
seconds, when the ships’ center positions are fairly close, is that the ship bows points in
opposite directions. All in all, the simulation results show that the collision is detected
correctly.

7.3.2 Scenario B

The second scenario is a bit more complex and aims to test scenario generation pro-
cedure for curved paths. The initial position of the own-ship is chosen to be Poyn-ship =
(0,500) and the curved path is defined by a set of waypoints as illustrated in Figure 7.9.
The initial heading angles for the two ships are chosen to be Yopsiacte ship = —22.5° and
77[}0wn—ship = 30°.

The point of collision is P, = (1000, 2000). Time until collision can be calculated
as tye = % where d = 1997.2 m is the total length of all straight line segments between
the waypoints. Both ships have a speed of 3 m/s, which gives ty. = 666 s. Finally, the
initial position for the obstacle ship is found from equations (6.13a) and (6.13b) to be
Popstacte ship = (_8457 2764)

From the simulation results for scenario B in Figure 7.10 it can be seen that the collision
detection variable has the value of one in the time interval [641, 664]. By calculations, the
collision was estimated to happen after ¢, = 666 seconds. At this point in time, the colli-
sion detection variable has a value of zero. According to calculations, the positions should
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Figure 7.8: Simulation results for scenario A.
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Peol = (1000,2000)
P4 = (900,1700)

P4 = (700,1200)

P, = (500,600)

Yown-ship = 30°

® | P1=Pounshp = (0, 500)
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Figure 7.9: Scenario B: collision between an obstacle ship and the own-ship when own-ship follows
a curved path.

be (1000, 2000) for both ships after ty. = 666 seconds. At¢ = 666 seconds the position
of the own-ship is (1009, 2024) and the position of the obstacle ship is (999, 2001). There
is a slight error in the calculation for the position of the own-ship, due to the approxi-
mation made that the own-ship follows the straight line segments between the waypoints.
Even though no collision is detected at ¢t = ¢y, = 666 seconds, a collision is still detected
relatively close to chosen collision point P, = (500,500). The conclusion is that the
collision detection ability in scenario B is satisfactory.

7.3.3 Scenario C

The third scenario includes two static obstacles, to check if collisions are detected
between ships and static obstacles. In addition, this scenario has two obstacle ships
and the own-ship. The situation is illustrated in Figure 7.11. The own-ship starts at
Pownship = (50,500) with initial heading ownship = § and travels towards the circle
obstacle located at Pee = (500, 700). Meanwhile, the first obstacle ship with initial po-
sition Popstacte ship 1 = (400, 300) and initial heading Yobstacte ship 1 = o= travels towards
the boundary obstacle defined by the straight line between the points Py, = (100, 50)
and Peng = (—300,500). The second obstacle ship starting at Ppsacte ship2 = (800, 0)

with initial heading angle ¥qpstacte ship2 = 2?” also travels towards the circle obstacle.

The simulation results for scenario C are shown in Figure 7.12. Collision between
the own-ship and the circle obstacle, collision between obstacle ship 1 and the boundary
obstacle and collision between obstacle ship 2 and the circle obstacle are detected after 39,
70 and 93 seconds respectively. The black points in the trajectory plot in Figure 7.12a show
the position of each ship when a collision between the bow of the ship and the obstacle is
detected. From this plot it is verified that collisions are detected correctly.
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Chapter

Conclusions

Collision statistics show that the majority of accidents in the shipping industry are
caused by human errors, which motivates the need for a well-functioning collision avoid-
ance system. The most common reason for collision at sea is that crew members do not pay
enough attention to potential obstacles. Violation of COLREGs and failure of equipment
are also factors that can lead to a collision.

An automatic collision avoidance system can help avoid collisions due to human errors.
There is a vast amount of research regarding collision avoidance methods for ships that are
able to achieve COLREGs compliance, including COLREG-RRT, Modified Virtual Force
Field, Velocity Obstacles and Simulation-Based Model Predictive Control. Assuming that
data about intentions is available, it is possible to extend these four methods to utilize other
vessels’ intentions, which has the potential to improve collision avoidance performance.
However, in this project it has not been tested how the inclusion of intentions will actually
affect the performance.

This project proposed an initial design of a collision avoidance system utilizing other
vessels’ intentions based on the SBMPC method from Johansen et al. (2016). Assumptions
and requirements for such an algorithm were defined. The initial design focused on how
to include intentions into the existing SBMPC algorithm. Intention data such as planned
future route, deviation from future route, the role of the obstacle ship in a collision situation
(give-way or stand-on) in addition to real-time data from AIS were used. Inclusion of
intention data was used to modify the hazard computation in the SBMPC algorithm.

The developed simulator in this project is able to simulate the behavior of a PSV, by
using a feedback linearizing controller to steer the heading angle and a proportional (P)
controller to steer the speed. LOS guidance was also implemented to make the ship able
to follow a path defined by waypoints. The developed simulator also includes functional-
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ity for adding obstacle ships and static obstacles. For simplicity, the obstacle ships have
the same parameters and control system as the own-ship and the static obstacles represent
environmental restrictions such as shores and islands. Simulation results showed that the
simulator gives acceptable performance for LOS guidance, detection of collision and con-
trol of heading and speed. The main drawback of the developed simulator was the slow
response in change of heading angle, which caused a big deviation between the desired
heading angle and the actual heading angle. In addition, some unrealistic, simplifying
assumptions such as no environmental disturbances and perfectly measured states were
made.
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Chapter

Future work

The development of the simulator in this preliminary project lays the foundation for
further work in the master’s thesis, where the simulator will be extended to include an
implementation of a collision avoidance algorithm that utilizes other vessels’ intentions.
The initial design of such an algorithm was discussed in chapter 5, but will be further
developed in the master’s thesis. The work that remains on the design of the modified
SBMPC algorithm includes deciding how data about intentions should be transmitted,
decide suitable parameter values and finding more ways that intentions could be utilized.

Future work will focus on how the inclusion of other vessel’s intentions affects the
performance of collision avoidance. Different scenarios must be designed and the perfor-
mance of the original SBMPC method will be compared to the modified SBMPC method
where intentions are utilized. Therefore, a suitable performance measure must be found.

The current implementation of the simulator does not consider environmental distur-
bances. In the future, testing the developed simulator with the presence of environmental
disturbances will give insights on how well the control system and LOS guidance perform
under more realistic circumstances. In addition, it was assumed that sensor measurements
are perfect without any noise. Inclusion of measurement noise can be added to see how
it will affect performance. The main problem encountered with the simulator was slow
response in changing of heading angle which led to bad tracking of the desired heading
angle. Since the implementation of a collision avoidance algorithm depends on a well-
functioning control system, some effort can be put into solving this problem.

With the current implementation, each scenario has to be set up manually by selecting
values for several parameters such as the position of static obstacles and trajectory for
ships. Creating new scenarios is, therefore, a time consuming process and it would be
beneficial to find a mechanism to automatically create scenarios.
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