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Table 1.1: Statistical data of marine accident

15k 2011 2012 2013 2014 2015
i 260 196 175 180 235
%5
(14.3%) | (12.5%) | (16.0%) | (13.5%) | (11.2%)
ESE 32 33 23 19 28
2z 120 113 91 96 84
Eoh-! 58 39 32 35 32
SpA| /=t 84 105 79 97 100
Fap=! 65 41 21 19 31
AN 652 486 290 339 703
Ol AJAF 84 60 45 113 144
orHoE A | 234 227 191 205 331
71 220 270 146 227 413
Z 1809 1573 1093 1330 2101

accident in recent five years

in Korea according to types of
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Fig 3.2: Categorization of obstacle by relative heading angle. Figure from [40]
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Abbreviation Encounter type
HO Head on encounter
oT Overtaking encounter
SO Crossing encounter (stand on)
SF Safe encounter
GW Crossing encounter (give way)

Table 3.1: Abbreviation for encounter type
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Fig 3.3: Chart used to determine the encounter type. Figure from [40]
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Fig 3.13: Velocity obstacle region and selectable velocity space set. Figure from

[37]
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Fig 4.1: Schematic diagram of the deep reinforcement learning based collision

risk assessment system
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Fig 4.8: Structure of te deep reinforcement learning network by Wang et al

(2016), Image from [43]
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Fig 5.1: Seoul National University WAM-V autonomous surface vehicle during

Maritime RobotX Chellenge 2016 (ASV competition), Hawaii, U.S.
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Fig 5.3: Coordinate system for environmental disturbance
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Table 5.2: Principal properties for wind load calculation
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Water line

(a) Frontal projected area, Apy

(b) Lateral projected area, Apw

Fig 5.4: Projected Area of the SNU ASV
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Beaufort Wind Speed | Representative
Description Sea State

Number (m/s) value (m/s)
0 Calm 0-0.3 0.0 0
1 Light air 0.3-1.6 0.9 0
2 Light breeze 16-34 2.5 1
3 Gentle breeze 3.4-54 4.4 2
4 Moderate breeze 5.5-179 6.7 3
5 Fresh breeze 8.0 - 10.0 9.0 4
6 String breeze 10.8 - 13.8 12.3 5
7 Moderate gale 13.9-17.1 15.50 6
8 Fresh gale 17.2 - 20.7 18.95 7
9 Strong gale 20.8 - 24.4 22.60 7
10 Storm 24.5 - 284 26.45 8
11 Violent storm 28.5 - 32.6 30.55 90

Table 5.3: Beaufort number and corresponding wind speed. Table from [49]
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Fig 5.5: Turning test trajectory under 0 deg wind load(Beaufort No.2)
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Fig 5.6: Turning test trajectory under 90 deg wind load(Beaufort No.2)
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Fig 5.7: Turning test trajectory under 270 deg wind load(Beaufort No.2)
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Fig 5.8: Turning test trajectory under 0 deg wind load(Beaufort No.5)
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Fig 5.9: Turning test trajectory under 90 deg wind load(Beaufort No.5)
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Fig 5.11: Turning test trajectory under 0 deg 0.1m/s current load
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Fig 5.12: Turning test trajectory under 90 deg 0.1m/s current load
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Fig 5.13: Turning test trajectory under 270 deg 0.1m/s current load
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Fig 5.14: Turning test trajectory under 0 deg 0.3m/s current load
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(a) State grid map without obstacle (b) Saliency map without obstacle

(c) State grid map with obstacle (d) Saliency map with obstacle

Fig 5.19: Saliency map of the grid map with respect to obstacle existance
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Encounter DRL
CPA | Set Based
Situation (proposed)
Head on 7.2 sec | 37.3 sec 31 sec
Crossing (give way) 7.2 sec | 24.0 sec 7.2 sec
Table 5.4: Avoidance behavior begin time according to encounter situation and
collision risk assessment method
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Fig 5.47: Snapshot photo of collision avoidance free running test (Head on)
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Fig 5.50: Snapshot photo of collision avoidance free running test (Overtaking)
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Acceleration - Deceleration Test
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Zigzag Test Trajectory
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Fig A.7: Zigzag test of the SNU ASV
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Linear steering model compare to experimental result
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Fig A.8: Acceleration-decceleration test of the SNU ASV
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Abstract

Unmanned Surface Vehicle’s ability to prevent collision with nearby obsta-
cle is one of the most critical ability to ensure safety and effectiveness during
mission. This is not only for it’s own safety, but also to protect life and prop-
erty of any nearby manned ships. According to this social demands, collision
avoidance of an unmanned surface vehicle has been actively researched recently.

In this paper, we have analyzed related research, in order to find out lim-
itation of the previous work. Then, according to the previous work, we have
set four goals for the research. Firstly, in estimating collision risk, own ship
and obstacle’s complex encounter situation should not be simplified too much.
Secondly, one should be able to recognize collision risk of the multiple ships.
Thirdly, maneuverability of own ship or environmental load should be consid-
ered for avoidance maneuver. Fourthly, there should be distinguished standards
for different encounter situation.

Generally, collision avoidance of the unmanned surface vehicle follows four
stages below. (Detection — Decision making — Path planning — Control) Using
obstacle detection sensor, obstacle’s position and motion information are iden-
tified. Using the information, decision making for collision avoidance is made.
Then, path planning is accomplished and controller of the vehicle generate

actuator command in order to make avoidance maneuver. In this thesis, deci-
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sion making process of the unmanned surface vehicle, using deep reinforcement
learning is mainly studied. Reinforcement learning is a method that an agent
learns to find out best behavior to accomplish its goal, based on its interaction
experience with the environment. In this study, an unmanned surface vehicle is
set as a learning agent, and repeated collision avoidance simulation is performed
to find out best collision avoidance direction and avoidance time.

In order to perform reinforcement learning, an accurate maneuvering model
for the unmanned surface vehicle is needed. For this, we have performed sys-
tem identification for the dynamic model of the vehicle. Proposed collision
avoidance algorithm is built to follow international regulation for ship collision
avoidance(COLREGS), designed to meet distinguished standards for different
encounter situation. In addition, using the repeated collision avoidance simula-
tion experience, own vehicle’s maneuverability and effect of environmental load
can be considered. In order to validate collision avoidance, collision avoidance
simulation with various scenario have been performed. Using the trajectory,
course angle, relative distance, avoidance time information, effectiveness of the
proposed collision avoidance method is validated. Deep reinforcement learning
based collision avoidance method is then implemented to 16 feet long unmanned
surface vehicle, and autonomous collision avoidance test of the vehicle have been

performed to validate the proposed method in real world condition.

Keywords: Unmanned Surface Vehicle, Collision Avoidance, Reinforcement
Learning, Artificial Intelligence

Student Number: 2012-23312
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