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1 Introduction

1.1 Background

HAk, o]E 9 AMuto] F&st=d TR AREo AH wIS Y&l
AAzEn o, ojg3dt AKRoE g7 ARE Edtyo] vt IMOY

e—Navigation® Ao+ vt 2},

“The harmonized collection, integration, exchange, presentation and
analysis of marine information on board and ashore by electronic means
to enhance berth to berth navigation and related services for safety and

security at sea and protection of the marine environment.” (IMO, 2021)
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Mote: There are operational and technical interaclicns between different shipboard environments. These are not shown for simpliclty’s sake in this figure.

Figure 1—1 Definition of e—Navigation (IMO, 2021)
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1.3 Contributions of this paper
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Path planning algorithm
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Combinatorial method
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Environment representation || Graph search algorithm
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— Regular grids »  Depth first search Probabilistic roadmap
— Irregular grids Breadth first search

—  Navigation mesh Dijkstra algorithm

—>  Voronoi diagram A* algorithm
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Figure 2—2 Classification of path planning
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2.1 Environment modelling

AN AtgEHE 874 2dy FHES 2. A ALg o R ue 3
A EEY P E IA F AR 2R 7 Adv A AR e 43 9
a5 A7 Falst= W (Cell decomposition) 22 #+9 A=, v Y 2
A T wolth. o] F/ WA Aol FoEe (topology)

=9 A& ol&stel A TdEZ, v, golojagor v Aisks=

WHlolth, ZF WS of ol M AAIE] A sk

2.1.1 Regular grids

4 AA(Regular grids)= 22X &8 9 vy Aldels &4 =

2ol 7 w@ol AdEe welt. AAR #d A= 7Y &l

4 8 AR dHelEY Fold T ZHel 3l

o

=t

A= do e AelEe ¢ #Aglel T sdI Fo ==
(node) &} 1t (edge) & 27 wWiwolth. ¢ AA Wl 279 x=t+
ARG Wi & el wep Fdo] 7ted d 5 Bk 99
o2 FE¥t. otd Figure 2-32 A A4 A H (primitive) Q1 F 4t
7e, A

, A& g o7 FAFE AR o Alolt}. (Add reference)

’
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| A AW A ALY S A A

PIRRIIRRE
A Ay, P

Figure 2—3 Regular grids (a) Square (b) Triangle (¢) Hexagon

(Souissi. et al., 2013)

Fd AdE YA Hn == £ APSs] gE GE el

Bow A9 7 GolAEE vime xEFol Atk BFE Fyo| B
o MY F7t B ATl A B4 FuIFL YR n 2%

F AAE R A AEO A Fo] vold 4 3tk (Souissi et al., 2013).
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2.1.2 Irregular grids

& AAd GAE nesy) A8 A= Eelg Agse v @Y 2
A (Irregular grids) W0l 25 ek A= E¢g Agsts e 2

o 277 BARA @7 Wl A% WA B s g Bol A
5= AL EFe onA AP, AHZA AHAR A 2AE (Geographic
Information System), 229 T & A T tpaFst g eox A&
o Figure 2-4el 4 2 % 9% A= =9 2@ WS B4 998 1)
o Angos ARFHFT FhEel A 7 AL fa AP BHAL
MR Faets ol
ak_____ b 4(:\
i / \
\%: J || [
/ f
e
. |
j /7'
) \/
e A
m
Figure 2—4 Quadtree partitioning and network example
(Huang et al., 2014)
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= ¥ 7Y A& W 2L A& BRlel v MR avE A =<4

Aoz ARE Asw Az FAel word & vk ® BE @A
B2 el o] gelgol W Bow Ax =9 ®a Bgo] A% 4

g7 el 24 Aot v Asol oA Hu.

2.1.3 Navigation mesh

g4 m Al (Navigation mesh)= BFl 99 ol 7to3d 995 %d

U =53 4749 (convex polygon)?l A%, 84 HwAE 7#4E 5 3o
b gy 2ol WHE Y e olfste WHoeR, B wAE Fold
374 S 223 (Triangulation) 3t A e 4 Ao (Kallmann, 2010). 4zt
st HAGeA Ee AAFEY ol HAE FeobA A A (angle-—
optimal) § =% 524 2ZE 8 (Delaunay Triangulation) 2 3] 3tt}. 9]

FHANA 2P B Ar At At 952 2gsel R ow
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9FS AF7E] (skinny triangle)o] Y@ A == A Ao}l Figure 2-5& F

ofzl gAel s A wAE BAdst= o Aot

Figure 2—5 The example of navigation mesh in environment

(Kallmann, 2010)
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2.1.4 Voronoi diagram

B Zx0o] tfolo] 13 (Voronoi diagram)S Folx 3o &3 %
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A3 Ao AS ddste] AdEd. HEWwo] tolo 12 o=

&
(o]

—

g AgE Fa AT il ke ARE w4

ot

T 9T HE o
tolo] 189 g Hol nl AT W ombg n) A el B44E =
Atk HEo] golojdlls o] gste] AR o] ERIEVF HAaT HE
=2 A ARE 2= A3y wol &yl (Bhattacharya and Gavrilova,
2008). ARk, HEZio] tho]lof 13 oA A HERE HA F=ET)

obd 7heAel xo.

14
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13
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Latitude (degree)

11

1.05

Longitude (degree)

Figure 2—6 The example of Voronoi diagram—based partition of an

obstacle map (Niu et al., 2019)
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corner refinement), 7FAJA L@ X (Visibility graph) &9 ®¥ 2 o] &3}
o HEwo]l tojoasis Hsts wWHol AJXHJY (Magid et al.,

2017; Niu et al., 2019).

2.1.5 Visibility graph
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= S5A717] 98 ket wRjo] AjkE o™ (Ghosh and Mount, 1991;
Overmars and Welzl, 1988; Welzl, 1985), Eg G+ X & o] &3t mE 7}
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Figure 2—7 An example of visibility graph with start and goal node

(Kim et al., 2011)
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2.1.6 Comparison of environment modeling
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Table 2—1 A comparison of environmental modeling methods

Irregular grids The proposed
Regular grids Navigation mesh Voronoi diagram Visibility graph
(Quadtree) method
Construction Different size of Convex polygon Voronoi diagram Link between all Quadtree+
Same polygon
component square mesh of obstacles obstacle points Visibility
Complex
environment No full coverage Full coverage Full coverage Full coverage Full coverage Full coverage
representation
Memory
High Low Low Medium Very high Low
consumption
Computation 0(k?bgn )
- 0(nbgn ) 0(nbgn ) 0(nbgn ) 0(n?)
time (k is small)
Path optimality Not optimal Not optimal Not optimal Not optimal Near optimal Near optimal
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2.2 Path planning methods

2180 4 e Radss Wl sl Akl 2.28 = V=

of /e Tz VW daudgs, AEY N duds, s 7 VW

2.2.1 Graph based methods
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daElF Ax dard
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kol | Figure 2—8< AR} 7|Wk 28 X o A Dijkstra €853 Ax <&

18 =9 JAE Bo]lFr}, Dijkstra &1

Absk7] w2l

S
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RS
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>,
(L
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1959). Ax FAZ S Felre F5E Agate] »

Lo
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i
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ke
<
LW‘A.
wn

oy
s

a HAq A 7h7k ==w & E ok (Hart et al., 1968).

Sgoal

Sgoal

Sstart Sstart

0 1 2 3 4 0 1 2

Dijkstra path

[ ] Visited point

O

A* path

O Unvisited point

[ ] Visited point

1 2 3 4 5 0 0 0

Figure 2—8 The example of the Dijkstra algorithm
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Figure 2—9 Field D* algorithm (Daniel et al., 2010)
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=9 d¥e FHF7) 18 Thetax darelFol Algks 9l
T2 A FeA o wgFor s He "Wold ¥y
RS dAdete] ARE = dugFor JPAA TP Z 9 FAe.
BATE nHsty] Wi AE7F AA HH AR oE 5 otk oy st
GHde2 A7) Y&l AP Thetax &gl Fo] #|¢ktE Aol AP Thetax &1
g 59 olAl= Figure 2—109] YWEFW . Figure 2—10914 & 4 Sl AP
Theta*= Kol RE FE57 Adst7] die Ax flelA HH A=2F
e F . ¥, ddste AEol EoAUr] wWiEel A &

Theta* 18 FxHT ¢ ddt,

2.2.2 Sampling based methods
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Figure 2—11 Probabilistic roadmap (Nieuwenhuisen and Overmars, 2004)
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Figure 2—12 The example of RRT and RRT*

(Tak et al., 2019)
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2.2.3 Evolutionary methods

AR HAS AEHE M3t dugEs T gy dyudgse 74 &
18 EF, 42 +F FH A3 (Particle swarm optimization), 7lv] +3 FH &

3} (Ant colony optimization) 52 WHol Ao, 4 g FS HA=2E
S5 H7Esta EAXSTF fhol w2 dE AYste] A A A A Al
gt o5 Mo s JES st o] YA S HbESte FHZA SE %

= Aol 4 dagFol.
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( a) Pivot point(random)

Parent 1[ 1 Jof1Jo[1Jo[ 1o 11 ]1]1]
Parent2[ 1 [1[1[1JoJoJoJoJoJoJo]o]
chid [1Jo[1JoJ1JoJoJoJoJoJo]o]
Parelznt1 Pare'nt 2
Point 1(random) Point 1(random)
) ! :
Parent [1 [o[1Jo[1 o1 o[t [1]1]1]
chitd [T Jo] o] o] [0l 1]1]

Figure 2—13 Crossover and mutation in genetic algorithm (Kim and Kim,

2017)

5oz, A25 37 g Alg = A3 g ES A +F H43)
(Particle swarm optimization) ¥¥Ho] At} PSO= A HAHRS 7]

&l AFEEH HEEAQ AAS FE HAHIE FYsoh. Figure 2-14+

PSO¢ oA & ®olFv, F ol HAso mddtes A HoEr. o

N

9} o] PSOE 87t 9@ F e ¥eA FHAR 27 #E A}

S #95x Gow PSOZt v, AAEA FIF F ME A7 el F
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(a) | iteration=0 (b) | iteration=1 iteration=6 (d)
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Figure 2—14 An example of particle swarm optimization (Chopard and

Tomassini, 2018)

npxpeto 2 0 ] g #H A g W (Ant colony optimization)©] LT
ACO= 1= 9elA HA A=E ZHs o AF AbEsts o=z 27
of de® s ARG, o] Fr HHs ghel weEt gol Fow 1
BREY Tt AE G5 Fo] ymd FRE ThEAE o da @A olA

245 gol £ A7 e F QA B o

(a) Nest, Food (b) INest ===¢m===ecccccc=e ® ® ® [ood

(¢} Nest BEpeasBsbedaaB @9 Food| (d)

Figure 2—15 An example of ant colony optimization (Blum, 2005)
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2.2.4 Comparison of path planning methods
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3 Related work

B2 AY £AY Add 4 WHES dAM 2FolM dEEidd. 2 4
T A= EYe MY T EZE ol Este] A W HAY FRE Qs
ATH 2 o At U HF F2o AFSE We wet & 7hx 7]E

Aol whall EA48ka, & Ao W ol& Wtz g,

3.1 Genetic algorithm with navigation mesh

Tsou (2010)+ GIS(Geographic Information System) 2 ©] £ 3}o] ¢t
oo HAa AFE e HE FEE AAdsIT. AelEs 94 H A g
H =3hA thztgd o= WEsty gz ge Je5& olfste F=E AAsS

o 2 A NS 53 dagass ARgsied, 3 e ae @

& Figure 3-13 2ol F4ES Eeux 9t A5tk odd 52
P4 2Fsel 27 AT AYS F AH A2 D 94 AGE W
]

Figure 3—1 Bilateral multi—route generation (Tsou, 2010)
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Figure 3-2v 3 ¢iglsS ol &3t A4 &2 oAAolt}. wiA

o Althel A HA e el rElA k2 & el Zloly, X ek e+

Figure 3—2 An example of multi—route between two points (Tsou, 2010)

3.2 Dijkstra algorithm with Voronoi diagram

Niu et al. (2019)2 A7}E=Z a|do] g3t Ao thal] B Z 0] t}ho]o]
aMs FASAT s AdT Ao HES o]gdte] HE o] tolo1H| s
T 4 Qo HZwo] tho]ol 1] Z|Hkste] Dijkstra i ES

FRGAG. BEwo] golojag e Fwge Tl A7 el
HEwolZ tolol o] 7]wksto] Dijkstra ¢izlgs st Hd A
g gE7F & & vk EEol telojae] o AT FE=

Figure 3—3% #t}.
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Figure 3—3 Voronoi diagram and Voronoi path (Niu et al., 2019)

Figure 3—3°]A & & 9% HZywo] tholoj 18 oA AALS Fgr= H

2 AZ7F obYt}. Niu et al. (2019)2 H Zxo] tho]oj1a o 7 BE AAk

ot

BRAN =H 2

o

de AAS7] s 7hAAd 2P EE ol 83l

14
= Coastline
138 = = Voronoi Path
——VV Path
131 (7 e
~ o [N
125} e = )
Destinatior > R 1 I
12} P — Starting Point
%
18] agr®
o )
W AR
105 - ﬂ

1
1036 10365 1037 103.75 1038 10385 1039 10395 104

Figure 3—4 Path refinement with visibility graph (Niu et al., 2019)

3.3 Ax algorithm with quadtree

Shah and Gupta (2020)+= w59 EHZFst o] EA)st= J G dsh
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Figure 3—5 Quadtree representation with complex shaped obstacle (Shah

and Gupta, 2020)
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Figure 3—7 Computed path on a real—world scenario (Shah and Gupta

2020)
37



oo} i},

&l

o]

o

-l

3.4 Comparison of related works with this thesis
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Table 3—1 A comparison of related work (Weather routing)

Related work
This thesis

Item 1. Lee et al. 2. Li et al. 3. Ma et al. ;
(coastal routing)
(2018) (2018) (2020)
Wind Considered Considered Not considered Considered
Ocean and Wave Considered Considered Not considered Considered
weather
condition
N — Current Not considered Not considered Not considered Considered
Tide Not considered Not considered Considered Considered
B t . . . Quadtree
nv1ronme‘n Weather routing Weather routing Weather routing
representation Visibility graph
Weather increase
Regression model Route length and Integration of fuel resistance

Weight determination . )
- Engine power increase

(Weather data and ship voyage time cost and time cost
data) - FOC Increase
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Objective .. ) . ..
! . Fuel efficiency Voyage time Fuel and time cost Fuel efficiency
function
Optimization
. . Ant colony . . .. .
Method Genetic algorithm . . Genetic algorithm Dijkstra algorithm
optimization
Not specified Not specified
Computation time More than 10 min (more than 5 minutes (more than 5 minutes About 20 s

due to ant colony
optimization)

due to genetic
algorithm)

RPM—-power, RPM—
Notes UFOC, and speed—power
curve generated

Consideration of
dangerous area

Consideration of
Emission Control Area
(ECA)

Visibility path using
waypoints of quadtree path
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Table 3—2 A comparison of related works (USV path planning)

Related works

This thesis

Item -
1. Tsou 2. Niu 3. Shah (coastal routing)
(2010) (2019) (2020)
Wind Not considered Not considered Not considered KMA
Ocean and Wave Not considered Not considered Not considered KMA
weather
condition
source Current Not considered Tidetech Not considered KMA
Tide Not considered Not considered NOAA KHOA
Similar to navigation Voronoi diagram Quadtree
Environment representation Quadtree
mesh Visibility graph Visibility graph
, Current Weather increase
Sum of the distance, resistance
: : Speed change
bl th
Weight determination favigable areas wi Distance

threat, and benefit
navigable areas

- Drag force change

- Energy change

- Engine power increase

- FOC Increase
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Objective ) ) ..
! . Distance & safety Energy Distance Fuel efficiency
function
Optimization
Method Genetic algorithm Dijkstra algorithm Ax algorithm Dijkstra algorithm
Map Not real time Not real time Real time Real time
Computation
time
Path more than 1 min About 1 min more than 20 s about 20 s
Minimum bounding Visibility path using Quadtree Visibilit th .
. .. . 1sibili ath usin
Notes rectangle with obstacle decomposition in v b &

avoidance

waypoints of Voronoi
path

obstacles

waypoints of quadtree path
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4 Data acquisition and preprocess

4.1 Topography data

e
o

b FEE FAolA ol hedt AEAA dsty] fs AW FR7E

i
Ol

Qatth B ATAAE 0B S8 AANE YNE FEsol A,

1118604 A E ARl da) A e, 412804 A4 4

il 2w

=

=

=

ol

= ARE A Adstes WRlel o

4.1.1 Topography and depth

SA g i ARE PV Al FHAMSFEALY dAANE JERE
AbESE T AR E JRE FdAd, T, ATE Y v JERE X
geta glom, dadlE BAAARN(ECDIS)oleta FEn. o] ARE =

AFZE719-(IHO) & x40 S—=57¢] uwret Azt

Figure 4—1 The example of electronic navigational chart
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AANEE FZAE2 Jei} go] FrATY. fulo] Fe5% %o

71 wEel RO Fdo] "WolAw Wy AR o] A, fHlo] H&F

|
Hy

Ho] ol Fu o FAol Letre vwe AgFol Peldth. RE
gejel thal WM Mz AEst dE Aol ohdm 2 Jo W Fus
zA@. B Bol, T TANAEL AW 69 FuEst EARe, Fu
DAL A 59 FHEst EATG webd, J2o FHEE ¥ols]
A we FAY AANE ANE Agdol HUE 74 AW AR EAG:

data dolHE A% AbgEL.

Table 4—1 Classification of electronic navigational chart in voyage

objective
ECN level Chart name Scale

1 %% (Overview chart) Larger than 1,500,000
2 3t % (General Chart) 350,000 ~ 1,499,999
3 &l k%= (Coastal Chart) 90,000 ~ 349,999

4 gt % (Approach Chart) 30,000 ~ 89,999

5 g9t % (Harbor Chart) 7,500 ~ 29,999

6 @gut%: (Berthing Chart) Smaller than 7,500

CRias,

otk

u} ¢ o

iy

8o tat A AR Al 1°x1° G <lo
H2 10,0007 ool Hdo] Qow, Figure 4—-2v AE 7 (127.7°,

128.7°), 99 %= 7+ (34.5°, 35.5°) F-7to] U= ety AL

ke
r_(‘_){dl
=

A
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Aol sfiekMa o] usiAdE F3IF dolE  (High—solution spatial
data) & S FAdst= FHolth. Hsk detdoe] EAst= A U oA
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Figure 4—2 South Korea coastline and islands

AYe AAS BdRE G B PWES AN 2HEE AgaE P

Holt}, A= F7 "HolEo 7FAA Al (Visibility graph) & A&
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vjgol wlg Eoh IAA T ZE AN AdAE ThAAd AR
(Visibility line)o] Aolu} sietM 3 wast=x] 85 o ). 7}
A Pz A BEREE om®)olH o714 nd HAA THZE %9
7] ek A Motk whEbA, ZRAIAY @zl A AIEE no] AAE
of v#lstEZ A AF wWiEe] A 2 EZE A AHEstE Ae A

FetbA e,

4.1.2 Coastline expansion algorithm

AR F4e TN A8 v AAAEE AFEs AT O
Hu nefd e AR s dre ogE AR AES Aot =AY F
Atk oFdl Figure 4-32 AAaE AR -5 oA HARE H sk 9
Alolm, WEZEA d & ENC A RoJA @2 dfetdoltt. 3 ARoA &
A delE & ENC AR vuste] o& A4S debdch. F dolE oA
dlekd Atolol Ho A+ ¢ 100molth. ENC dlolg FAdgdoz At

it TEe dHAskdA AR Adde s . H3T S A

BAEZE kA deE dolA AEF of AYE AA&oF o

N

],
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Figure 4—3 Comparison ENC data (red line) and satellite image from

fetdel A oIf Ags 2dA sk WH

A (Offset) & A Lsl= W

Minkowski

v}

Google Maps

rlo
ol

kg Ay sgetel S
CHe Eete]l A thaHE (Polygon) 0% A H o 9T,
4 7AA7 Qo b A wEe ox
of k. olFFAelN exAe AL oz
g ol g Minkoswki @& of#l s 2ol BoHw, tizta

AARE R go =z A d.

A®B={a+b|la€ADbeB} (4-1)
P = (pg, ) Pn—1) 0 ounerddw e (4-2)
47

s A2 gty



Po

D2

P1

(a)
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Figure 4—5 Polygon offset with non—convex polygon
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Figure 4—7 Illustration of coastline expansion algorithm output

4.2 Weather data
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7173 (Korea Meteorological Agency) ol A ®tgh, 33 ZHF JERS A&
MO Bl 3 FAFY (Korea Hydrographic and Oceanographic Agency)

%9 ALE g

Table 4—2 Source of ocean data

Item Wind Wave Current Tide

Forecast

. KMA KMA KMA KHOA
(mid—range)

U5 4.2.13FE 4243714 = 4242 Az s Ao,

4.2.1 Wave data (KMA)

gy AR 3t 7|4 A (Korea Meteorological Agency) ol A A 33l +=
2] 2 d (Regional date assimilation and prediction system, RDAPS) 9]

ARE g BF Pus A% YRE o Foid oM, 7 doly

o] Q9 AYL ol Table 4—3°] YeEtHG. = 7| AHAA Axstes o
AL = JAE xsteta Q7] wWE o oA FE2E A=
FE3I} HRE A F3).
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Table 4—3 Wave forecasting data from KMA

Item Value Note
) i 1212 x 682
Resolution 0.00833° (1 km) o -
(longitudinal x latitudinal)
Cover 122.0°E to 132.1°E
Korea region
range . .
33.0° N to 38.68° N
Medium—range forecast
Total 72 hours
forecasting 3 hours x 24 records
hours (3 days)
Hodel 8 times / day
cycle
Tlmg 3 hours
resolution
B AH s Fd 7 =o], AU 3% =o] (m), I3 W, IF F7]
(s) 59 HARE Z31 Jon, B =FoixE= olg Figure 4-8,
Figure 4-93% < 33 JHE AF&stdo
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Figure 4—8 Wave height information (KMA)

0 02 04 06 08 1 12 14

Figure 4—9 Wave period information (KMA)

4.2.2 Wind data (KMA)

uhE AR

rlr

o4

st 7143 (Korea Meteorological Agency) ol A A &3t +=



#] e 2 d (Regional date assimilation and prediction system, RDAPS) 9]
A Agasinh Mg dur AA guz o|FojA ow, 7 doly

o] F2o AU olaf Table 4—4¢°] epW ).

Table 4—4 Wind forecasting data from KMA

Item Value Note

1212 x 682

(longitudinal x latitudinal)

Resolution 0.00833° (1 km)

122.0°E to 132.1°E

Cover )
Korea region
range
33.0° N to 38.68° N
Medium—range forecast
Total 72 hours
forecasting 3 hours x 24 records
hours (3 days)
ozl 8 times / day
cycle
Tlme' 3 hours
resolution

g AR uhg g g SE(m/s)e ARE Lgen gom, 2

=l M= obd Figure 4-109F &2 whs A EE ARESF3AH
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Figure 4—10 Wind speed information (KMA)

4.2.3 Current data (KMA)
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Table 4—5 Current forecasting data from KMA

Item Value Note
. . 1212 x 682
Resolution 0.00833° (1 km)
(longitudinal x latitudinal)
122.0°E to 132.1°E
Cover .
Korea region
range
33.0° N to 38.68° N
Medium—range forecast
Total 72 hours
forecasting 3 hours x 24 records
hours (3 days)
ozl 8 times / day
cycle
Tlmg 3 hours
resolution

0.1 0.2 0.3 0.4

Figure 4—11 Current speed information (KMA)
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4.2.4 Tide data (KHOA)

9 dH= = s FEAY (Korea Hydrographic and Oceanographic
Agency)olAd Al Fst= A9 Ed(Regional date assimilation and
prediction system, RDAPS)% ARE A&330. 29 dHE Az JH
Z ol Folx 9lom, 7zt dole9] Fa AW ofdl Table 4—6¢°] YEFW T

=9 dE= AAZR A ey, s AAe] s WE ge 298

Ik B =FelAE ofd Table 4-6% 22 F4 FREF AFESHS T

Table 4—6 Tide forecasting data from KMA

Item Value Note

501 x 601

Resolution 0.01° (1.2 km)
(longitudinal x latitudinal)

125.0°E to 130.0°E
Cover )
Korea region

range . .
33.0° Nto 39.0° N
Medium—range forecast
Total 72 hours
forecasting 3 hours x 24 records
hours (3 days)
Hodel 8 times / day
cycle
Tlme' 3 hours
resolution
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Figure 4—12 Tide information (KHOA)
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5 Quadtree based graph

5.1 Quadtrees
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Figure 5—1 (a) The block partitioning and (b) tree structure of a simple
quadtree, where leaf blocks are labeled with numbers and non—leaf blocks

with letters
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Figure 5—2 (a) Example of PR quadtree partitioning and (b) tree structure

of a PR quadtree
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Figure 5—4 A PMR quadtree division for line segments with a splitting threshold of 2 and depth 3 and a tree access structure

65

s )8t

o



PMR A= E29 a4 28

e
b

2 HE EY 5o #@&HE x4
S AAst= Zolg. PMR A= Egs o]E 9 Ao AAe Ha 3¢
(Splitting threshold) t& AF&3tth. A A 09 Aoz Q3 g=x E= )

o AA F7b t2 zdea b Hu B SFol Hu B Sl ohd

oX,
flo
\l
N
N
L
2
o,
rlr
_>.:
N
X
m
AU
1o
iy,
i
=2
o
o%
o
N
O
rlr
P
ftlo
1o
=
ol
ol
)

4% Avt FEHoR A AL vk A Eol, Figure 5-4
4 A hrh A g o] T ok AR e Bl AYHL thEel g7t
HYHW, FEO NE A#WY SE AHEwe ®@o] Frbz dojudnt, %

E¢ NE AHEW e SE AHRHe] e7h & geelA h HH@ 23 9

u

PM A= Ege vl& PMR A= E AR wrEy snwgol A4

At AHolvh. oM AW AL, PM A= Ed= HAdo] 278 ol EAsH

i
o
ro

gl =2 w7bA F= =7 A

I
M
e
i
o
o3l
=
it
o
2
o
2

66



o
¢+

ol

[e)
L

Al 27lA1 2= PMR #HE Eg Rt}

o) =
= ©

AL E7t A

1
.

—_
fiie)

X

r

ﬁ
o

o

ol
Br
go
oo

I

oF
np

dastt. mEb PM A

AR o]

g

|

v

o
TR
B

fite)

PM H& Eg=

Q3% PMR HE= Eg

)
=

A

22

T EgEyg Hrert

5.2 PMR quadtree insertion and split algorithm

3} 7R 2 PMR

Ehs

%3] (Top—down

a4

3

Ed 9

A=

=

traversal)

K

ofi
Hjp

b

AAE A4

o
puy

olg gt #4

=

Fige

olef A2 n e

B

oo

ol
KH

)

ol

7 o

M

gl

KH

)

o
+

ol
<

ol

X
=

Figure 5—5(a) A

67



iz
S
flo
-,
I
[
A AU
-
PN
i
o
ofo
_0|L
2
e
L
e
¥
30
v
2
N
>,
X
2
Mlo
N
Y
=2

AdE A= Ef ESS ustt}, o] A4S o]lgstd A= EF +3
AE HA w7t ofd 89 & FolA A& £ Qlth. Zrold H &
Eg EZo| gx w7 old A E Figure 5—5(M)9, g1 == 4%

E
N
i
1o
2
I
[
ACH
iz
S

£ Figure 5-5(c)° YELHT. ARz oz 7Ax

=2
1o,
%
o,
&Y
ol
it
i)
=
o
rlr
o,
o
N
N
§2
o
[d
oo HU
=
i—";
f
it
i)
=
Ir
)
I
[
AU

Figure 5—5 Computation of the minimum bounding block in case of leaf

node and non—leaf node.
PMR A= Egle] A ATS st ¢18l5 S Figure 5-6, Figure
5-7, Figure 5—8¢] YeWlth. 3t heObpt = CompueEndsigBod

9 FadEndsigN ode TdTE AFEet] AAE Xt A2 =EE FHA



Algorithm 1 Edge insertion.

1: procedure InsertObject(edge)

2: enclosingBlock < ComputeEnclosingBlock(edge)
3: node « FindEnclosingNode(enclosingBlock)

4: Insert(node, edge)

Sreturn

6:end procedure

Figure 5—6 Edge insertion of PMR quadtree

Algorithm 2 Edge insertion in leaf node.

1: procedure Insert(n}”, object)
2: if n}V is leaf node then

3 nl” « add edge to leaf node
4: if (edge count in leaf node > threshold) then
5: Split(n}")
6: end if
7: else
8: foreach childNode ofnode do
9 if (Intersects(n!”. children, object)) then
10: Insert(n!”. children, object)
11: end if
12: end for
13: end if
14:return

15:end procedure

Figure 5—7 Edge insertion in leaf node of PMR quadtree
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Algorithm 3 Split a node.

1: procedure Split((node?)
2. edgelist < nodef.edges
if nodef.children # @
return null
end if
if d = maxDepth
return null
endif
nodef.children « {nodef.NW,nodef.NE,nodef.SW,nodef.SE}
10: foreach dir in {NW,NE,SW,SE}

s W

s i B A

11: nodef.children[dir].bound is set with nodef. bound
12: end for

13: foreach edge inedgeListdo

14: foreach dir in {NW, NE,SW,SE}

15: if intersection(edge, nodef. children[dir])

16: nodef.children[dir].edges « edge

17: end if

18: end for

19: end for

20:end procedure

Figure 5—8 Split algorithm in leaf node of PMR quadtree
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dRe A= £ B2 Aded, T oA §4 FudBandigNode = A7

1



A, & = oA 39 w9 wAsdAY == AAC s EH M 3l
A NAE A 4SS
PMR A= Egs Fo43 &4 M& 282 JH2 Q=W E)=E HEs7]

A ArgET. N2> AS B =2 A9, Ex P HPoln. A= E

node ! € N (5-1)

where

i: the index of the node
d: the dpeth of this node
A= EFgA Ho zlo] (maximum depth) = madDet hZE g o3t U
HAE 7HAg. A WA FE Eds (d=0) 24 34 =E(node?) E

7FAIH o] xEE EF Fx9 HAY =E(root)t FET. HAS =&

0<d<madeth (5-2)

where
maxDept h : the maximum depth

ol#d EHE olgdo A= EF == noded 7F 7MAoF e 54

(node {.property )= th& 3 2o

a) A9 =X (node fparent )&= AE E7 FXoA o]d oo

[

=
=
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rlr
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-
EN
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i)
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Ho
H

oultrt, A9 vt EAHA o™ 1 =%
= (root) o] t}.

node . parent =nodefl'1 (5-3)

node &.parent =mul - node = node ° (5-4)
where

node &:anode of index i in the depth d

node ]-d_l: anode of index j in the depthd — 1

node ° = node ®:a root of quadtree node

node {. chifren
(5-5)

NwW NE »

_{{ 4 node {1, node &+ node 35t} F node £ 5 mot abaf node
] f node 85 ataf node

where

node &.chitlren :a childeren of node of index i in the depth d

node &3}:a north west children of the node

node $+1:a north east children of the node

node &+1:a south east children of the node
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node &1:a south west children of the node

o) A= EY A (node f.bound )&= A= EF7E 2AA s = 4S9

mgheh af o AAE A9 == afte AAY 1/4 A7]e)

. Iy . -
se (node &. bound ):<Z>sz e(node =", bound ) (5—6)
where
node &. bound :abound of the node of index i in the depth &
nodejd_l:aboundofthenodeofindexjinthedepthb -1
d) dA =27 22 w9 #HEEY (node Fdeaf ) A eTE Wb
Al == a9 =7 EAEA FETW of v B E w=olt,
true node . chit =
node {. deaf ={ f eldc i ? (5-7)
fake f node [".chitren + @
where

node *.deaf :aboolean proerty of leaf node node node £

node {.chliren  :a children of leaf node node
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Ef X9 7ted AL VIFoE Y oAFE st ol QT
Figure 5—-9(a) &} #&o] 7k&dl o] Zol= kel Ao™, 7t d2 5%
5 7}5 (passable = false)©] ¥ ™, Figure 5—9(b) %} #o] 7}¢d Ao #
o & vlo] glow %3 7} (passable = true)o] Bu. #E w27 AR

Ao g MR dE wew £ 7

ojr

ofRE BHAT,

tue f Bbded (node ) = fae

fde f Biked (node &)= tue (5-8)

node &.pasube = {
where

8Bodced (nf’ ):a boolean proerty whether current node n? § bbde  or not

node l" .Heaf :aboolean proerty of current node n}’
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(b)

Figure 5—9 Example of passable property ((a) blocked, (b) unblocked)
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node . alges ={§”%“"”?*;;;z?522f’;7£f (5-9)
where

ey the edge of obstacles

k:the number of edges
deletd As Eg AN dueES 99 Wl ZelEe we A= EdE

AR, F= Ede = EY w29 AA Yol FojE 3HAo)

-
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doF ol TARAY A5 EY =27 A dE(madevd )ol =2
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WA BEAT oo t# ¥ £AL e gol XAR & 9tk
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Spt (node?)=tue f E;<thresholl and b <maxevel (5-10)

where
E; : the set of edge in quadtree node

thres holl : Splitting threshold

). (De Berg, Van Kreveld, Overmars, & Schwarzkopf, 1997) ] w=
HOEE AR E =S anoldt @ W, PMR AE EF FAS T AL

E 2% (Time complexity) & 0(nbg n)©]t}.

5.3 Graph construction using PMR quadtree

Az w4 dugEe 34 ndgd We JdZe wgay g
Y= AR BAE ver S, o4 adze g8 3

(search space or configuration space)©] ¥ o] &a IS F43}7]
Ae A= EQ ZEZ T (nodel . deaf =tue )7t AZ AdAH. o}

" sty gz wEef td tE gE =9 dd dAE BHoFEn.
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Figure 5—12 The example of symmetric node A and B
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Algorithm 4 Method that finds the neighbors of a node.

1: n}V: the quadtree node
2: dir: the search direction
3: procedure GetNeighbors(nﬁ". dir)

4:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:

2 oo U On O

if n/==nR then
return null

endif

if dir is north then

mPos « mirrored position from the center of n!”. bound in the north direction

else if dir is south then

mPos « mirrored position from the center of n!”. bound in the south direction

else if dir is east then

mPos « mirrored position from the center of ni”. bound in the east direction

else if dir is west then

mPos « mirrored position from the center of n!”. bound in the west direction

else
return null
endif
mirrorN odei"’ « FindNodeWithPos(mPos. nR)
if mirrorNode}V is null then
return null
end if
if (n!V. isLeaf) and (mirrorNode}".passable is true) then
return mirrorNode}”
else
return FindFrontier(mirror~N odei“’, dir)
end if

27:end procedure

Figure 5—13 One neighbor node search algorithm
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Algorithm 5 All neighbors search in a frontier of a quadtree node.

LimirrorNode}”: the mirror node from the one being analyzed

2: dir: the search direction

3: procedure FindFrontier(n!”. dir)

4: frontierNeigbor « list with the neighbors in the frontier of the node being analyzed

5: if mirrorNode/'.passable is true then

6: if mirrorNode}'.isLeaf is true then

7: return null

&: else

9: if dir is north then
10: Add FindFrontier(mirrorNode/’ children(nf%™), dir ) into frontierNeigbor
11: Add FindFrontier(mirrorNod ei’”.children (nfg'{;l), dir )into frontierNeigbor
12: else if dir is south then
13: Add FindFrontier(mirrorNode}’ children(ni¥g 1), dir ) into frontierNeigbor
14: Add FindFrontier(mirrorNode}’ children(ni¥y), dir ) into frontierNeigbor
15: elseif dir is east then
16: Add FindFrontier(mirrorNod eil”.children (n_’;’{t}”), dir )into frontierNeigbor
17: Add FindFrontier(mirrorNod ei“’.children (nf\}’;,}l), dir )into frontierNeigbor
18: else if dir is west then
19: Add FindFrontier(mirrorNode}' children(nyg 1), dir )into frontierNeigbor
20: Add FindFrontier(mirrorNode/’ children(n¥g 1), dir ) into frontierNeigbor
21: end if
22: endif
23: return frontierNeigbor

24:end procedure
Figure 5—14 All neighbor nodes search algorithm
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First step

Second step

A" - NE
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53]
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Third step

A’ > SE  NE

A’ - SE + SE

Figure 5—15 The example of connection between quadtree nodes
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5.4 The shortest path on quadtree based graph

A= Eg JdZ QeolM HH ARE

R OE =L RS

b
rlr

18 =2 Dijkstra 1852

QV: Vertex in quadtree graph

QE: Edge in quadtree graph

By sE 49

= O

=t

A8 55t

o]

wWoAbgE HH P

AER7E "o, el HAH ARE

Algorithm 6 Dijkstra algorithm

1:V: Vertex set
2:Q: Priority queue
3:Procedure Dijkstra(Graph, start):

4:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

hal i B AR

foreach v in V
dista[v] = Infinity
prev[v]=None
add (v.dist[v]) to Q
end for
while Q is not empty
u < Q.pop()
foreach neighbor v of u
if dist[v] > dist[u] + distance(u,v)
dist[v] « dist[u] + distance(u, v)
previu] « u
Q.push(v,dist[v])
end
end for
end while
return dist, prev

20: end Procedure

Figure 5—17 Dijkstra algorithm
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6 Visibility graph construction with quadtree

6.1 Visibility graph
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Algorithm 7 VisibilityGraphGeneration

1: V: all vertices of obstacles in given environment
2: E: the line segment with visibility
3: procedure GenerateVisibilityGraph(V, E)

4: for eachi=1 :length(V)
5: for eachj=i:length(V)
6: if GeneralLineOfSight(line (V (i),V(j)). 0)
7: continue
8: else
9: E(i, j) = distance(V(i). V(j))
10: end if
11: end for
12: end for

13:end procedure

Figure 6—1 Visibility graph generation algorithm

Algorithm 8 GeneralLineOfSight

1: O: all obstacles in environment

2: line: the line segment

3: minVector, maxVector: minmax box of all obstacle
3: procedure GeneralLineOfSight(line. 0)

4: foreachi=1: length(0)
5z minPoint < minVector(0(i))
6: maxPoint « maxVector(0(i))
7 if line is intersect with box(minPoint, maxPoint)
8: foreachp;,p;+; iIn0(Q)
9: if line is intersect with p; p; +1
10: return false
11: end if
12: end for
13: end if
14: end for

15:return true
16:end procedure

Figure 6 —2 General line of sight algorithm
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6.2 Visibility graph with quadtree
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Figure 6—7 Sample line—of—sight algorithm implementation with quadtree

representation

93



7 Fuel o1l consumption estimation
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A5 F A ARS B A3 ol ved & At

S+ Sk

RTS = 1CTS'DSl/Z = 1<(CFS + ACF) + CR>pSV2 (7_ 2)
2 2

017]]\1 C'['Slf‘ A ;(1{%]— 7#]'/7\‘, CFS\L:‘ Jéiul'ialﬁ]'ﬁ:, ACF‘E U]'ia]' 7—‘”37\‘ %‘7]’,

So ArEud (m?), Spev WA Ao Ay (m?), e vhE As
ojt}. o FaAntR AT Cse ITTC 1957 RPA A4 43 54 A%

o)
A gato] thg v gol TaTh

0.075
5 TogRys =27 Y
of W #eolE= Ry W&ol et
VL
RTLS= :; (7_4)

FAAAT v

rlr

5ol el the s el AALETH

vs = [(0.000659 * (Ts — 1.0) — 0.05076) * (Ts — 1.0) + 1.7688] * 0.00001  (7—5)

A7IA T = (°C) °] .



ISO 15016¢°f wket vpghol ola] A7) HF7FAES ofgl]l A3 o] e

H o} (IS0, 2015).

Raa = 0.504Caa(Ww R AxvV iR — 0.5p4C44(0)AxyVE (7-6)

1z
2

AN pit= B WE (kg/md), Gt 371 AT A, Py A
B whEe WE, Agt Awe R T WA (md), Ve HE o A
£ (mfs)olth, G A FR A7) wet g, o gE Fol

A guolth Ao AWWF wpFe FF, A £, P &x

Wako]l Yy, otk Ad S5 Aukel Ul A% % (Speed over ground) 2+ vf

%
I

=S olgste] AAtstH, o] A& =T vy Ll

North
Ywr
Hegs ;.
__\\\<@$gg‘\ Vi
Vwr
Vg Vg
Wind input

Figure 7—1 The relationship between ship direction and wind direction
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Figure 7—4 Brake horsepower estimation
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sl oA &% vel 2% &% ave & o Folad,
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o171 BHP+ A& 5% (Brake Horse Power)¢|™, DHP+= A

ol F Ada &2 S5 WstFeo] Aduglel A @
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FOC = frqp "BHP -t (7-29)
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7.4 Example of fuel oil consumption computation
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Table 7—1 Test conditions for fuel oil consumption estimation
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Figure 7—5 Ocean and weather conditions for fuel oil consumption
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8 Coastal path planning algorithm
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8.2 Assumptions for route optimization
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8.3 Procedure of coastal path planning algorithm

T2 HAze A= EYe A THZE olEst B4 das A

3t3l Dijkstra &agl5S ol &3t 8.1 # =xodA Altst &g

2 vt %9 Wit Avadc 44 FRs 27 99 9o £A%

wEr =X %= Figure 8—19] e T},

(ol

(1) Step 1: Aute] & Aol wel 29 AEE AT S 9



(2)

(3)

(4)

(5)

(6)

(7)

(8)

=

rot

rlo

2= O A
“l")f:]l oéglﬂ'é “l";g

o,

Step 2: Polygon offsets ©] &3ty £+ HlES 44 A7

il

g s,

=

Step 3: PMR F & EgZE o]|&3o] Fr EF 7|8 2Hd=ZE A

E=8

Step 4: step 394 AT H= Eg TP T 7EXHE Ao

Adm 2R FOoZ HA 3.
Step 5: &&X ¢ JIAAE ¢ g3,

Step 6: Dijkstra €185 ol &3t A= EF 7|RF 1 XA

]
Adx ARFo HA7F He= 25 AAtbst,
5 AAFSY. a2 A Ve AE A5 ARHFo R HdAs.

7FAA @ Z oA thAl Dijkstra ¢ ES A g5kl H32 FE

= Aikda.

110



©
.| Insert departure and arrival
points
Departure time l
@ v © >
- Compute mimimum FOC
Collect coastline and depth path on quadtree based <—I
data with tide graph —
Dijkstra
1 l algorithm
® D e
< Construct visibility graph
Expand coastline and using waypoints of

depth using polygon offset quadtree path
® ' ®

Construct quadtree based Compute minimum FOC

graph using PMR quadtree path on visibility graph
@ 1! |

Set weights of graph with Result report

fuel oil consumption

Figure 8—1 Flow chart of coastal path planning algorithm

Figure 8—19] step 3°14 PMR HE= EFE o]&3 gz 9o 3
&l

AL AA F3E, £4 5= Figure 8—2¢] e

b2y
ny
N
dlo
I

A o tEAE A8 52 A8

b

S A~
rgow AAT Ao,

(1) Step 1: & @Al FHT Fel=& ol &ste] PMR A= EdE

rok

e

o},

(2) Step 2! AL EFA &9 =7t gl gEZ uvl

filo
ot

.

F=

(3) Step 3: X =9 FdHe da PIP(Point In Polygon) &Il

A& sty



(4) Step 4: 3t =2 HEssio),

(5) Step5: 4Wdow AF JA5eid AT == PAFT

N

(6) Step 6: A4 753 S A= EY 7N YL F7}E

(7) Step 7: B+ == s step 4—6<5 H-E3-C},

) ©, . .
Construct PMR quadtree > Ethl::ft I(}l;?:stlee
]
o—
Check passable node
@ .
Select one quadtree node [«
: .
Q : ; Four
Find adjacent nodes direction
® :
Add connected edge to /" Distance /
quadtree graph

No
w Move to next node —

Quadtree based graph

Figure 8—2 Flow chart of quadtree based graph generation

112

A& sty



9 Experimental results
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Table 9—1 Comparison of the number of passable nodes, computation time,

and minimum grid size of the regular grids and quadtree.

Method Resolution Number f)f .Construction Mini@um grid
passable grids time of graph size
512 101,636 2.808 180.41
Regular 1024 406,658 11.074 90.21
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Quadtree - 62,989 3.813 5.60
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9.3 Simulation results in south sea of Korea

7 gA 8 FJE EY A, = EY JHdE, FE wa AA F A=
Eg a#%=Z A3E ofo] velWT QA A= E THE YoM
Wz, EZAE AAste] 5714 A $E Table 9-29 Table 9-3¢] Hl
A8tk Table 9—2¢A4 7 7|3 7F YEtdl = v+ v 2.

Table 9—2 Comparison of quadtree and visibility —graph shortest paths for

five cases in south sea of Korea (VG: visibility graph).

Case Pa Pa 1, (km) lye (km)  Leguain (%)
1 (127.82, 34.93) (128.45, 34.92) 89.505 81.053 9.44
2 (127.80, 34.81) (128.50, 35.04) 104.33 97.147 6.88
3 (127.93, 34.75) (128.56, 34.92) 81.374 74.447 8.51
4 (127.81, 34.90) (128.57, 34.82) 91.812 82.828 9.78
5 (127.78, 34.78) (128.57, 34.76) 83.395 76.611 7.28

pq: =2 A (Departure point)

pa: £2A (Arrival point)

ot A= Eg 7IW HA4 &= A

lyg: 7HA17 2= 7wk HA &= 7Y

bequan © AE B Tz e} 7PAA Tz AL i
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Table 9—3 Waypoint numbers and computation times for five cases in

South sea of Korea (VG: visibility graph).

Case ng ny topatn () tvpatn (S) tvinprovea (S)  tygenerm (S)
1 242 24 1.024 <0.01 1.424 9.287
2 193 20 1.959 <0.01 0.802 6.593
3 194 25 1.789 <0.01 0.773 5.789
4 250 26 1.178 <0.01 1.555 10.424
5 133 10 1.603 <0.01 0.396 2.476
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w3k, case 1 ~ 57FA clearance 50, 100, 150, 200me] W& gz WIS
Figure 9—13, Figure 9—14, Figure 9—15, Figure 9—16, Figure 9—17°] €&}

A

Table 9—4 Comparison of path length with clearance in case 1,2,3 of south sea

of Korea.
Clearance
50 m 75 m 100 m 125 m
Case
1 80.539 80.906 81.053 81.567
2 97.021 97.144 97.147 97.868
5 73.610 73.785 74.447 85.154

Table 9—5 Comparison of path length with clearance in case 4,5 of south sea of

Korea.
Clearance
50 m 100 m 150 m 200 m
Case
4 80.570 82.828 84.592 97.691
5 75.888 76.611 77.739 77.683
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9.4 Simulation results in west sea of Korea

ol deplch A F= ET g Yo Fx, =FAAE HA)
o] 57}% 7Z$E Table 9-69 Table 9-7¢] Blw % EX& A}t Table

9-6°1A4 2 7127} Yetdl= dvl= va3 2.

pe: =2 A (Departure point)

pe: = 2A (Arrival point)

ot A= Eg 79 H4 &= A

lyg: 7FA17d 1 7IRE H A F2 Ad

Lequan © AEED 28T 7hAA 18 Z9 Ay Ha

Table 9—6 Comparison of quadtree and visibility —graph shortest paths for

five cases in South Korea (VG: visibility graph).

Case Da Pa l, (km) lyg (Km)  Leguain (%)
1 (126.205, 34.758) (125.984, 34.652) 27.767 25.583 7.87
2 (126.209, 34.911) (125.870, 34.623) 51.589 47.205 8.50
3 (125.985, 34.855) (126.148, 34.611) 35.675 32.576 8.69
4 (126.116, 34.920) (126.093, 34.61) 39.496 37.708 4.53
5 (126.213, 34.738) (125.929, 34.78) 31.220 28.337 9.23
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7w W AE Ee Jw AE g2, A 2dx, Y 2 )

vk 2 A g% A3 E Figure 9—8, Figure 9—-9, Figure 9—10, Figure 9—11,

Figure 9—12¢] et Table 9—-794 Z+ 7157} Y=

B 2o}

ny: AN T e A4 g MAy A

toparn: A= E T ZolA H2A F=E AL A &2Q AZE

typarn: 7FAS Tl Z ol HA FE AL Al Ao AR

Lty genera 1 AREA QL Z7IAA 2= BA AT

tV,inporued: ﬂE E—E] 7]% 7}‘}\]}\3 j—‘lﬂ_‘:‘l’_ Ag)\c—)] /\]Z_]_-

grle g

Table 9—7 Waypoint numbers and computation times for five cases in

South Korea (VG: visibility graph).

Case ng ny topatn (S) tvparn (S) tyinprover  (S)  tygenerar  (S)
1 89 11 0.143 <0.01 0.097 0.677
2 157 14 0.023 < 0.01 0.54 4.974
3 79 3 0.521 <0.01 0.07 1.029
4 140 11 0.061 <0.01 0.285 2.195
5 147 10 0.155 <0.01 0.302 1.886
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Figure 9—18 The process of quadtree graph generation in west sea
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Figure 9—19 The path planning results of case 1 in west sea of Korea
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Figure 9—21 The path planning results of case 3 in west sea of Korea
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w3l case 1 ~ 57+A] clearance 50, 100, 150, 200meo] W& gz WHIF=

Figure 9—24, Figure 9—25, Figure 9—26, Figure 9—27, Figure 9—289]

LHERS T

Table 9—8 Comparison of path length (km) with clearance.

Clearance

50 m 100 m 150 m 200 m
Case
1 25.583 28.696 29.155 30.004
2 47.205 47.549 48.251 56.758
3 32.576 32.630 33.479 33.655
4 37.078 37.113 37.277 42.106
5 28.337 29.008 35.218 39.554
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9.5 Fuel oil consumption minimization path results
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Table 9—9 Comparison of minimum distance and FOC quad path

Quad Distance ETA FOC Number of Computation
4 (km) (s) (L) waypoints time (s)
Minimum 30.89 6871.39 45.61
distance (0)) (0) (+0.22) 311 12.86
Minimum 31.04 6903.13 45.39
FOC (+0.15) (+31.74) (0) 261 17.05

Table 9—10 Comparison of minimum distance and FOC visibility path

Visibilit Distance ETA FOC Number of Computation
S Y (km) (s) (L) waypoints time (s)

Minimum 26.86 6002.54 39.70 99 319

distance (0)) (0) (+0.07) ‘

Minimum 27.13 6062.52 39.63 91 411
FOC (+0.27) (+59.98) (0 '
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9.5.2 Second case in west sea of Korea
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Table 9—11 Comparison of minimum distance and FOC quad path

Quad Distance ETA FOC Number of Computation
4 (km) (s) (L) waypoints time (s)
Minimum 26.00 5569.54 37.52
distance (0)) (0) (+0.10) 150 1147
Minimum 26.07 5583.74 37.42
FOC (+0.07) (+14.20) (0) 6 15.87

Table 9—12 Comparison of minimum distance and FOC visibility path

Visibilit Distance ETA FOC Number of Computation
S Y (km) (s) (L) waypoints time (s)

Minimum 23.68 5061.03 34.14 10 145

distance (0)) (0) (+0.26) '

Minimum 23.69 5062.33 33.88 7 0.57
FOC (+0.01) (+1.30) (0) '
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9.5.3 Third case in south sea of Korea
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Table 9—13 Comparison of minimum distance and FOC quad path

Quad Distance ETA FOC Number of Computation
ua (km) (s) (L) waypoints time (s)
Minimum 57.34 12,284.35 89.95
distance (0)) (0) (+0.15) 157 10.47
Minimum 57.40 12,296.40 89.80
FOC (+0.06) (+12.05) (0) 163 12.78

Table 9—14 Comparison of minimum distance and FOC visibility path

Visibilit Distance ETA FOC Number of Computation
ISIDTILY (km) (s) (L) waypoints time (s)

Minimum 53.97 11,542.74 85.37 19 124

distance (0)) (0) (+0.19) ‘

Minimum 54.00 11,550.63 85.18 20 1.37
FOC (+0.03) (+7.89) (0 '
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9.5.4 Second case in south sea of Korea
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Table 9—15 Comparison of minimum distance and FOC quad path

Quad Distance ETA FOC Number of Computation
ua (km) (s) (L) waypoints time (s)
Minimum 82.68 19885.75 76.01
distance (0)) (0) (+0.32) 256 11.54
Minimum 83.64 20,156.92 75.79
FOC (+1.18) (+79.07) (0) 243 16.08

Table 9—16 Comparison of minimum distance and FOC visibility path

Visibilit Distance ETA FOC Number of Computation
ISIDTILY (km) (s) (L) waypoints time (s)

Minimum 75.24 18,133.37 69.41 20 1.92

distance (0)) (0) (+0.02) '

Minimum 76.55 18,430.40 69.39 o4 191
FOC (+0.92) (+179.08) (0) '
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9.6 Long voyage path results
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Table 9—17 Ship specification for long voyage simulation

Length between perpendiculars (LPP) 43 m
Breadth (B) 13 m
Draft (design) 2.3 m
Wetted surface (S) 416.3 m?
Displacement volume 219.9 m3
Block coefficient 0.55
Frictional resistance coefficient 0.004648
Transverse projected area above waterline 112.5 m?
Quasi—propulsive efficiency 0.703
Transmission efficiency 0.98
Fuel consumption ratio 0.156 L/(ps-h)
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Table 9—18 Comparison of minimum FOC quad path and visibility path

Distance ETA FOC Number of Computation
(km) (s) (L) waypoints time (s)
Minimum 786.52 17.67 10,757 338 30.17
FOC quad ’ ’ ’ )
Minimum 744.01 16.71 10,180 26 9.11
FOC VG : : : :
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10 Conclusion and future works
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Abstract

Coastal path planning algorithm using

quadtree and visibility graph

Wonhee Lee

Department of Naval Architecture and Ocean
Engineering

The Graduate School

Seoul National University

With the introduction of e—Navigation technology by the International
Maritime Organization, it has been recommended for ships to exchange
data with maritime centers. For this purpose, the necessary information
for ships is electronically exchanged for information exchange, and this

information includes route information. Therefore, the vessel must make
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a voyage plan and transmit it to the maritime center. Maritime center

must check that there is no problem in the voyage plan and send the

voyage plan to the vessel. Since weather routing system is established

for ships sailing the ocean, it is easy to exchange route data between

ships and maritime center. However, it is difficult to exchange route

data for coastal ships because the navigator decide the route manually

using their professional knowledge. In order to compensate the manual

route planning along with the digitalization of the route, the demand for

an automatic route system in the coast has increased.

Coastal ships include passenger ships, fishing boats, and yachts for

various purposes. Vessels must calculate the route to their destination

to achieve their objectives. The purpose of this study is to compute a

safe and efficient route within a coast with a complex environment. It is

necessary to secure the safety of the vessel by providing a route plan

in consideration of the changing marine environment to the vessel in

operation before departure or in real time. In order to determine a route,

information such as shoreline, water depth, weather, and tide is required.

Based on this information, many studies on route planning of ships

XV



sailing the ocean have been developed, but most of them are focused on

reducing fuel consumption and sailing time in open sea. Because the

coastline is complex and there are many obstacles in the coast, it is

difficult to apply the existing research in coastal environment. In

addition, since there are many areas with a large tide difference in Korea,

the environment changes frequently during navigation. Therefore, it is

necessary to calculate the route within a short time to consider frequent

environment change.

In this paper, we propose a novel route planning algorithm for complex

offshore environments by integrating the advantages of quadtree and

visibility graph. A quadtree is used to improve the inefficient

environment representation method such as the uniform grid. The graph

1s constructed using quadtree and the shortest path is computed on the

quadtree based graph. Using the waypoints of the previously computed

route, a visibility graph is generated to calculate the optimal route. To

find the optimal path, Dijkstra algorithm is used at this time. The

proposed algorithm can perform route planning from any angle and

establishes a safe route plan by maintaining a certain distance from the

XV1



coastline. In addition, the fuel consumption is computed in consideration

of the weather information according to the departure time of the vessel,

and the route with the minimum fuel consumption is planned. To

calculate the fuel consumption, the braking power must be computed.

The braking power can be calculated from the effective power, which is

composed of the ship's resistance and speed. The resistance of the

vessel 1s composed of resistance in still water, additional wind

resistance, and additional wave resistance, and the net speed of the

vessel. At this time, the additional resistance and the speed of the ship

are computed based on ISO 15016. For validation of proposed algorithm,

the minimum fuel consumption route and the shortest distance route

were compared and evaluated. For performance evaluation, the

algorithm proposed in this study was applied to the west and south sea

of Korea. It was confirmed that the topology of the minimum fuel

consumption route was different from the shortest route due to the

influence of the weather information. Overall, it was confirmed that the

proposed algorithm can generate the optimal route in complex

environment with a short time.
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