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FAE X, Yo 25 F9 FAE N Atold 4 QDI 2 BA Xl AY

.

mry = X,
my, = Y, @2.D
Li) =N

X=X, cosy¥+ Y,siny
(2.2)
Y= Y,cosy — X, siny

X=m(z, cost + y, sint)
(2.3)
Y'=m(y, cos — x;, sin¢)

FE A gl o) 2 249 Zo] vEhd & UAFoE HE F2A o3
A HAFZANAY THEE 1, y= A .59 2ol B 7Mssith

Ty =u cosy — v siny
(2.4)
Yo =v cosy + u siny
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570 =wu cost) —uth siny— v siny) — v cost
(2.5)

Yo =0 cosy — vy sinth+u sint +urh costp

A7 u, ve T, Y=
2] (2.6)3 o] Aute] #A FHTA O U LYY T WAL

m(u—vw.) =X
m(v—i—uz/;) =Y (2.6)
Ly =N

(m+my)i}+ (m4+m, )ur =Y 2.7
(I.+i )r =N
AZIA m,, m & DAL TF Bz, y= WF BT, i = 25 T2
B7F #d A Et u, ve A& HAES ol&d) 4 2.8)3 o] 2T
I o, 2 (2.8)L 2 2.7 tidstd 2 (2.93 Zr}
u= Ucosp
(2.9

_'IO_
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(m+mm)(.Ucosﬁ— UpB sinﬂ)+(m+my) Ursing =X
—(m+m, N UsinB+ U B cosB)+ (m+m,)Ur cosf=Y
(I,+i )r =N

4 QOE FAYHRSC] 4 Q10F 2L 2FeF PHIL
N5 ol /18 FUEE(OE RAUNE e

21D3 22L& S e
(m +m, )(%)(— cosB— Bsinf) + (m'+m;y)r/sinﬁ=X/

(m +m (%) —smﬁ+ BcosB)+ (m/+m;)r/cosﬁ= Y

(Z, +i’zz)(£) (Er’ - E?) =N

U\ L L

> oL 2d>

o ) = o,

L;Z’i;ZJ: [IZZ’ izz]/(%pl’%)
X, V=[x, YI/|+ prar?
2
s |
N ZN/(ipL dU)
r =rL/U

A7A pe FARE, LS AL (GANA), d= E4o|t)

_'I'I_
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22 99| 4388 =g

& oA FE7 4 (21009 =2Fes HAA FH e dES 4 (212

9} zro] MMG(manoeuvring mathematical model group) =@ (Kijima & Nakiri,

20092 ®d 7}satch
X =X,+X,+X,
Y=Y, +Y, (2.12)

N =N, + N,
A7|A ot HA H, P, R 27 AA, 2239, B¢} #HE IS v

ot ZzAaded o3 9 F IdH(y,)F RHEW,)E 2 sAHd v

WS gomE Aekstlth

2.2.1 FHA A Z+&3t= FAY
FAA N Zgaks FAE X, Yy, NyE 4 (2133 2tk
X;q: X[;T r’sinﬁ+X1;u cos’p
Yy=Y,0+ Y,r + Yy 88+ Y, rlrl+ (Y, 8+ Y. r )Br 2.13)
N}]: ]\fﬁﬂ—h/\frr +Nﬂﬁﬁ|ﬁ| +J\f7:,,,r’|r/| + (N[;ﬁ,ﬂ—l-]\f[;M T/)ﬁ’l“,

ANA X, Y, N,, Y., .., Ny, & 548 vAFZ Mori(1995)7} A<k
Ao 8-S Jepgs geln e A43sle 28 % ohKijima & Nakiri, 2003).
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222 =24 7193k #AE

’

z2dgd 7lste FAE X, 24 21499 2
X, =(1—tp)nD} K (J)/ (%LdUQ) (2.14)

A7 H te FEARLAS, ne =AY JAE, D ZEAY AF, LE
28 AWAL, K () FEATE dehdth K(J,)9 Je 2 (2159}

2ol e % itk

D

KAJp)=C + Cydpt CyJ5
(2.15)
Jp=Ucos B(1—wp)/(nDp)

A7IM wpe Z2AH AN FEIFAST

ZEte] 7IRlete FAIEE 4 (216)3% Zo] vebd 5 Th
X,=—(1—t,)Fysind

Yp=—(1+ay,)Fycosé (2.16)
N}z =— (ac;ﬁ—aH- a:;q)Fj/vcosé

% o7 A% T/ B

flo

714 FyE B5HE(rudder normal force), t,
B AT, ve BAHY AHHY xFHE, gy AAC A8t B A E

2 UBE AF a,b AA6l A8she vhe 14E A8 xS v

_13_
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Wtk S 2 Q1D 2 BAVE deH, F,e 4 (2.18)F o] Jekd

(1—tz) =0.28Cp+0.55

Fy=(A,/Ld)CyU?sinoy

Cy =6.13 K/ (K,+2.25)
U =(1—wp1+C- g(s)
g(s)=nK{2—(2—K)s}s/(1~s)
nsz/hR
K=0.6(1—wp)/ (1 —wp)

s =1.0— (1—wp) Ucosp/nP
wp=wp + exp(—4.057)
Bp=B—ap-r

Wp=Wpg * wP/wPO

W = 0.5 Cy—0.05
Qp=0—"" BR
Bp=p—2ay- 1

Tp= —05

Tp= —05

_14_
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S
L
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g
:u
rlo
iul
do s
N
=2
>
o
]:o{n
FH
é
1
S
=
rr
oxl
o

AR A wpel &, Cpe BWIAF, s T2 <9 W, 2, Z=II

o) gk Yol xF FF A2 WA Dolo) ols) RAAstA},

o HojA =3 2 (21009 2E2eE AL 3, r, U ulE AHelsd
2] (2.20)3} 2T},

as U m/—i—m;, , ) m/+m; . o
—(—=—1 ———Trcosf+——rsin
L m+m, & m +m, g
1
—— sing + X — ~cosB- Y }
m +m, m +m,
dr U, N—Y - CG U X
—=—{ — } = —4— —Ccosf — sinf3
dt L L +i., T om+m, m +m,
' ' ' ‘ (2.20)
m —I—my m +m,
—( ; —— ]r sinBcos }
m +m, m —I—my
AU U? X Y
= { g —Ccos ———sin
dt L m +m, ’ m +my y
m/—i—m,y m —l—m ,
—| — z— r sinfBcosB}
m +m, m +m

3714 CG= AA ZFmidship)s FAZA G Arelel AglE 9wt} 3
FZHy), BAFEANA DA A A, y), EFZHO), ZEAD 3 A5(n)
o] Az7tel] W2 W&y BAH A 2 (22D7 Zo] YeRd 4 gtk
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dt L

%= Ucos(y— )

%z Usin(v—B) 22D
e

A7A Dy BFZHe] ®iskE, Dy =AY Ao wskgolth 8, r, U,

3=

Runge-Kutta-Gill& o] &8l 1

24 A5 AR F%

o

3

A% A2 F% WS Furukawa et al.(20040)e] HAZE o] &3 WHS g
gty WA AAH-L Fig 229 Zom A F @AY AAHES AA HEFFTES
A7 BHS AEdTh olh B 4SS fd d¥EHe dHelHe RRA
A A FRA—D FRAZ o)l F= AE(e), 3FAEE0)IH, Fig
2.3& Fagio.

f

Fig. 2.29] A WA GA(first phase)oll Al &85 = HAAYFS Fig. 249 &
3, A2 Table 2.29} £tk 5 ®HA SAl(second phase)oll A Y& ==

A 3 FAEES FRA4EE Aol 4 (2.22)8 o] 4hEstH, HA]
Fig. 2.5, 3 A7+ Table 2.33 Zt}.

)
o
fo

Ar'=r' =71 (2.22)
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Fuzzy inference process for a rudder angle

é i First phase A

k.

Second phase [—— &

Fig. 2.2 Fuzzy inference process for a rudder angle
(Furukawa et al., 2004)

Target course

\.

Fig. 2.4 Membership functions of fuzzy sets for autopilot first phase
(Furukawa et al., 2004)
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Table 2.2 Fuzzy rule for autopilot first phase (Furukawa et al., 2004)

¢
NB NS Z0 PS PB
N 3 3 3 70 N
/L Z0 P P Z0 N N
P P ZO N N N

025 00 025

Ar!

Fig. 2.5 Membership functions of fuzzy sets for autopilot second phase
(Furukawa et al., 2004)

Table 2.3 Fuzzy rule for autopilot second phase

(Furukawa et al., 2004)

Ar'
N Z0 P
N 70 P
“N: negative” , “B: big” , “S: small” ,

HA A A AL EHE dojigE
“P: positive” & 2Ju]dit} o]} & HXHGH HA|FRORE
o

“ZO: zero” ,
wroby)(Mamdan) F2¥Mamdani & Assilian,

SE AAFES S P

19755 &-83tt.

_18_

Collection @ kmou



31 FANFF NG

s 39 FEe A Hal sAMAZITE 19273 = A 8]
AEEd 92 E2HCOLREGS, convention on the international regulation for
preventing collisions at sea)< €151 2™ COLREGs:= 1977'd o] $of T a5
Atk COLREGse 4l e Ee Adbe] A85m A F3], A9k 3y,
T3 YAE, oF - wEFAS B FAHLE FAFO Uk kel el

[}
3 AN = it *:F WS Zlestal lth

S| Ayl A Aut

1

=y

O!

COLREGs®| w2 Auke] x9akgle I uFZ(head on), ulxHcrossing),
H(overtaking)®] 7HAE FEE F ATk TR FFolA 7 dute A=
= o2 WHAsoF gt wAt

Sl uto] T 1=g Fsok s 7

e

g d(give way vessel)o = 2
(stand on vesseDo] Ht} F¢ F3e F4 WIS AT AR FoH, F
7S
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q
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kl
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rlr
o
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lo
Ho
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=
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(b) o) & BRI Aot £9& FAselo} T Auke Pl ofF it

o I 4
g

32 Z574% 7

Tam and Bucknall(2010)-2 Fig. 3.1, Fig. 3.2, Fig. 3.33} #o] 713 1HES
A48k COLREGs 3ol m& Z$4%3s dad ¢ =S st Fig 3.1
S AAE dY Yol Fa A MAFZheading, OS_0 )& 7|+ &2 B
o] YAt Y& TS EFRSIAL Jv AHoH EF AN FHRIOSE
ol g F9E& FE3S= 4% {HO,, HO, OT), OTide {7/8, 1587,
518, 11187} & AAStL o™, OT;, OT= COLREGs Rule 13 (b)ollA ™
Alstal JARE mpEFl(head on) &S FEshe 4% HO,, HO.+= COLREGs
Rule 1404 WAlstaL QA 7] wizoll #/8, 15/8 7 k= F33ta dtkTam
& Bucknall, 2010). Fig. 3.2& A4S H9 T4 T Ade] AFZ(0S_6 )
= 7l¥e® B9 AZE A FA(TSRI6) =2 /sl ok TSR Z
792 Table 313 2& 2948 F55 5 tH=E AosiH, 2+ R 799

A
o
Yol

£

o
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i)
ret
i
i

ol
bl

=

K

%0
o

Fig. 3.1 Regions used to categorize the position of the obstacle
(Tam & Bucknall, 2010)

056,

HO,

El

ol

T, or,

Fig. 3.2 Regions used to categorize the heading of the obstacle
(Tam & Bucknall, 2010)
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Fig. 3.3 Chart used to determine the encounter type (Tam & Bucknall, 2010)
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Table 3.1 Abbreviations of encounter types

o] A

HO nl3=% (head-on) =543
oT 49 (overtaking) Z9-43F
SO A A (stay-on) 243
SF M (safe) st =973

GW ¥ g} (give-way) 2543+
ST A2 Aol &(static obstacle)

L AN v 294"E JHEsk A= 59, Fig 31004 Al 4
ArZHOS_0 o) Bl Bhdol EAstH R1 -0l st Fig. 3.2914 EbAl
of daze mad =Fol7] wEol A AFZHOS_6 93 RtLF

|2o2 1805 3T A=o]7] wEol TSR4 F<ol shgact,
Fig. 3.32] R1 794 TSR4= HO =, vt+3 =-d&Fo=2 goj=of 7] o

321 294% AR EAA

Fig. 3.4¢} Zo] Aute] 455 wxap Z9A3ox Tom & Bucknallo] A|<hsk
Fig. 3.3 29743 243 ©=% A“d(ownship, 0S)-> E}Al(target ship, TS)el
sl FLAONe oFE zHA ®th. COLREGs Rule 13 (b)oll o] F=Ex&

e e APAFig. 349 14 44 8o fAsoF ot SFAIRE 455 wAat
297384 Fig. 3.4 Zo] AHL& e AHIMH el $1Xs17] wio
FAMog B 4 glon, o= mxt 2¢AFgoR AL I AGW)Y 9%
£ 7zt Tam & Bucknalle] AQbet Z=9-743 AA xS A5 4 294%
NA EH AZF HAv 29458 AAeE #AHEr] 93] TSR 7+9&
B FAAODOE A3 Ao nel
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target ship

ownship

Fig. 3.4 Example of crossing situation for encounter decision

L Fig. 3.3 2948 233+ FEAHY FEEske v 25 F4A0D
o7 BHgold 9t} Fig 355 F9 29A48S Yy 9o, Fig 3.59
A A FHel TSRS B o] 7oAl abdel gk TSR &7 & R4)e)™, BbAl
FHe] TSRS Ao dAelA EAo gk TSR E/F3xERDO] o]e} ol

E 2943 248 mE2dW A B BE FEH0DeR H%ﬁ&t‘r
COLREGsE Rule 13914 F493le= Aukel 3320l
ol WFEA9 qFE HYsty] oA AFLH e H2e} £HS %Xl‘H

oF FUMAY FE ML FY F Atk 2HFQIDS WF LA YFo
EQ
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10knots

] target ship

15knots

ownship

Fig. 3.5 Example of overtaking situation for encounter decision

322 2L 2443 AR

Tam & Bucknall(2010)0] #|<+3t =43k ZAA T
I o] F 7IA FAE 7HA AL ok AR, iz 2933l 3HAGW) o
.]
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e
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e
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rlr
o
o
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%0
iy
it
2
A
e
PN
X
S
A
e
PN

365 2 ARE 294Y AHEE ANDT AL B AN SEo
2 e 54 998 DURAS WRE 1 4GS Aol WA FHY 25
4B WAHA Fevhe otk & 54 99 olA A Ex B A
27 MAselE 29488 wAA ¢om, ot ¥ 434 COLREGs
Rule 13 (@9 #4¢ w=Ath B =RdA: g #4¢ nxas 21
2948744 o) A g@h
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Fig. 3.6014 HAH FEE5S B¥ R2, R3] tig TSR1 ¥H2 A FH(GW)
o2 FEF3ka RS, R6el thek TSR1 Y92 FAAG0)ez &/ttt ol
Fig. 3.401 4} 2ro] COLREGs 71%te] =943 wh£A7]7] ) HAHA.

‘

R1% R4ol thst TSR1 9 A4} B &elo] weh FLHODH FAA
(SOl ARHEE Feh, Hoz vd Sejo] WE Mupg

298 5 97 W &

Fig. 3.6 Corrected chart to determine the encounter type

_27_

Collection @ kmou



33 A% g

Wang(2009)2 David, Zhu, Pietrzykowski, Goodwin, Kijima, Coldwell, Fujii”}
ARbe 7THe Tkt MM bR EFE wln, EASAT 2 kg ol i
sepn el 53 342 Fig. 3.7 2t A8 kgL 7)sketE el EXo o
2} (circle), E‘r7¢ (polygon), El(ellipse) o2 FTES
I} Davis Zd2 9, Smierzchalski, Pietrzykowski = &2
Coldwell, Kijima =22 B9 4= Hloh

. Goodwin

Wang(2009) wi=3l, wxt, 49 43 s Agdold &4&

M Fig. 3.8 3 2943 dA 7 g e vl Aot Fig. 3.8
ANA Davis mdo] 7bg & d9e= Yetual Fujii o] 7H 22 99
2 Yehdt Fe 4902 yeya Qe Fujii 223 Coldwell 2d& &
3y Yo Hstrldd vUF Al Hol7] WEel &8 Al 24T Bart Aok
(Wang, 2009).

2 AFdAE VO 2 AS5AseES ol&dt =& S8l 339 AAE
Hstes 7|Eo®2 AR kP 9YS &&sksith Fig. 3.87 o] Wango] ®lu
Sk ZF =] oAl Davis, Zhu, Pietrzykowski @2 3|3 HAA=Z 83}
71l U #}=3tm Fuji, Coldwelle Atz o2 2o AAZS zta gl7] W&

7<
of YIS Fuslt}. Goodwin EE-e tjfE & WA 9= FAS
= COLREGs®l oA & WgF AdAdAAYE o &Ry $ste] vgA &
Hlo A AAE Aetsta Y} Goodwing 33 AAZE &83slr7]o HA3 =

1A < Yt Q7] d&Ee] F5 VO &8 ol
wol Atk webA & E=FodMs 9 7)o A FAe A, d5A4
N

92475 Kijima 292 83 A2 28D
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1 Xr o
_-..‘ 0
X X '
Xy 0 X5 Lf X 0 *0 -';'1
{b) Davis model (c) Smierzchalski model
Y 1
¥ra
L g B,
§ X X
0 ' 0 i :
3 X x Xy
(e) Fujii model (f1) Coldwell model (f2) Coldwell model (g) Kijima model
(head-on) (overtaking)
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Fig. 3.7 Examples of ship domain (Wang, 2009)
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(13 L] a: Davis
b: Zhu
c: Pletrzykowaki
d: Goodwin
5 e: Kijima
£: Coldwell
b= g: Pujii
-
4 7
" / . ! '\‘
‘ ; 7y
g 71/ (4}
3 | - A |
e II { S | |
1} ] |
II. i _I'
2r f
\ ¥
%
\\x .».fx
1 -
ok i i " A i i i i
-5 -4 -3 -2 -1 o 1 2
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Fig. 3.8 Ship domains evoked in head-on situation (Wang, 2009)

3.3.1 Kijima®] A% ¢AFY =

Kijima and Furukawa(2003)8] v} <Qkxgdd mde Fig. 3.7 (@< 7L°l
Mol Ble 29Ee @4 st e AR, R ) AR, R,)
=S, S, WEFe 37HA el Eo| s B A7V A EH. £33 Fig. 3.7
(@ollA dXoz yepd #HAYH(blocking area)? Aoz UeRd
(watching area)e] 7 7} d4& At Aot HAMFHL g9
of HMFHAE IS W o] I AEE WA
5 Z2Aste F9olth. HMEFH HAFA G

AlLrA & Z4zE 24 3D, 4 B.2)¢ Zoth

N
of?

o‘j\1

l—/\]
1—/\]

of

o IH
rlr
Jo
B
rll.?L
>,\1

o
=S
AA] o
Agsts detrE o
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Ry=L+(1+s)TyU
R, =L+ Ty, U 3.D

S, =B+ (1+t)D,

R,=L+2(R,—L) (3.2)
S, =B+2(S,—B)
AZIM L, B, U 27+ Adxtel Ael, &, =E 99 £8& Uela, 7=

W= A4Z71A I Ast=d dele Az, D= A3 # S(tactical diameter), s
z=

3 Za Uy B9 £9o)

s=2—(U—-U;)/U; t=1  while head —on encounter
s=2—a/m; t =a/m while crossing encounter 3.3)

s=1; t=1 while overtaking encounter

7,3 D= 2 349 7e 2L Agste] TETHKiima & Furukawa,
2003).

Ty = (0.67/0) - \/ A3+ (D,/2)?

Ap=Lexp(0.3591 log U+0.0952) (3.4

D= Lexp(0.5441 1og U—0.0795)
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3.4 Velocity obstacles

Vo= ZXEs ZopillM F= &8HL o 2Xed T=39& AT

g Foltt. VO#& £-ol= Fiorini and Shiller(1993)7} #-2 AF&3t9H o,

o =279 £EE WOE FF JFsAel B 99 AT AP
=

@

'I"

S =

e
=

Fig. 3.99F 22 Z&olA =23 A7 VOE o83t £=7t e #Zol= BE

MU= geled thes 2.

COA,B:{VA,B|)\A,BHE¢ @} (35)

21 39N v, pe Boll HigE A9 BHHEEI A, ,= v, 58 Al
t}. Fig. 3.108 #Zo] AE 3 HOoE ZFo|xm A9 =7]S Be] tl&Qrh
%, B 371E B9 kA Eo Aol HIAES B 7] B} HH, o= A
¢} B ZV|E 1HEtY F EA7E RRAA ExE VOE sty 9
golty. CC, p= Fig. 3109 34 YA Zo] AS dHOo = BE Hs}
T F 2AE 9O, )\) Aol FYoltt.

4% Aol E(velocity obstacle, VO, Hg A2

VOz=CCYy BV (3.6)

2l 3.6)A b WIZEZA7|(MinkowskD) WEFE A4tbxiold, VO,E
Fig. 3117 o] Wz=zxy] WG AR s CC, ;& vyol I3
olFAZl A Zoh WlZE~7] WMEHFE FIFE It EAEE X
o} Yo T wlE] H3hA Xl sl BE WEE 474 Yol & dEH
Hal Aze ¥y JFS YAstes datelth
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Fig. 3.9 Situation of Two moving obstacles
(Fiorini & Shiller, 1998)

Fig. 3.10 Set of collision cone (Fiorini & Shiller, 1998)
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VOp

Vp A\

Fig. 3.11 Set of velocity obstacle
(Fiorini & Shiller, 1998)

@ A& 7153 7t =(feasible accelerations, FA) 3 A9

FA(t) = {xlx= f(x, x:u)u € U} 3.7)

2 BDAA xE= 9F HEH, fkxwE 28 F9% F5¢ e IF
of o] El(actuator)e] W3lel mg ®WEolil, U= EEA F& 7hed Al
A=Y HFelth &, QA ZHAA Aorle s BEd wet e
T e BEE /MEEY JEE 9rdt.

@ 7}8< S (reachable velocities, R1) 3 A9
RV(t+At)={vIv=v,(t)DAt - FA(t)} (3.8)

Fig. 3129} o] Hl&Azt At @ FANE @A Ao &xo] Hd
gejo] RIV} Wk,

® 7}&3)9 4 Z(reachable avoidance velocities, RAV) A& A<

RAV(t+At)=RVt+At)STVO(t) (3.9)
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2 BONA ov AFFE ov|stH RAVE Fig. 3.139F #Zo] RV 99
oA VO ¥d9< AAZ A I3 2.

Set of admissible
accelerations

A

Fig. 3.12 Set of reachable velocities
(Fiorini & Shiller, 1998)

/~V0g

Vp AL

Fig. 3.13 Set of reachable avoidance velocities
(Fiorini & Shiller, 1998)
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VOO 252 838} %611 RAV 99 glo So7l: 4% WHE F 3
gg dged. Ay

& ool B2 g4l met A
g 2o 9% AH A2E W

Oﬂfﬂ Y E=(mode) S F
X ARE et Fi

T =85+ Lee and Rhee(200D)9] HAAE o] &3 WHES 83Tt F=2
T Ao 85 E HAATLS Fig 3.149F 21, WA FH L Table 3.29F 2
o} W2 &g TCPA(time to the closest point of approach)= F Alulo] &
A AR ANA A& AEE FASHH F3atds A5, 7 Aol 7Hg A

A7y =H7174A Ayl= Alzteltd. DCPA(distance to the closest point of
approach)= olwfj o] 7 3 A2t

PS PMS PM PMB rB

/ \

"'i‘ .“'

5 10 15 20
TCPA / (L/V)

PS PMS PM PMB PB

0 1.2 24 36 4.8 6 7.2
DCPA /L

Fig. 3.14 Membership functions of fuzzy sets for collision risk

(Lee and Rhee, 2001)
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Table 3.2 Fuzzy rule for collision risk (Lee and Rhee, 2001)

DCPA
PS PMS PM PMB PB
NB -0.2 -0.2 -0.2 -0.2 -0.2
NM -0.6 -0.2 -0.2 -0.2 -0.2
NS -1.0 -0.6 -0.2 -0.2 -0.2
PS 1.0 0.8 0.6 0.4 0.2
PMS 0.8 0.6 0.4 0.2 0.2
PM 0.6 0.4 0.2 0.2 0.2
PMB 0.4 0.2 0.2 0.2 0.2
PB 0.2 0.2 0.2 0.2 0.2

TCPA

HAFHNA 2718 Aol “M: midde” & oml@ch olsh g A
A% AAFHoRRE HE FEUEES T PHE 4 10T 2
A7VNA a= el HALT 5 2, W ol
CR/= Table 3.2 B A 72 Aol =7

25
)
e
_l

-3
1o
i,
2

ZC’R o

Collision Risk=-———— (3.10)

Zai
i=1
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(B.F.Skinner)7} 2714
ole] FAE stgFdte Ae FUFL
Z E(agent)= ojw gk

5
Mol BAS AUz Be £ b FAo YBL Aushe slo] FEHIE

4ot (Fig. 4.1).
r

h

State(S;) ‘
Next state(Se41) Reward(R¢+1) Action(4;)

[ Environment }7

Fig. 4.1 Interaction between environment and agent

Aol S5 33 F3eA 2 Hute do]HMEV} H oo|HEE ol
Ao EA%Y. AEEES T3l ColAES HAH PFe Tolr] A
A FE Y A%S £x4 dF EAE Usde Aol Fastth
MDP(Markov decision process)E °]-&3ste ¢4 & 24 TAE FFHo
2 Ao 4 9o MDPY FA 84+ “ei(states, S), & B(actions, 4), B4
(reward, R), A&l W3} FE(state transition probability), 7+7}&(y, discount
factor)o] o}.

W

rr o
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(9= o] HET A AA BHEsI UAe ALY AdE RHedelth Aduke
Z9GFA AF AARTE s @A Ao A e B A, i
dEl Tol BH Ager aEHol A o FH HAES HEE 0 olv|
2 EE wji/iESrt o] g8tk Mnih et al.(2013), $F&(2018)2 dlo|HES}H I
4ol FEE olmAZ Yeh AL olm x| e] 7 HAo| thit FA] HEE A A

oL

gto 2 A83l¥Th ¥HH Chae et al.(2017)L oo|HES dAA AHE & &3
S F e wAHESE Aosta /S E AE T E AR 82
P5(A) oo|HEV & F A= 7Hed BE A5 Hgelth Auke] =9

Fe A EbzE 9 F9o Aoyt dlF el @ 5 o oju E AFoA
AH8-3F= DQN(Deep Q-network)e] a5 2 olitx oz FHEF oo 317
o Aol JHE ol4tEet= Hgo] Basith. BAF(R)S co]HETL YTt
Pso2 sl Aol ooJHENA F AdHolm AMute] Z94FelA
COLREGs #I¥t} 2 dgo gk e 1218 & Arh. MDPAA e ¥
g FES A FHAA o dFS T A oS AHd =2 ¢ e g
Eolty. e W FES AfERd 7 Fslg)
network) St Aloll WhgE 7] wiszoll(Li, 2017) =+t
DON& “dd) W% g&5& AT = Joh AF2"
A= = &AHexplorationE Fa 29 AT S Sy

2
=
A7E B AF AL SEss Aot xEwPd ©E $He] g
PN
1=

rl

o2 094 1 Akol9] % —’;g gxqg_q

o9 MDPIA 2 A5 A4S 27] 18] BBelman) 7]
43 WY A PR 420] FEHT S8
g Zeadne olgde E 4 gom ot &
(SALSA), ##11d(Q-learning) 2.2 WAFATHCl S 5, 2017, Aube] =943
oA HA P AL et AL Ao Yol tFd w4 Hrseis 3

)
ok
o
1>
>
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V(S)ZEW[Rt+1+”)/I/7r(*S;5+1>|5;:S] 4.D

V'(s)=max,E[R,,+7V (S, )|S =s,4, =a] (4.2)

e A3 (policy) 0.2 FA Aol ool AET HE 5 e ojd YT
(At)-q gEo|H VW‘E AN 7HI XYL E o2 vy = BAY sk

TRGE)S o FSha A7HE(el tF Geo] Zywo] gk W AT WY
A 4De BA FeANAL AN GG e FEeIA Y ANFS Aol #
A4 dehin gom W A3 PN 428 2o Wil B nyel o
@ Jldgtel Aok BE A4 A8 web YEPL wlmax) HNFFE o

EF . )

Ak 7)o gy wok 53z A e 7F34(Q function, Q. (s,a)E °l&
st YR = 9lom 4] (4.3), 4 (4.4 2. T AA ()l 3
B E(a)o] Wk oz WMo B e EH3e dFo = A s,

8|

QW(S’G’) :Ew[Rt+1+’YQ7r(St+1’ At+1)|St =s, 4, =al (4.3)

Q'(s,a) =E[R,,, +ymax,; Q' (S, ,.d)|S, =5, 4, =d (4.4)

Faharol e Awk H2 A2 (2 4404 A F3F4(max, Q' (S, .d )E

5 Adgstes Aot 714 EFE()=
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4.1.1 DQN(Deep Q-network)

DON& Awstr] #fal 4 Feidoel gk olsirt dasitt. FHdL 4
(4.5% o] FIFE AuolESH v ol i FTFFQWS,, ,a' )7 &
A FEoll gk FEFHFF(QS, A4, ) BFS A @e LEZA AR Ao
(off-policy temporal-difference control) ¥ olth 2 (4.5)= A FEol g
TS Us 5ol et F5E ol&ste] duolEsta glom oju b+
AN FEFe AA oS AEA,, )N A FrE okt Aol 7
Fr(max, Q) #e 2zt &) o8 2Adn. =, 44 v+ Is& 7
gFo] 75 drlolEd IdFe F

=S oriste oo

=

N
A
52
kl
B
[

QS 4,) < QS 4) +a R+ max; QS 10 )= QUS,4) @

DON2 kA Am3 Fed3 AS3AARS A AASTFo 2N AT
Tl Q & StEste WHolth olF fld] Mnih et al.(2015)2 721 ol Al
F A AR 71%S F/EY A WAE A3 g =4 o)(experience
replay) 7]%5olth oo]HEE SAS FdstH AAHY FH A5, BT
#HAd HWE(s, a, r, s)S GA HH, olE ZAFH w R Ao A=
MES T TAAE AMESS T8t T AH&st= Zlol 23 glZdol
ot ZA3stsol 54 4 DON o]d WSS d59d AZSA dojut
= 98E AEES ol &t SFH7] wEol =5 HZA s wAr] AT

AE BEdo) oA TANE F28 WSS A2 ABVBAV 4] G2
of TR HAso] F WAX Yu BEe| F FAIT. T AAE BE A

(target network)S ®2|$ Aot AlAW HulolE

function)& BT AF LxHmean squared error, MSE)Z A}-&3tm 2] (4.6)3
2o 4% gy 4ADe AR 9L st Qs.a.0)E A=Y TS
sta lom, AATE AHH dF9 zolQl EHAFFE HLssteE AT
<= YUlolEZT SAIRE 7oA Hgo] WstH F HAT FGH o S A

_4']_

Collection @ kmou



A Drk ol WA A 4 @Y o] HE A
2R3 BE AFWe FrlFeE 2 9
oJJEM BE AZWE A /17 WA @3 A7 4¥L YT DONY

Hxf+= Table 4.1 2t

L=E[(y—Q(s,a,0))’] (4.6)

y:E[RtJrl_'—’ymaXa’ Q(s',a',9)|5t:s,At:a] (47)

L=E[(R,,, +ymax, Qs a0 )~ Qs,a,0))] 4.8)
- 42 -
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Table 4.1 Deep Q-learning with experience replay (Mnih et al., 2015)

Initialize replay memory D to capacity NV
Initialize action-value function @ with random weights 6
Initialize target action-value function Q with weights 60~ =6
for episode = 1, M do
Initialize sequence s, and preprocessed sequence ¢,=¢(s;)
fort =1, T'do
With probability ¢ select a random action q,
otherwise select a,= argmax, Q(¢(s,), a;6)

Execute action a, in emulator and observe reward r, and
image z,

Set s,,1=5,,4,,7,4, and preprocess ¢, . ;=¢(s,, )

Store transition (¢;,a,,7,,¢,,) in D

Sample random minibatch of transitions (¢;,a;,7;,¢;4,) from D

T if episode terminates at step 7+1

Set y, = - . .
Yi T]»+'ymaxan(¢j+17a;9 ) otherwise

Perform a gradient descent step on (y,— Q¢,a;0))* with

respect to the network parameters 6

~

Every C steps reset @ =@
end for

end for
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xg" [ (target course) V2
A
T

U;

viz /
' Jret

Lrel > v
Yo

Fig. 4.2 State of agent at encounter situation

422 3%

B AF A= Fig. 435 o] B 7 E(target course)E FF3lal A= A
Aol A FE HsAol s A, AMELR 337 Z(avoidance course)E
ARt FEFOEHN FES IYSIEE 3t AR BX R HY
st AdE FASE AHoHT Be(a) AAe FHSRHE IIHZ7A
T2 A= FY3t. DQNoIA ofo]HAETE & = S+ W5 otHo=E &

A4z A, Ha F3 Agd(tae, J)E A3t o]& 1R

Paalgon, 7 2 PF& 4 41037 Zo] T e dazE A%

o dF dio] g7 BSFE o AAE Aort srsEAT A9 & e

A PsHAS 7] A FHFAT] © #Hol A

H, g5 9449 FE FolH FHFAL A EAT Aoyt AJH Yt 7+ A

29 F2 A @1Dd o AEY, 5% AZ FF Al AAo] B3 AR

TWheaE AP Aoyt B asty] wi&ol Fig. 4.3 o] A I A A
g9 Aol Fi HFE HoJARS ST

rl

_45_

Collection @ kmou



A= {ao, ay; Gy, ...,alo} (4.10)

at (i/5) ifi<6

4.11
o ((i=5)/5)  else (1D

a; =

y :
Xo target course avoidance course
A

- ) !

target shlp ’

[ ///}}}

[13a

J

X Yo
Fig. 4.3 Action of agent at encounter situation

s BEFE A7l FF 2SS 2HsAs W WiVl 5% FEE ot
sFEs B A% 2F %
integral-derivative) Al o] & o] &3 HHI FHAA & o] &3 WHo] AFH
gov), PD AlolE o 43 WHE Agatd HAA AL e Holok st of
Heol Joerg B AFoie 2449 HAE ol&3 AT FEFFT A o7
£ &t

y
N
offt
ol
u
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of
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rlr
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3} 2ol 7

=]
=S

3t COLREGs

o] B

=501 <0 #d
el #3ol B

1

F71 S

S

BAHD)e nlE =4

3+

)

o) 7kl o
AEAZ 04 1 Aolel ge s

o wel 53

g3kt

A&

=
5

MIEE R

c, =1

if(1<0),
otherwise, ¢, =0

wT'D1+(1_wT)'D2+C€><l {

R, =

(4.13)

Dl :_|l|

- At

Dy ==|U = Ul

)

)

o
Ran

i Ak e} A A

F71 A8

d|

e By

4

oju

o] e} #H A H(blocking area)

o
2

=
A

el
oH

Faom 2 GD< S8l

o

no
Y

3.3.14 ol A

KeN
| .

3r

(4.14)

1
c, =0

if (collision), C,

{otherwise,

R, = —w,Xc,

BT, e@EE RA(R)EY 4 B

3}st
B(R)o]
U ol A

o

s
&}

N
el

o 7HgA A=ZlE #A

SEC

|

=y
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43. DON &-&

asi7) 919 4 ol B el 94 4 &-5-& (epsilon-greedy) 4 40| t}.
e RAY YEFL Bol AT A oo|dE)

4 Y5 Huse NFe

4 (4199 2ol gelele

H
Cﬂ@%o] Sminﬁl—q ﬂ-ﬁ Edecay?_% Z:]'—/'\—S]’i, JE%X] %’94‘?:]_ € min %}\_0]

T

— 'f, > .
{6 Cdecny 1> € Cmin (4.15)

€nin otherwise,

B AF A& Table 4.29F 2L MulsFFREATA F7] AP KVLCC
T8 AdE st on, FA9 vAg+ Kijima & Nakiri(2003)9] 424 &
53l 42+=¥ Table 4.39] #%s AH&ETH AUgleE 7 Mute] 15 ES] £&
2 0% ZA=ox wma z9-ske Aol AluE| 9 AF £31& Table 4.4
o} Zt} Table 4.1¢] DON HzatE B3l st&5S G335t Table 4.49] AluEl L
Lla=sai=

0

o

N
-~

Table 4.2 Principal dimensions of KVLCC

Item Value
Length 320 m
Breadth 58 m

Draft 20.8 m
Block Coefficient 0.8101
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Table 4.3 Hydrodynamic derivative values

Item Value Item Value
X,, -0.02050873 X, -0.032517508
Y, 0.36208424 N, 0.125635713
Y, 0.113776326 N, -0.0533008836
Yis 0.843024015 Ny, 0.0141946375
Y,, 0.0761068165 N, -0.0286193416
Yis -0.362524033 Nys, -0.191315025
Y5, 0.423484325 N -0.0610068738

Table 4.4 Initial conditions for encounter scenario

Own ship Target ship
(xy, yp) (-19200, 0) m (@), y) (0, 19200) m
(O 0 deg Py 90 deg
U 7.97 m/s (15.5 knots) U, 7.97 m/s (15.5 knots)

= ol&s HA ds AALS Y] AsA stelH A HHE A
3o F-2+9] e (Bergstra & Bengio, 2012)& o] -&3}o] slo]HuletulE 3k
AR 729 §NH e Ao A5 sy stoldntEnE Y

o HAS REEgo N HA stolF ey S e WRol
. AARHA spolwutelu| el ZH7FS(discount factor), &<5E-(earning rate), Hj
| Z7](batch size), 24 Z(hidden layer)e] <, w¥l(neuron) <=, ®E4 2 (4.10)

VA (w)2 FAT

N
i
[

O o o oX
fo
it
N

Wi

Lo
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ouj, 7} 7}EX o] tid st A= Fig 4.4, Fig. 45, Fig 4.63 2
t}. Fig. 4.4914 EFX(TS, target ship)e] AHE FAoz AP OH =LA
HaE 98] 938e A2 AHE gdstd. A= dol2 FAd s3]

BE AolzddA Aol 37 4£4 AgE oF 6LE ¥id AFig 440 & F
Atk ol A9 HMGH Qho ElAo] HIWEA BEE A} =2
HAs}st7] wEolt}y, 7kEx] 0.8 Ao)AE: &
&t7] wEel =3 AZoA Hlojus A t7 Eol¢o]
e Eoloe AUiFog At mEtA 7kEA 0.8 Aol
oA AH, 49 Fig. 4.5), A2 Fig. 4.6) 2% 74 F43 H3E 2oy
4 89 At b A £ Aale 7P Ak W JkEA 0.2 Aol
Aol sl £ FFHo] FAHZ] WE 7 4 WsE UE
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Fig. 4.4 Trajectories for changing weight
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Fig. 4.5 Time history of speed for changing weight
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Fig. 4.6 Time history of heading for changing weight
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Fig. 5.11 Trajectories by target steering angles

Table 5.1 Procedure for target steering angle search

procedure TARGET STEERING ANGLE SEARCH
Tppvos Ypavo = Veevoll ZHH
fori =1, 40 do
a;, b, = Get_parameters_of_ellipse (n,, §, &)

(A E)

@ q, by = Get_pamnwters_of_ellz’pse(np, 0, (5:“)

. Wrpvo—a)® | Thpvo (Ypovo—aiv1)’ | Thpvo
if 5 +——-=>1 and 5 +—

a; b; ait+1 biv1
(Zppvos> YUpsro) lies between the ellipses by 6:“ and 6,

end if

end for

<1 then
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Table 5.2 Initial condition of 180° head-on situation
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Ship 2
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(&

0 deg

Yy

180 deg

7.97 m/s (15.5 knots)

7.97 m/s (15.5 knots)
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Fig. 5.12 Trajectories of 180° head-on situation using VO
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Fig. 5.13 Time histories of 180° head-on situation using VO
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Table 5.3 Initial condition of 90° crossing situation
Ship 1 Ship 2
(zy, yy) (-25600, 0) m (y, Yp) (0, 25600) m
P, 0 deg )y 90 deg
U, 7.97 m/s (15.5 knots) U, 7.97 m/s (15.5 knots)
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Table 5.4 Initial condition of another 90° crossing situation
Ship 1 Ship 2
(zy, yp) (-3840, 0) m (zy, y,) (0, 3840) m
Py 0 deg Py 90 deg
U, 7.97 m/s (15.5 knots) U, 7.97 m/s (15.5 knots)
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Fig. 5.17 Time histories of another 90° crossing situation using VO
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Fig. 5.18 Trajectories of 0° overtaking situation using VO
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Table 6.1 Procedure of detection step
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Fig. 6.2 Steps for collision avoidance action
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Table 6.2 Procedure of target velocity selection for multiple ship avoidance

for id = 1, T do

ot S=FEE AM(CR,)
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if id == ID,q then

AB Al BE 45 MY

A2EO] 1D B (LD )

continue
end if
if S 45 7t V0,0l F0) U 042 B2l then
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end if
end for
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Fig. 6.12 Time histories of 180° head-on situation using VO & DRL
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Fig. 6.13 Trajectories of 90° crossing situation using VO & DRL
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Fig. 6.15 Trajectories of 0° overtaking situation using VO & DRL
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Fig. 6.16 Time histories of 0° overtaking situation using VO & DRL
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Fig. 6.17 Trajectories of multiple ship collision avoidance 1
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Fig. 6.18 Time histories of multiple ship collision avoidance 1
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Table 6.4 Initial condition of multiple ship collision avoidance 2

Ship 1 Ship 2 Ship 3
(z, y) (-25600, 0) m (0, 25600) m (-34637, 9984) m
P 0 deg 90 deg 30 deg
7.97 m/s 7.97 m/s 7.97 m/s
U
(15.5 knots) (15.5 knots) (15.5 knots)
Time =792 sec Time = 3168 sec
100 100
= Ship0 = Ship0
— = Shipl == shipl
75 == Ship2 75 == ship2
50 50
" Ship 2 . Shlp 2
4=
3 o0 O~ 3 oJ QD= Do
—25 —25
=50 Q =50
T v\ ship 3 % ship 3
o ship1 ' ~ Ship 1 ‘[
s T T T 2 o 5 10 %% 5 0 3 100
Yoll yodL
Time = 3960 sec Time = 6336 sec
100 100
— shipo — shipo
— = shipl = = Shipl
75 == Ship2 75 == Ship2
@
50 ' 50 \Q .
N Ship 2 . .. Ship 2
Q = [> 4=
3 o O -0P0--0-O - 3 o G--O-0G-O-0RO--G-O--
25 N\ -25 \
& ®
-50 b -s0 \G"
', A\ ship3 %, A ship3
75 -75
ship1 T ship1
~100 -100
-100 =75 =50 =25 25 50 75 100 -100 =75 =50 -25 25 50 75 100

0
Yoll

0
ol

Fig. 6.19 Trajectories of multiple ship collision avoidance 2
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Fig. 6.20 Time histories of multiple ship collision avoidance 2
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Table 6.5 Initial condition of multiple ship collision avoidance 3

Ship 1 Ship 2 Ship 3 Ship 4
(z, )| (-25600, 0)m (0, 25600)m |(-21478, 21414)m|(-22605, 18099)m
P 0 deg 180 deg 45 deg 15 deg
- 6.69 m/s 7.97 m/s 7.97 m/s 6.69 m/s
(13 knots) (15.5 knots) (15.5 knots) (13 knots)
- Time= 792 sec 5 Time = 3168 sec
P ¥ ship2 [ o ® § ship2 — 2
” o | ® g
50 50 q:J
| ¢
o)
2 2 %\'
=25 : =25 @.\
. Ship 3 ® D\"@ Ship 3
C? G.\@% E? \@%
ship1 Ship 4 P 1 Ship 4
-100 -75 -50 -25 y:‘L 25 50 75 100 -100 =75 =50 -25 y;l' 25 50 75 100
Time = 3960 sec Time = 6336 sec
oW snp2 —mel @ J ship2 — 2=
. C? — > por
50 ?
25 @
%
—25 rd ‘@\
® '@\.\G Ship 3 Ship 3
TR e
Fhipt Ship 4

Yoll

Fig. 6.21 Trajectories of multiple ship collision avoidance 3
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Fig. 6.22 Time histories of multiple ship collision avoidance 3
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Table 6.6 Initial condition of multiple ship collision avoidance 4

Ship 1 Ship 2 Ship 3 Ship 4
(z, v | (=32000, O)m (0, 32000)0m [(-22605, 18099)m| (-26747, O)m
P 0 deg 90 deg 45 deg 0 deg
- 7.97 m/s 7.97 m/s 7.97 m/s 6.69 m/s
(15.5 knots) (15.5 knots) (15.5 knots) (13 knots)
. Time =792 sec - Time = 3960 sec
25 Ship 2 25
4
3 0 o-€ 3 o
-50 Ship3 -50
2N
=75 G‘\ =75
®

=100

@
Ship 4 I f
=25

1 ship 1
PN

100 =75 -50

0
Yol

Time = 4752 sec

75 100

Yoll

Time = 7920 sec

xofl

Fig. 6.23 Trajectories of multiple ship collision avoidance 4
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Fig. 6.24 Time histories of multiple ship collision avoidance 4
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Table 6.7 Initial condition of multiple ship collision avoidance 5

Ship 1 Ship 2 Ship 3 Ship 4
(z, v | (-25600, 0)m | (18048, 18112)m |(-22182, 12762)m | (-24742, 6502)m
P 0 deg 135 deg 30 deg 15 deg
- 7.97 m/s 7.97 m/s 7.97 m/s 7.97 m/s
(15.5 knots) (15.5 knots) (15.5 knots) (15.5 knots)
Time =792 sec Time = 3168 sec
75 Ship 2 ; mé 7 Ship 2 ; :::s;
ﬂ@-... ship3 y@---- ship3
50 6.‘ 50 ,D”
25 25 ’,C*ﬂ
<% g @ RyShip3 ~4 @‘g‘@  Ship 3
"5 shipt T I s O - 5y °
5 ‘ Ship 4 ot A ship4
=100 =75 =50 =25 yfn_ i 50 75 100 100 =75 =50 =25 y::L 25 50 75 100
Time = 3960 sec Time = 6336 sec
3 Ship 2 = A - Ship 2 = oo
f@ =er Ship3 f @---- ship3
S0 {gz 50 /g/
TN ; Ship 3 -50 . “Q‘ Ship 3
s 55
“ Ship 4 “ Ship 4

Fig. 6.25 Trajectories of multiple ship collision avoidance 5
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Fig. 6.26 Time histories of multiple ship collision avoidance 5
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A8 A HAES e GF HAGH] Bl &S or gt
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Fig. 6.27 Collision avoidance results to compare with other methods in

head-on situation
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Fig. 6.28 Collision avoidance results to compare with other methods in

crossing situation
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Fig. 6.29 Collision avoidance results to compare with other methods in

overtaking situation

Table 6.8 Quantitative measures of collision avoidance
to compare with other methods

max collision risk

DRL VO CR

head-on 0.65 0.41 0.85

crossing 0.42 0.44 0.75

overtaking 0.20 0.61 0.70

average overlapped area(%)

DRL VO CR

head-on 0 0 18

crossing 0 0 14

overtaking 0 18 26

extra operation distance

DRL VO CR

head-on 10.6 16.4 7.5

crossing 18.6 20.1 12.7

overtaking 19.8 12.5 8.3
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Fig. 6.32 Bar graph for comparing extra operation distance
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Fig. 6.33 Collision avoidance results to compare with VO2 and other methods
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6.36, Fig. 6.377 7t}

and extra operation distance

Table 6.9 Quantitative measures of risk distance

DRL VO CR
l,risk l’extra l,m'sk l’eztra l,risk l,ea:tra
head-on 0.0 10.6 0.0 16.4 14.5 7.5
crossing 0.0 18.6 0.0 20.1 12.5 12.7
overtaking 0.0 19.8 24.7 12.6 19.6 8.3
Wrotal = 0.6
25
55 19.9
z15
S10
5
0

Head-on

Crossing Overtaking

HDRL BVO W CR

Fig. 6.36 Bar graph for comparing total quantitative measure (w,,,,=0.6)
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25
20
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g
© 10
& |58 3, 7 40 4 0
y 1 1 & 1 1 = |1 B
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Fig. 6.37 Bar graph for comparing total quantitative measure (w,,,,,=0.8)
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SR108= U4 o= Table 5.2, Table, 5.3, Table 5.5 £& nlx, wxzp, F4€
ZS TN S gor % oau

A3}+= Fig. 6.38, Fig. 6.39, Fig. 6.403}
L Rz gehdA ggkoh

Table 6.10 Principal dimensions of SR108

Item Value
Length 175 m
Breadth 254 m

Draft 9.5 m
Block Coefficient 0.5717

Table 6.11 Hydrodynamic derivative values of SR108

Item Value Item Value
X, -0.01465564 By -0.08631303
Y; 0.22255084 N, 0.09870571
Y, 0.01394765 A -0.02823273
Y5 0.66037595 Nys 0.02542121
Y, 0.08251527 N, -0.0541023
Yis 0.0334646 Nys, -0.5706726
Y, 0.98769 Ni, 0.0364034
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Fig. 6.38 Collision avoidance results to compare with KVLCC and SR108

in head-on situation
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Fig. 6.39 Collision avoidance results to compare with KVLCC and SR108

in crossing situation
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Fig. 6.40 Collision avoidance results to compare with KVLCC and SR108

in overtaking situation
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