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Automatic Ship Collision Avoidance Algorithm based on Probabilistic
Velocity Obstacle with Consideration of COLREGs

Yonghoon Cho'-Jungwook Han'-Jinwhan Kim''+Philyecb Lee?
Mechanical engineering, KAIST'
Navel R&D Center, Hanwha Systems Co,, Ltd.?

This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non—Commercial License(http://creativecommons,org/licenses/by—nc/3.0)
which permits unrestricted non—commercial use, distribution, and reproduction in any medium, provided the original work is properly cited,

This study presents an automatic callision avoidance algorithm for autonomous navigation of unmanned surface vessels, The performance
of the collision avoidance algorithm is heavily dependent on the estimation quality of the course and speed of traffic ships because
collision avoidance maneuvers should be determined based on the predicted motions of the traffic ships and their trajectory uncertainties,
In this study, the collision avoidance algorithm is implemented based on the Probabilistic Velocity Obstacle (PVO) approach considering
the maritime collision regulations (COLREGs). In order to demonstrate the performance of the proposed algorithm, an extensive set
of simulations was conducted and the results are discussed,
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1. A—I = 0| 2fall 2HsHAP |7HIMO: International Maritime Organization)

oAM= =AIGHAFS=0| 2| (COLREGS: international regulation

for preventing collisions at sea)S S5l sHAIA =R5H= T M

0 wlint Bl chefet ool B2l o) s esime olo nlojol sk welel BAIE HAlskD 2ict
o

==

= xarld BN B X ol (International Maritime Organization, 1972). Ak =31 ¢3!
SHEZR 22 2 MRt Eal Eet ol eiRel @Y aj=o) nsof 9loIME COLREGS 42 MezzioR k=
HAHA 288 FOP| #lot0] 7IE frol dsel RS 2RIl 2y ol Ot clerst o177} 0| 0fA B Q| TS o
= e 2ol Soi=1 Qlot Mufe| FolatE flsiM= ¥ T2 Lee et al. (2004)2 HX| O|2(fuzzy logic) 7|gke| THAE]
He| 87| & 2ilojcHradar), AIS(Automatic Identification 7WAb B ZHMVFF: Modified Virtual Force Field)S 2235104
System)& Hafots 2EEETH|| St=fOl(hardware) 715 COLREGsS maish ZA2MA gie & oksigend, Campbell et
oF op2}, Mute| Fol 2ot Al ORI} RAE Akt QIX|/214] 7| al. (2012)2 T2 = ERH J|Hlo| A2 BkRSt HIHS K| ok5ISC)
&1} 2IX|/21A] 7 |sS HIEeZ $H A2 MM (path planning) & Naeem et al. (2012)2 ek M XM MEH(DPSS: Direction
FZ(guidance) Y251 22 AT EQ|0{(software) 7|&2] 7i Priority Sequential Selection)2 &-28H Z2MM diHS 0|&3|
20| R EICHPark et al., 2017). Qck SiX|zE flof oAFol|M HMokshks wHES =2 & Mut
3], sliAloilMel Mut SEAIE AR, ZHMA &40 2 F 7I0| Z=35|n|E SEE si0{ 28 o|Ale| EMME SAlol| =Psh=
2 siZAIEAM O 2[FE 0l2| Telst 3lush=s Zi0| EREHH 47 H80| gX| gicke SHHIE JIRIch
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IZHGAS S EHAS T2ist XN £T ZOIE 7|Hie| Mt SES|| ¢112|E
ZZel £HZ Al MB35k &2 AE(route planning) 7| Mol s PVOgr= & (1) ZCHKluger & Prassler, 2003).
Hio| giHo| A Mitrofanov (1968)2 2akkle| 25t F=4Cte

2ZM SERKX| ZFAZ|(ACI: Anti—collision Indicator)E 7HE+51%
o0, Degre and Lefevre (1981)2 2& SZKroom to maneuver)
o= FolEl V|HE MAltn i 7S et SH Y EE R
DI IHSIICE Ol= 0% o|2Xof £t &2 J[8te|
Fo7MEs SEEEAC TSR #HEkt £ FoE(VO
Velocity Obstacle) Ol2e=2 Hz2|=end(Fiorini & Shiller,
1998), Kuwata et al. (2014)2 &= Zol= 0|22 25 £
ZOHE(WO:  velocity obstacle with the worst—case
uncertainty) 2 2F9A|7| T COLREGsE X3t 42|22 2

[¢]

ol MBS S310] ASIUC
£ TO4Z 0|2 7|9t FEHT B s Mol ZA 3t
= AgiollM MRS B30l ToH2S SAl0 lElE + 3

Che ZEnt e 2ax2| £2n) FZ2E 2 o2 M3sich=s
Mol QloL}, zlojciet FIH2lE ZEshs ol 2 =AM o)A
FYEE EM 25HES| SSHAIME didsh| ofEcke tE
2 %1 UCt 0| HekP| 25l ols2RolAM o2l %
2 T SEAIME HIdsio] - 28X S5 FOf=E(PVO:

Probabilistic Velocity Obstacle)o| A=l HE UCHKluger &
Prassler, 2003). &4 &£ ANE2 7|&2 £ ZofE 2
of H|sl0 ZSSES ALlP| fIet AlMZI0| FIHEe=z &
2= chHo| EXfsit, sHEof 3 AlM AZEQofe] W=z
Qlsh w2 Aol ZFssHX| D UC

2 =2oMe B 0| 22 g A uEtFA M| M
£3(Gaussian d|str|but|on)§ Jsiig I, S==E 7(Hel =
EM &5 OS2 lsict 2 MAloizA S5 AlEolAMe
Mab 2ol 2| 7‘4E01I 7lgkst =7F £=&&(instantaneous
collision probability)2 Al&ksED 0I5 = IET oE5ut =3
off 225k= A7 Park et al., 2016; Park & Kim, 2017), O|&
ERMel Z=M 2| F(maneuver mtentlon)z A5k &85t et
ZIEHE ICHCho & Kim, 2017). & oi70llMe 7|1& =29 Y82

F=kstof ojelol 253 AlZloll WMsk= B &5 SMS Ddst
LT ZFAOIM FSEES Al ZA Hot Axxo

ol T

S

g0z SE 3lu A2E AMSKE we lEicH
2. BEEE AL Y2|E

2.1 =M Ao

2 =20lM Mulziel 02t =Psk= ﬁt—'.@—l oy 5=
T (circular collision zone) Liol| Ef Afd ‘Ol
oI5t (Park & Kim, 2017), =%cl= MEke| 25 A&7 X

|

PVOyr: R*—[0,1] (1)

o7IM R ARl &5 S J|EC2 sk HolY
(domain)g LERD, PVOor= ARM7|E ERMOl| TSt S22t
|

|n|o+:+ gision itie] A1 HEHISE sl 12

=2 "1— =20

msfc =3 |_ ﬂzom chitel 45 7
ofl 1[3l0] E&taNo| Acks TR, PVOsE %
N2 BETHOR MEsH Al (29} 2t

PVOOT = lJﬂCCfV,l. (V)dv (2)

ZEAIMS| E=7(collision cone)S
o|o|shH HollMe| ZEFHE2 £ = 0[ES 0]
235101 AL 7E=3IEKFiorini & Shiller, 1998). £r(v)= EM &
Fo| sl 8=~(PDF: Probabilistic Density Function)& Vr=
Eidel Mo £ ZEA 7|&E =HE HWEE 2o|sich PVOs=
A 2= AEfolM o]F £ I 22 25 Alof| AMMe| F=
=52 olo|sl, ckpel = Mub EX Al ARML| PVOs= 4
(3) ZcHKluger & Prassler, 2003).

0{7|M CCe &=

T
s

n

PVO, =1-]](1

i=1

—PVOgq) (3

o7 PV il Efle] 5215
& 25| Epo| £ ojafgict

2.2 PVO At i

AL (29 X =5 2 I o mE SS2ES Altel|
M, AP Zof chsh Efdel ZEEFAHAMS| collision
cone? |8t =TS Foljo Sich. SEEFAOIMS FETY
2 &£ Zof=E 0|22 0183104 ALlo| 7Hs5i, 0lE Fig. 1
off EAlSICKFiorini & Shiller, 1998). Fig.10llA1 ZAH collision
cone2 AMO| HETf vy o o ZEEFAOIMS ZETY
0|o4, M collision cone2 AL HET}ve, & 2]
HollMe| S=7do|ct.

sk Al (29 ZEEE £(v)E olHEF M ExX(bivariate
Gaussian distribution) Vr ~ Mvr 302 J71-BICHE, Al (2)9

AL
_I_—'—I'_u_

=iot2 o R ARRE £E0| %01; SES ZEHERM Y 4T HE 2E (S A (92 TN 5 ok

ol3lct e PVOE M 25 AElE 7|”ez Aol x5t

43 4 Y22 25 A0 S50| Y B Solslel, Y ) exp(—1/2(v=vy)' 25 (v=vy)) "
2 ORMHAL OZ EMMS OKERL TR B| Al Aol chetep TV SN
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Fig. 1 Graphical representation of the classical velocity
obstacle in the coordinates of the target ship
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(x" —y'coordinates)

Heks LIERHH 4] (5)eF ZLCt
, 1 sinf;, —cosé,
- sin(f, —0,) |—sinf, cosf, ] )
, 1 — vpySinb; +vycos 6,
sin(0, —6,) | vp,sind, — vyycos b, ]
017|M A= MEHEkS olo|sid, b= B3llolsS ololshch
4 1t g2 212t M2 Sef MEFZe| BX|Tof|A A._1—Er'9| Eley
2 oojgich A 2H ojmeltist £ &5 HEE Vyoleln &
M, VY ~ MO, 33)& ma2ni, IR F'= AET{A yolck. of
el st & AR FHeflo] MET7He| BXI™ vo'e Avo + b
o Ztt.
T Hu ofmeldEe M BXE EF M 2EZ Ykt
7| Sl =, MEHSIeE O|RIRICE F M ofmelHsts

Aloz LIEfl, ofehel Al

A" = {diag(Z‘ T)}_l ©
017|A diag()2 THEEIA9| CHZ}t HHS 9f

SP{A7Yolct T einf HEl & 5

2 man 5o thZMES 10| =i} %EXoz Hojx|=

PVOor= A (7)2+ 2tk

PYO J’ exp(—1/2v {2} 'v) "
T = 77 v
ot cec” 27‘(\/21«

2! PVO, HlAH UDE|Fo| Mty I Hat £E= KKfo|

l:
Mell A0l A ATHEl H} 21204(Cho et al., 2018), A8 oi+
£ HIEeZ 2 dAF0M HMokls diElES Sl YoXl=
PVOoM2 Fig. 32 Fig. 42} &2},

Fig. 32 AMd0| St Mo| Bt Mukn} xPsh= AlgloilMe] Zu}

£ SABle, Fig. 4 AKd0| & Ho| Ef Metnt SAlo| =95
£ MEoMel ZTE TABICH ZH D20 B2 2t Ml

LIERHD, FA2 AMdS HM2 ERIS opofglct 2t 1

RIE

(x"" — y""coordinates)

Xl
5 4 5 / 5 X"
vt vy
\ !
0 \ 0 Vo ’ 1} "
Q e vO y y y
§ 1 - 1-o boundhry of distribution of vy
S =
- .9 \ )
= é” 1-o boundary of dis tion of vy 5 : 1-o boundary of distribution of v 5
(37 3
1z}
3 Collision cone
-10 -10 -10
-10 -5 0 5 10 -10 5 0 5 10 -10 5 0 5 10
Fig. 2 Example of the coordinate transformation by using the affine transformation
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Fig. 3 Map of the probability velocity obstacle when single
vessel approaches
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Fig. 4 Map of the probability velocity obstacle with multiple
approaching vessels
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Stofo} St MuF =PAZ0lAM EM 3|2| A| D2=]0{o} k=
MH oloz= cf2 ZRE(waypoint) 2 COLREGs7F At 5
g AletS 123t H|&2Hr{cost function)= 4| (8)2+ 2Tt

J:PVOO+p+a|VO_VWI) (8)

+ 8|y — Yyp

Vo,¥o = argmin, , J 9

3| %‘% I Fol=l= HIES LIEKIC
PVOoS| B0, SA AME AR
oct ARM FES I8t HIE2 0z 0142 ™Azt
(normalization) 3104 AK2310, COLREGs D|&E=0f| CHet H|E2
Fig. 52| COLREGs penalty parameterE 225101, PVO!| HH|
H5H RHRIFIC}E PVOLZL0] FEE COLREGSE QlutsiA
2l 5=2 3lulsioksk= 27t 7X|7| w20l COLREGs o|&E

Wi
HIZ2| Z|HgL

D_I_
b

70| thEk BIES PVOOIl CHol gid[2SkA MASIIC,
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o
oS -
08 s ~ ]
e
wox - H
07 f : e
06 e COLREGs gap |
% a- o=
Q058 fOLREGS penalty parameter --.--z\;r?al'y 4
“-\ = B =PVO+Penalty
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Waypoint tracking cost T
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Fig. 5 Graphical representation of the cost function

Fig. 62 COLREGs gap MW 2[5 H™ =2 Ak&to| of|A|0]

Cl. ofE S0{, COLREGs penalty parameter= 0. 50| , HHE
2 AEolM 18 E5 Al E2E0] 90%21H 80% olste| 5=
e 2 Y nIEr ARt MES SR st Y =R M
Zoz MMst 4= ?lon{, COLREGs gap2 10%0|ch ¢l 22
ZHoIM ™ F5= Al ZE=HE0| 70%2HH, 40% olste| ==t
ES Ze 1y n|E ARt Mse = Mpdler 3l 53 ME
Sz AHEH, COLREGs gap 30%0|ct. oix|etez Ze x=A

oM, TR Z4 Al £E&80| 50% 0[elojaje, FEE X7l
Aol M42 BF MPUS 2 SE M40 MFSic) T2l

COLREGs penalty parameterdl| [t2} COLREGs gapO| HIF0,

o|&= =l @ | )
lI_T_ - ; i Ho= 2 Compliant maneuver
RE F3 Al A2 2 Mool o2t 7RI |ght|ng) ofolzt > —"
C} Mulo] RSEMA MEHCKE E2E HHske Z0| olst | = aumi »
7| 2ol Mol disto] A= WAL JIEX|E W AFsICt Target ship / Own ship
Vo= AKMQ| £HE o= AMIS| MputEks ojo|si, vyee At Non-compliant maneuver
Mo| X == o|5t 2 M = o] He X == s .

1l en=Tes= T!‘J o '»‘1_‘2 Yhp= XH—L_' emrs Te Fig. 6 Example of how the COLREGs gap works in the
2 9ISt FE M Wekg oo|sict 4] (8)2] H|BEE THEA| head—on situation
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COLREGs &=E= COLREGs penalty parameter7} FX|H,
COLREGsE &Fotd= Z&0| HX|M, parameter?t ZHofX|H,
COLREGsE Zst{= d&o| ZofX|Lt, Igg 2lulstzie 4
&o| HZICE

4, &=3|u| Al=zo[Md
4.1 AlS2old ME
Mokste YE|Fe| Ms AS2 {lgt AlEeloldE flstod
ROS(Robot Operating System) gazebo 7|8t A|S|0|E] Alof|

M(Koenig & Howard, 2004), ClearpathAt2l Kingfisher 2l

S 235 x| AEEoldE fASICt. Feld2 2| &

AlSsio] Y5l FHLE0IM FH=l= X X 2EE 28
Slof, &5 £ YoiE & 2= £ FoiE (8t FE3uE

ro g

SSiCh AlSefold 4 % 32 Fig. 71} Table 12+ 2Tk,

4.2 ANlE2lold &zt

Fig. 82 AlE2lo|d St Apdnt BRIl MTAHRIE ZAlRICt
A M2 "S5 Mete| Atf2(o(n], XA o SA
&5 Mol Atiz|o|ct. AlEaolM 7H EHE &5 MEfle)
ZPE J63| LAsIzon], SM &5 MEtne] =P 285] LSt
Fet ZopliM SESlu] Al MY E sln] YREEC T pieiRlE 29
= 13| L3I om, 13.56 me| AthAZIE LIEMICE

Relative distance

EE £ Ile] AREsS eSsles AlEeoldg Elsiiend
T 0o FolMe HRez, shijel oM SME &5 sk
T MEsIIct HECE gEske F ool 2ol F o e £
Hokshs dme|Eel BN &5 Fofl= 7|de| 2TE|FS At
83l0d, LIMA| F ool RolMe 28l &= Fojs 7lgle] Y1 3
2|52 ARSEICL Mokt YhR|ES ARBSle RoM2 CiE |
S o= Mup S 9 MY ZPsie, A 2 Mulnh MR
Ch 2t MelofA] CI2 Atlo] 9|zl ZiakmEf 7|dlo| AMTE(Z b o ew we ww  wm e we
Fig. 8 Relative distance between ships
Table 1 Parameters for collision avoidance i
Fig. 9= AlZal(0ld ZTE TAIBICE 2 ZojollM ZA AM
Parameter Value ) )
T TR 2 Aol BES MM IS Bl BES LiERdC) Mot
adius of avoidance m _
2lo| 22 Muto| 3|u| HFAS o|o|5lH, SM oM ZARH 3
u/B 20.0 A= ojofzict Fig. 9(a) Bl Metm} 3¢ =2 Algolod
Normalization of waypoint cost 0.1 ﬂ‘g /(\:!_ —’F—%g‘%@lﬁ —%—%ﬁ% —c|>—/,\_'_r",_0| 8}‘\7 [[HE |’ QE%
COLREGSs penalty parameter 0.9 orH5|of Bl0{ UAMTH= MEFS RlZ SX|AM0|7| mj=of FAo|
- ofsiof H=E FAlshof Bick. aliEt ZP Aol Xl b
7= Mdke| HZE 3nlslo AT AE ERlE £ Ut
Waypoint § . — —
150 | A Fig. 9(b)}E M =2 Agolnf, Bel = AgolM & Mute
o] olslo A2E PEHE Bslof Bt ST =9 A=t
) OllM HH k= Mulol| CiSlo] AMdo] AZE = ¥y
- slof 5[] sh= 742 Selgt 4+ 2k Fig. 9(c)2t Fig. 9(d)& cf
50 1 . _ _ _
- usv, T Mulo| =Psk= AOICt s AlollA XM ?FHD}
<.l HHo|M =k Mulo]f CH5l0] ol 2lslo] Rz A2
£0 (c : 3 -©
z Waypoint USV, Waypoint £ HZslof gict AN F ohel MEks SAlol| Sl2|st| 28t
50 0, RECE EZE HHsIo| Fmlsh= AS =l Jkssict
-100 | =I |:|| == =
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5. 22 % 8%
-150 + USV,: PVO (V)
USV2: WVO Waypoint 2 oTofAlE Muto| Rig28te of8h Myt ZE5|m| U1z
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Fig. 7 Ship traffic simulation for the automatic collision TP ES ALSE &5 £ 22 23Rt =288 £
avoidance HollE L2|E X COLREGSE 7|HICZ sh= H|8&r+E A
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Fig. 9 Results of the collision avoidance algorithm
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