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Quantitative Assessment of Collision Risk Based on Actual Behaviour Analysis of Collision Avoidance Manoeuvre

by Rina MIYAKE, Member
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Kazuhiko HASEGAWA, Member

Summary

Preventing collision accidents is essential issue in safety navigation at sea. However, collision accidents still account for
high proportion of all marine accidents. It is effective to alert risk of collision to operators. However, the timing of alert
needs to match the operators’ sense, otherwise they may feel it somewhat strange or doubtful.

The purpose of this study is to evaluate the collision risk quantitatively between two ships in order to recommend
initiating the collision avoidance manoeuvre to operators. The authors have analyzed the actual manoeuvres extracted from
measured AIS data. Then, a new index to quantify the collision risk between two ships in a coastal sea area is proposed.

1. ¥ S

Al OMiT L 22 E 25 LT, BHEZGIET S L IFEE
THY, BHTRLLWEZRP =T IV B Y O/EBRARN
EERMMEICANT AL IEEGMTHS. EHEEILT S0
DOXEE & U T HEfZE TR E (ARPA : Automatic
Radar Plotting Aids) 23 %%, ZDOYE X FEEICERME D
U BHDLIERL->TWBREERDH D, ARHEREL X
SOV E OFDBEE DS EAoT VS,

N E TR OB LIRS 2 FHT T 5 72 OFRIER, W
KOMBEINTNG DIV Znsid, ZOIFLAEHHE
My 2L —22AVTHEAPBRNZEE LU THE L 2%
R TOEME DITE AP EDL EDA VR 2 —2HD<
BETHD. TNPXEBRIIHITLTWD & EZDilHie ot
DN ZDPELRHTHB.

—h, ba—xrYIF—ICLBEHEDTHRENLOBIL
Mo, BN EHLE UTHBHTIMOBFE ED ST \\Wd
OT), EARMITINICIE, A— b1 By FERBEIRELSR
EEHRINERE I & DT T 2 5 DD S8 RITEANTHITT 5
DETHD. EHEMGEWRE R TGS 20, e ofEKRzkR
HITBEDIZAWEEITTRL, TD& S 7% AT %%
W 57-00T7 VT ALNGHTEI LN TES. 207

* o ENIAPERRIEAN WL - VR - R EERANTSERT
i bt & e W

BORBRFERE R TR

R P £ A B

b, M OEsefERE & YN L, BT R & e T
52 L3O CTHELRHETDHS.

AW TIE, 33T CHEOBEME AT 5 Z L 2 H
e LT, MAAEERRAIZEE (AIS : Automatic Identification
System) TZAF U727 — XD 6 EERIZT b 72 iR %
AL, EEOERIZED < ERARE & E SIS 5.

2. MBI OERBERE

2.1 fEROME

PERMEIZB T 2RO —>EE/mME (CR : Collision
Risk) *) &2, MRAARIOMELEEMIE % TS 25412\ T
HEATHD. TOFMIEESTSEH, CR T LRI D
FHSEALE 3 & ORI 0 & P & 1 2 E R (TCOPA -
Time to Closest Point of Approach) & ETifiEf (DCPA :
Distance to Closest Point of Approach) % F\, ##éMERE
75 ¥ ORARE % F B U T Fuzzy #iimic L b kRdoshsd. CR
FEOEHEBEBESNTVS S B, HFMIAEZZD
S A LA GG R MEL, EEEM (CPA : Closest Point
of Approach) %t L7-%% UIXS <1 CR WEAD LARn &
DA VN Y TR AR ELTWS.

&2 AN, BAE SRR DY BAR O R RAR & i U 72 R
TRETH 2 LW L2 T LTWa a2V Y. %
D7-, CPAEERZIZEELEMEIEDT S5 CR DEHI,
VIBENZIZERZD, BE» S R b g Rz mEL T
CPA Zii@ith 3 5 X TOMILMEZEEIRE A #E KIS T
WS ERBZ V. ZOFBOEL, REREHIARO RS
BEE L 72121E, BN O HIZE DA BEIZ AT A Z 21X



EEAYIR, £, AW —, TOMOME OBz iz &
D F O E AT 2 LTEaARZ T E 5272170
FEEEZTELR L TV B &0 D BER W UL DR RB D N 12
KIELTWBEEZONS,

F7, BIREADAL VR a =05, EEOW LTI
S0 EOFFNARIE T 208, AT E A B L AR
DS 7RI - BEEE I ISR D B BB Tl A 1T
SBENERBD 2 Z e BbhroTVWS 10, Z0 k> i
OffE%EHET 2 L, BNPEBAD & 5 I IER7ZRHIY A 7
WIEWHHB T, 72 & ZISEMIBHA RSP ATE %5 DCPA
DR E X772 EI3HMpE OMEMIZ KR E S HEBINS., TORHRE
KOIED &SIy I 2 L — X EHWEEES, BBRERD
W, FH U 2@ HlR % &5 & s 0¥k o1E s >
ERCEERMNIFMTAIELHEL VWL EZS.

T TAIETIE, BMENERERANTS2Z2HKE
LT, UL MBI D AIS T — & 5 5 i D e 2 KT F 1Y
258tk oT, BiEORREIZE > EHELEREEZE
BIZ BT 5 2 2ilA b,

2.2 EREREOER

B fE bR OFEM Ak 2 TS a1 fE (U 22) 1220
T#2%. 1SO'Y Cid, fafg% Risk : effect of uncertainty
on objectives (BFEIZXT 2 AN DHE)] O LD IZESR
LTW5. fRfMOERIZY TIRD, HiEZ THEMENZ ML
ABBUDZERAHITTHIENTEL] LG EE2%E
Z5. AHEPZ % TR EHEPE I 2 EZ 505 L]
ETNE, TOREL EETLIrE L] & [T
RECENR 2 22 X B HBIROE VA S) L Ehi v
HELNRWV] THbHEEZLNS.

ZZT, i BEREPHEORE TRE AT EEOB %
Nl % THEEL TL 2D a > 8 2 AL IR 286 AS
DO ONRVGEN, ITNEEETIE2ETNNH D LWL
FEEST IR LEBLTVS. 7, A 1D 5
[TEZEDBEZh] IEHETIEFELZW] L LTWwWa, 2
ZTIk, MiEos 2N X IMEETEIhrE L] fEike
ML Eh R nhs LhARwv] GRAEDI 728D eF 2
T, ARWIZETIIEZE R IZRMRE R L 22D B ThE T
BINCEH T 2 e 3 5.

HRTOFNEE BT 5. #ME L, A o Rz /EHh
Ofxt A OE R (BUF, AAZdb) & o (B
T, FEXEEEE) A oELEOBTNEHE L, FHEHE S Dt
HRODEEE N OBHIEE, BN O IR RE 72 & % E 5 U T Y]
IR LR BRIA T 5. I, CRERR & O FEREE — 2 DL
FRER U ST L, DRI 7- Ll U7z & X125 %
MTLUD L OFHEHEE U IXROEHSITES.

FTabb, MEHBET L ERMMERT I ERY
DEHEITOIZTDL ELED, BMEIC L > THEGHRENE
bT2 e EIHYTHEERDL. ZDD, WHiZHKBT S &
EOMMAERT T2 L ERLEOEHETS & EDOWRI AT

52L& -T, BRENREU B EEGHRELIHS MR D &
EZD. £, BB ORIZIEMFICZ o TEF L RN
EEERE DBEIZ - 72 ETH Y, ZOBMEI b NIEE:
B NERERMT 22N TES.

3. BT —4I1CD2WT

RIS IR X iz AIS BRAE L 72 F — R 2T L, A
fibhlze &0 r—2 (LUF, #Hir—2) 2Lz, BE
NI, ZETORENH SN BHF NEO PRI AET 2
i & e R E D S mEUEIZE 5 3 - DD TO —fhiH D R
AVERIZBWTHEHTZ BN 2 L2 bz 199 77—
2D MEOBEBRERME LA, 2055, MR < ik
FHENC D S SHEEFHE & B BRI Z Rz 166 7— A %
RN 2 13 RIS 72 166 7 — A, X S IT{RREID
RN DRI S 2 @B L7 132 r— A&, #Bh%2@EBLE 34
F—2ZbFBEIENTES,

Bk U7z & 512, AR5 HYE U % Erg2fa s 13k o — i
DB BRAH 2 L Z X, BiEUTO LS HE Y §5.

1. SEEAMT - BB AAET O FHETE I o 7 AT E)

2. EHL - MHTFR & [ 24T E)

3. ERER 0 b & OFHEHEE S U < IZIROLE R 2178
4. EEMUT « BIRRAROITH)

One-step manoeuvre
for collision avoidance

Three-step manoeuvre for
returnning to planed course

Two-step manoeuvre
for collision avoidance

15 | @ Start time of collision avoidance (7)) R :
A Start time of keeping course (7,) ;
M End time of collision avoidance (7))
Returned time to planed course (7,,)

Heading change while
collision avoidance manoeuvre [deg]

| ™1 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time [sec] Time [sec] Time [sec]

Fig. 1 Typical patterns of heading angle in an ac-
tion of collision avoidance on course recorder
(drawn based on reference 14)).
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Table 1 Definition of collision risk in the previous study

13)

Region Action of collision avoidance

Evaluation function

Not dangerous Not necessary

To be noticed To prepare for the action
Cautious Strongly recommended

Dangerous Immediately

6>3.0-10°- D17
§<3.0-10°- D~*7 and § > 5.8-10° - D7
6 <5.8-10° - D~*7 and D > 1800

6 <5.8-10°- D7 and D < 1800
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Fig. 2 Subjective assessment of collision risk (drawn
based on reference.15))

FEH S, NS L CBNEASL T ORI O F 52 G IR %
B g % 728 Fig. 2 #3E3R L, 6124k 6 [deg/min] & AH%T
PR D [m] %A\ T Table 1 13RS 4 B OEEakE (4
) EEHELE Y. Znid, EEELICE TSR0 & R
MR AR ZAL L FEXT R &, Bl 2 REe, BEHE, F
B, BROFUZIZHBITL2HEDOTHD, Tho O ZE A
T5-RE (1) RTINS, 7B, BROFEKOEHIL,
Fig. 2 DfEMRFEIK L IZIZFR L TH 5.

0=a-D" (a,b=const.) (1)

T o OFEIE, EBGIE (Ty) 2300 TR
it O TR R 2 R iR E B L1, ZDO BT
23469 2 BRI (T0) ZMEHRIZ oL TRd72D
DTHD. BARMIZIE, BEEEROERILENBIGRE (1) ©
lo (o IEHEMRZE) OEEKEEZ B L ICERE L. — iz, 1o
DIEFHEX NI REMMER DG IS HBE 2RO 68.3%HE
FNDHPAE LTHWSONS. &, BEihE O 2kiRE
IR (Fig. 3 st 1, (1) RIEBVT, a=1.0-10°,
b=—-17ThH5.

4.1.2 RBROFEEDES

Table 1 2RT & 512, BROMEILER DD TN
FREEDSMBD TINE K 7072 8 EDIRIETH B DY, ZDRBMRDME
Bk, (1) RoAHAZAL & M EE#ED RO TR FER DM
IZEL. I, MHNEEEED D BELU T O & XM A
MboTHRTH L LBMENELUTVWDRILERLTEY
(1) RTRIN B S L MR PEREC & 22 ME IR
T, LREHG & O PEREZ 05 M Ekk & U 2 HHRERREDL b
ZHICHER L TB 720 20 S #iRE O DB 2 2 h Ik X
NTWsrHEZ5.

—HT, TOLIRHEERE, TXTOHEMED (1) X
D FAL AL & AR D BIGRIC & o TR E B U 2 fHIEASE
BOWESO NAIFETSEHERX S, £I T, Table 1 OB
IR 30D AR E L FLRAMIZ, 4.1 1HTHRAR
7= AR DSR2 BRI D BRAR £ 0 D D 20 fSHEIX [
(BRD 95.4%) %KD, FifiZEAb & A EE#ED AN FC
FHEXMEO T & D T A2 BROMES L L THERT 5. Fig
3%, HERUL HE/GMREL2RT. 72, (1) AckRIhd
BB OB DO REE Table 2 IZR 7

Table 2 Coefficients of redefined collision risk.

Boundary of Regions a b
Not dangerous and To be noticed 3.0-10° -1.7
To be noticed and Cautious 5.8-10 -1.7
Cautious and Dangerous 1.1-10° -1.7
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average curve for start time of collision avoidance
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Fig. 3 Redefined collision risk
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Fig. 4 Distribution of T1 (starting time of collision
avoidance) in 6 - D’ plane.
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Fig. 5 Frequency and cumulative rate by D’.

Estimated probability distribution

z —
E 08 o
=] ’
g 064 [/
.E 0.4 - ’l' — Not dangerous (a=3.10, =110 )
,;; i - ==+ To be noticed (a=2.2, p=210)
g 024, Cautious (a=2.4, p=280)
6 Dangerous (0=6.7, =50)
0.0 S e L L R m

0 600 1200 1800 2400 3000 3600
Non-dimensional relative distance

Fig. 6 Gamma distribution by D’.
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Region @ 154
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To be noticed 2.2 210
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Fig. 7 Collision risk in § - D’ plane.

MZLE RS 2720, KRR D A2 LIttt % & -
TERRLTWA.

BEBALAERSE (1) (OF)) DREETIZZ K D — AW ER
REBROERICOMA L TWBD, BHHFIGBEZD Ty (A, Th
(Om), Ty (OM) CTREBERLLZLOHMOERZ L L
LT LTED, B X > TEZEGEREIEVIRIEIZZ (L
LTWBZehbhb.

Rate of relative bearing change [deg/min]

0.001 LR |

LRI | oy T I;IIIII]

10 10° 10° 10* 10°
Non-dimensional relative distance

Fig. 8 Relationship of between collision risk and ex-
tracted cases.

X512, MRETIZHWTZ 166 ORI — A L 33N, HIEE
DR DUFKD AIS T — R 1S 2 DB — A & H 7= 12 HhH
U, TOHMEAE SoTHEN RO RRIZ b2 28T L 72, Fig.
9B LU Fig. 101, Zfrofiiiz 3 pMlRETRRLZED
&, ZOEHORME( L HEEREORGRERLTWVWS.
(a) 1&, FNETNOMAIDHEIT i & BHRAIE (T) Dk
EONMBEERLTWS. (b) DIFNERT T 7%, @FHIN S @H
o TSR L, KENZZNENOEMREE R LT
W3, %8, Fig. 8 LRABkC, HMEIZHNHEEZ & > TH
RUTWA70, (b) FOIFNERES T 7 DERDH DKL ik

CPA %@ 2 HREHICHY T 5.

Fig. 9 D7 — AT, (a) 2RT & D ICHITER Al A3 22
WIS TOREWBR TS - 72 2 & 5 5B & R I W
ODHEBOHFIIZH o7z Bbohsd. Zor E0RME, (b) 2
AT &S ITHRAREE (T) L OETRBREROHIZH D
FHOBEFIIEIF AT OREEE D LA SHITLTWE Z e h
5, i & ORI OEZRARE I —EDRETHIITL TS
EERD. MR BIG L 2 BIE, BT TR (T3) OERTE
T, REDHEETH 0@ OREGET & D £ BRAMTRBLZ
BRoTWBZLWHRTE S,

Fig. 10 TiX, (a) 2R T & 5 ICHUERZRHID S B\ Ofif
HBAHBOFIZ Ao TWiah oz Bbh b, Fig. 10 (b) %
AD L, HHBGRE (T) X9 ANCBR & EROMHEBIC 2 -
TWa. 20Dk &t REMOREEMET 5 &, R/EF
PRI S sE & HIN & U 72258 24T 5 TWzdd, AIS fEHMTH
WO E B L Tz & U T MR o T wa 2
Y, MR R O 5 Z O R T2 T b7 h o
eBbnsd. —HT, EHRBKEE (7)) SURIEE WO
BEHBRTEDRMCH 57z L Wb, RELMEEE K-> THIfT
LTWBZehbhb.

B EMS, Fig. 7 OFHMEAL & MR TR R & 5 &2
falRE ORI, ZD 2 DM —ADHNZE L TIXZY
ThHHLEZRDL. ESIMOr—ACHEHTZI LT, 2D
1822 fés BB O GTAIG S AR & CREFAR DA R HE DY 5 55
WZE ML TED I L2 RIS H2HEND D, £72, K%
TITEAARD 5 B de & & DIRPLD AU DWW THRGEE & 1T - 723
TREHIND & ATz & & DAL & ST BRI, £ DRFHIZ
(b AR ATEAL T 5 BERHUTIR D & O MR 5 Z &8

RTE. BEEL 727 — A28, X 51t —
ZIZHEA UMGEEZ T 2 BEDDH 5.

5. fElROAK

BRI, HANE A OMEZE O fE R & AT 2 R % R
5. BiEAEREEAT 2 BRI/ E T Z &
THh5720, Fig. 7 DRE L EEER OO B % HihH
IR OB RO % AT e UCIRET 5. 2%
Z DRI,

6=84-10>. p'7% (5)
TRINS.

Z O (5) RTHRE N D L7 BB AR O BEE % B 2
Tz SITHMFICEHMT S LT, Fig. 10 (a) D& S RHEW
DOIDFER TERWIRI TS, AIS 25 DR E L ITRH
ERioTEHINTEBLERS.

6. him

AWIZETIE, BinE I fabRze BRI 5 2 &2 HIZ AIS 7—
R TN WO FEBZ RN L, PIFITRd =i
] D1 2 i IR 2 5 KL FTEA L 72



=g
5
Q
= 10
(]
&en
g
<
=
© 1
en
g
3
3
S ol
2
=
=t
< 001
[0}
=
(=2
0.001
34 45.0'8 34 55.0'8
Non-dimensional relative distance
(a) Trajectories (b) Collision risk and time variation

Fig. 9 Collision avoidance observe in the water of the south coast of Awaji-shima (Case 1).

10

0.1

0.01

Rate of relative bearing change [deg/min]

0.001

34 45.0'8 34 55.0'B
10' 10° 10° 10* 10°
Non-dimensional relative distance

(a) Trajectories (b) Collision risk and time variation

Fig. 10 Collision avoidance observe in the water of the south coast of Awaji-shima (Case 2).

1. BH S QETMEE S & I2, HAZL MR Bl T RHENE S GEITE LT EENE DD, AR S
LT AR B AR O o 0 I AT B RHBE A AT IEAEIRE DRI L EHTE 208 D hOMGEE X 512
B D 20 EHEEMO & b T HZBROMFEEE LT BlIBDFETHS.

F7IZEHL, BITHETTTIIERL TV 3 DDMHE
Ha G, 4 BIOEERLRE ) 2RLU7%E. I

2. FHXTHRAED — A2 MO R XEE L#t O E TH 5 AIHFEDO—ERIL, HARZPMHRASEIEMZE LS T2 (B) (No.
= SRR TT A R % 5 o T, BEATTBE A R 0D A KT B A JP15K18297 f3E# : ZEHR) OXEEZIITHEML 2.
B O E P MO EEIC L o TRETE S Z
EERUT. 5 £ X #k

3. AL & SRR WS Z e iz kD, dEiE
FbA S 2D HIH & HEHEAEIRT 2 £ TO—EDOTE AL
HTEsZ &R

D ERZT - WHEORDMN & HEIZDWT (F
B 25 4EhK) http://www.kaiho.mlit.go.jp/info/kouhou/
h26,/k20140319/index.html. (ZH 2016 £ 8 A 30 H)

A BRI OWROBIRE AT SWAE LT, BMEDT g ppon, s 52 AIGHSIEONRNT - AT - BWRARYT
T IS 2 ISR & KT A LR U 7. DL Y, FANIEERHRIE, %56 5, pp.101-109,

WRIT, T OEEEREDOFAMA, i & REH O R 1976.



3)

1)

10)

11)

12)

13)

14)

15)

16)

JFR - EREERIC B 1) BB EOARINE, HAMIEY S
i, 285, pp.33-40, 1991.

H =, HEEE, R E R GEZ RO 72 o
OFAMNH A R T4 VBB B5E-1-: BRBEE T O
AICEED B O WHEEVEREA, HOARHIHEE KRR,
98 5, pp.225-234, 1998.

E#/)IFE, LHBE : Fuzzy $IIZ & 5 B8BTS 27
LT o %%, BTSRRI RES, B 205 5, pp.1-10,
1987.
MUNIN:http://www.unmanned-ship.org/munin/ . (%
HH 2016 4= 8 H 30 H)

DNV GL : The ReVolt,
technology-innovation/revolt /index.html. (ZH{H 2016
8 H 30 H)

K. Hasegawa, J.Fukuto, R. Miyake, M. Yamazaki : An

intelligent ship handling simulator with automatic col-

https://www.dnvgl.com/

lision avoidance function of target ships, Proc. of IN-
SLC 17, 2012.

SRR, BAEA, BERNFE @ AIS fifkT — X2 &
D T FIEOMNT, HANIM Y 25 CE, 133 &,
pp.66-74, 2015.

R Miyake et al. : A User Test of Automatic Naviga-
tional Intention Exchange Support System Using an
Intelligent Ship-Handling Simulator, Proc. Of Control
Applications in Marine System 2013, CAMS2013 (9th
IFAC Conference), 2013.

ISO : Risk management - Principles and guidelines,
31000, 2009.

WA e LEETHE LD HEOBSEFN] IZET 2
—Z5 —RIC B BRI R 2 Ui —, B AT
A, 6 90 5 ,pp.331-338, 1994.

SHE, @AER, EA)IME  AIS F— & % i\ /-t
DTN D < BLSfEIREERTAN, HARMBE:XH
X, 55135 %, 2016. (fadkHEw) .

BEHEIRSE, BRI, FE: i EZBTY, pp.96, #ECHE,
1981, ISBN4-303-23401-X.

JFER, R, kit i ExmiRIIz BT B i E
O EBNERETAM, HAMBESRXE, 835,
pp.71-80, 1990.

AT, FE S\ EWHERZ VTR E T,
HAMEE2imXE, 2755, pp69-77, 1986.

T &

[FExJEest & AhMiZibl & ITCPA & DCPA] D&

X
_VDAt.
Pt+At(Xt+At’ yt+At) RANAY Pr ( X, Y, )
S VA :
R ShipT
Dit+ay),” VAL
- 'D(t)
VAt B\
A oerar)
S ) y
0
T ShipO

Fig. A1 Relative relation between Ships O and T in

small time difference At

BS%1% ¢ [sec], MU At ORIZEFHA Ship T A%, 5 P,

MO Poans CBEILZE U, #HUH Ship O & (—FHR

T O ERI% % Fig. Al O X S 1cE#73 2 216,

Ship

Vot Vi M—RDELE, Vip & V,y b —-ELRBDT,

TCPA 1% [
TCPA=—-= =
D Vry
b, MNEEEE D BT S, —F, DCPA I
TCPA
DCPA = / Via(t)dt = Vyw - TCPA
0

—7%, Fig. A1 &9, Vo, 130 2VNEIFUE

C [ Y

Y720, FRZAL 6 L KA D 0 ST AT 5.
X512, (1) X% TCPA ¥ DCPA %ffio THBT 5.
KRB L0 (Ad) Rb S, MBS £ OHAZIE

D =TCPA-V,,

. VT
0= DCPA- 2
Yy, (1) ROALE
. V.,  DCPA
0=DCPA 53 = Tcpaz v,

L7b, (1) KoL
a-D" = a(TCPA-V,,)" =a(TCPA" -V},
Lk, bbb (1) R,
DCPA=a- V- TCPA?

L7320, TCPA & DCPA %{fioTHRTILMTE 3.

(A1)

(A2)

(A3)



