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Simulation and application of a ship track association algorithm based
on dynamic time warping and dempster-shafer theory
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2. National Engineering Research Center of Ship Transportation Control System, Shanghai Ship and
Shipping Research Institute Co. , Ltd. , Shanghai 200135, China; 3. College of Marine Electrical

Engineering, Dalian Maritime University, Dalian 116026, China)

Abstract: Reliable maritime situational awareness is a key requirement for the development of intelligent ships. Radar and
the Automatic Identification System ( AIS) are among the most widely deployed navigation sensors on board ships, and the
association and fusion of their data provide the foundation for intelligent perception. However, ship state measurement data
are often characterized by asynchronous sampling, missing observations, and uncertainty, which make track association
challenging. To address this problem, this paper proposes a multi-target track association algorithm based on Dynamic Time
Warping ( DTW ) and Dempster-Shafer Theory ( DST ). First, multi-source track data are temporally aligned and
represented using the DTW method. Then, multidimensional track features are fused based on DST. A two-stage association

decision strategy is further constructed to obtain the globally optimal matching of heterogeneous sensor data under
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constrained conditions. A multi-target track simulation dataset is established according to the observation characteristics of

radar and AIS targets, and the applicability of the proposed algorithm is evaluated under different scenarios. The algorithm

is further validated using sea-trial data collected from the intelligent research and training vessel Xin Hong Zhuan of Dalian

Maritime University. The results show that the F|-score of the proposed algorithm exceeds 0. 9 in the track association task,

while the performance fluctuation across different scenarios is only 9.03% . These results demonstrate that the proposed

method has high accuracy and robustness, providing technical support for multi-source perception data fusion and maritime

situational awareness in intelligent ships.

Key words: intelligent shipping;

simulation modeling

Bt RE M AR ™ Ml 1 PR e, 5 e B 5% 1 T
A PR X A AT S BB AR T
SR 2RI b0 S A B A ORI
A R TR A A o B 5 P T R N
HFATRGE T R S UL E ) S 1 SR AR
NI AR . Ho, TS S AR B S U R S8 (Au-
tomatic Identification System, AIS) &% A% WA
V2 I BIRR A% o ) 3 FE I M B A T E bR
FLIE Ry — AN B HUTF 51, 3% A Bl 23 R I )RR L
e P [RBTG5 A B
AL 25 Bl ) “F R AL o R T 1 28 A4 SRR A R A 3
NGB E B oe & AR 22 5%, il A 80 )
BIFCECE A ALS FITJE i i il 2 45 J& 1 [a) —
g b B AR IE A A

O IR QR SR RR I (U5 5 R )
WA FUR (@ S Re

1) BE T Ge T e 3G J7 V5 R R 232 1 (B R A7 K
WEHIE , 75 B B LI RE A, R IRk Bl
ARELESR ke AR R A R
Pz

2) B RTINS AR A Ve, 5| AT T
IS B R B T AR R R B o o (HAESEBR A T
AR =5 BE S Ak, AN SR s B iR R R e 5
B LA .

3) JRAA R 7 1 A T D R R I AR T R A
PR, 38 T/ IR AS 8 SR [, S50 8 3 v
IR Tk 2,

ST 5, A% 58 I T D AR 15 11 38 Bl 5 7
MG B AFTE A B e g (5 SR ORI
{ELMERA 5 55 [R) R, 75 75 46 328 AR B 25 il S5 20 Y
P RIAAWR, AN TR RN KR, sk
g2 B) 57 3 ) & #L ( Support Vector Machine,
SVM) 'S 2 2] k% T I8 P A 8 O AT
55 IXSE T 5 HAT R B M A K e
BO BT (] AR AP EAT 29 3R, 52 B0 e Ao 48 31 5%
IRAE R G o ARG I VA L, AR FE AL

trajectory  association;

dynamic time warping; dempster-shafer theory;

SRR AR ) B0 50 B AL 2, Ak N T
P W AR A2 2 I 7 5 b e A
ECSR AL ISP RN T 7, SR, AT T e X AR
SN ZREE A AEURE s T AR 3 ANz AL RE A 2 55
fa gt ,

iKY AIS ST E0HE O IR A 45 AR 0L B2 T3 A
R IRIRAR AR . R AR 22
1RGN SR 25 470 1 55 I 1) X 5% 15 AR 7 552 B Iz ]
Hh, 5y 52 T OB 2 Bk 2 154 52 A DR R T ML
iy M B AR DG &k g0 , 3l 2 I} [R] BE % ( Dynamic
Time Warping, DTW ) 553k i i £ 57 5 40 B30 7Y 3l
AU FE &L, WA ROR R RAE AR — B 5 £80
Bl Je o] B, iF 4% P2 35 ( Dempster-Shafer Theory,
DST) BEA RN SRR 14 5 16 20 285 0 5 55 His ,
ERBAHENE, WA QRS DTW 5 DST
B RFC 2 R e I TR AR i 2 SR IS IE , 7
AR R P PR A R, AR
T SCHRIR AT ST M AT s 4, [ 2 8 0 R 4
T a5 AR AN ATS R AR
A b H bR s Sl B A% s 2 B
PRSI B4 AL 58 B i | 2 3 50 AR SR A
AL Z TOUERE A S A S35 . A SCER
) DTW-DST $fi3d8 SR L I T 4K il 2 RewF
FEEG IS B 2L L 5 g S I ik, 130 45
RIAIE 0 B A 1A R [ I E B R A Y
HER I T
L A R

FESL IR RN ATS St 4l U e 5 152 52 B
RAUUAT IR A AR A i . S 4 T
S0 I PP ECHE AR M B 1) DTW O 3k, 5 1
Dempster HLIU 52 B AA 22 3l 25 R AE AR BLEE P Rl
A 3 AF B2 LR , 44K G 79 45 O K 1 ) 5 B e 24 110 O
15U LGEZI
L1 ZhiSHEMmE

DTW i it -4k 223 HIE B de /A SRe o) 5 42



32 B M R

55 49 55 4 )

AR [A) e 5 AR AL o 5 T B B 8 A LA [
DTW BETE I 8] 53 25 45 1 T S B S A7 500 AR AL B2
e

SE SCP R (RS HO TR) 7 3) Ky

A =1la,,ay, ,a,}, B = 1{b,b,,~--,b,| (1)
K1) thsa, b, e R Jg = HEAE G2 o] o B B .
DAL & R AR Ry 0, 5 LR PR IA S5 B D = (d, ;)

c Rmxn R

dl,l dl,z dl,n
p=|® e

dm,l dm,2 o dm,n

di; =l a-b1, (3)

KB) Hed, LR a; e A FIFUE AL b, e B Z[H]
4 Jey A 36 R FH MR PR B 158 h
RRAIE 2 AN ] 581 2Z (8] (4 % 55 75 ), DTW
RGBSR P =1 (o), (o) ooy (i) |
I LA R 2R A
1) AT {51 B2 46 5T
I, IFTEAS A AR
(i) = (1,1),Gpygp) = (myn)  (4)
2) B PR AR R AR KRB g AHAR
LiTw -
Ly — 1 € {0,1} Jiw —Ii € [0,1},
Le {1, f-1} (5)
3) FEZAH AR R R T AR, LLPRIIE
IR TR I — S
i =0 =l e {1, f =1 (6)
FEIX SRR T, DTW B 85 0] 2R i A%
P i/ N 2R
dyry (A,B) = min Z d;; (7)

Poipyer
HESR A LA AL ) BRI, 38 H R 5
AR F7 % , 30 A ) bt B8 AR I I S B v 2R AR
KA

0 o0 o0 o0
O €y €, €
(m+1)x(n+1) _ e
EcR = © ey €, € (8)

em,] em,2 o em,n,

€1,
e :min[ € ]+dw~,ie {1, ,m};jeil, -, n}
€i 11

(9)

K (8) ALK (9) v SE M E oo KT8 G, 46
BT e, BB A FIBLE B 2 FH0 5 DTW B 5.
1.2 E#EIEE
DST /2 Dempster &1, J52E My Shafer #t—3 %
JREM— R LR T 2 i DL ORI,
J& A A B S BC e B 48, T DST i 2 e D
ST ME 3 B 58 1) 2, VPR AT A B BRI S
T EA @ T8 A ™ F A HE” 1 RE T .
WFFEIE W] DST 7 Ak B ik 26 A0 R £ 40 i) 2 A 1
S i b A SR A — A R e R B
E XPUIHESE g
® = {Match,NonMatch| (10)
7 (10) v :Match 2y 2 28 5440 1% 2 LI F) 0 328 A
J& TR —At -y B H AR ; NonMatch Sy 2 A4 WL
XA HAR o @ FEEA MU S 6] 2
29 = | &, | Match} , { NonMatch!} ,®} (11)
S TC 45 i R ) A AT R B R Ay B A M 32 0 i
( Basic Probability Assignment, BPA) , Bl m pR%Y,
m:2% —[0,1],subject to;:m(F) =0,

S m(4) =1 (12)

ACO

A (12) Hrom (A) Ry HEASTT (5, S ot ddl A 1Y
EARBE RN ARSCH DTW i th i) gh 25 HH DL 45 2R
IH—A4t, J5ES d fE2h DST BEf5 /3 EryHA il it £
AESN A FERG G 22 U5 A B, (5 P46 RO Wl R B0
X4 BPA Jrih
s = (1 —a)exp(-Ad),

n=(1-a)(l-exp(-2Ad)), (13)
A (13) Hres HPIEXS R T [6 — BARI EAF s
ANgE T F—Hbr ) EAF s u AR B A R E
fEEE ;o S5E8e R4, FH T Jo o B i) 43
Be Fb ], o BB, 43 L4y w B BTt AR, S
XPZFFERIE A B A S R SE TR E
TEBE d AR, E SN

N S

IR TR PR UESE A FNEGE B B4/ 0 2
BT 1) 25 5777 AR B v I DG BB B, T A 22 SRR
B {5 A B T T R

YL AR AC O MG SR B4 5

Bel(A) = > m(B),Pl(A) = > m(B)

BCA BNA#Z
(15)
TE L 32 VT JE HE 22 o, SR AR & A Bel
({Match ) VRN RBRI B, R BUE ISR



RN, 55 - BT 2l 25 ] 1) FE A 5 TR0 3 A O 28 S IBR S0 0 B0 5 17 33

H PR 15 & B, T HEBR 7 0 SO 19 S Fr
TANUERES (d,) R (d),) AT — 2
PE(d,) 55 ZYERAEAE SR , B — FF IR0 57 et
BPA iy
m, = Cspyny,uy) ,my = (sy,n5,u,),
m, = (s3,n5,u;) (16)
BEXf 2 20 BPA, m #l m, , fl& 5 HIEEH

m(A) = 1 1KBOZZAm1(B)m2(C) A # O
(17)
TE S RAIK Ny
K = ngml(B)mz(C) (18)

1%t 3 ¢H BPA give, K i8N

K =5n,n; +n,s,n; +nn,s; +8,85,05 + 51,8, + 1,8,

3 (19)
K=1 FRMEER T2 A5, IG5 82
My = (0,0,1) (20)

HAH G HCT G J5 1) BPA Zp5h
1
ST g _K(313233 +8,8,ly S UyS; + 18,8, +
S Uyly + Uy Sylly + Uy Uy Ss )

1

Ny 271 —K( nnyn; +nn,u; +nu,ny +un,n; +

Ny Uyl + Uy Ty Uy + U UyTLy)
(21)
U Uyly
Yy = 7 g
IRZRAAEEA miy = (spy o i ) KB
A3 R SR 0] 50 v o DG E 1 S5 B2 L BRONT 2 TAR
FITCHIBE 255 AU , X Rl BT DST 1SRl &
7 10 B2 Bl M R R AR 3 WL A AN — 2k
BA BRI SR
L3 FHREEN
T8 T3 ) TS 1) BESCIR B AT R AL AR DL B A
FITE IR AIS B VT Be /K005 , 7 b AR BB R R4
FEREAT e IR T A 531
1.3.1 At E4E A 32 54 H) 5
BAL AR @ 5 J AL N, HAERS %)
t LI KN ) e Vo IRIXRGHE KA
AIS TR RN w ZRBUE AR B H S R R
B o ZRBNIE , FEEARLRE R 4
S = (My o) o (23)
R (23) AR M, R e AIS LD
5% j AR IRk DTW-DST 53A45 3 i Tk 5K
PEEERI . BN

(22)

M;\*'L“,\IS,J\"]'RMIM = S35 (24)
IS RE R iE AT IR B I e R, 51 AR E] 3
FPERLIENLH o 55 0 4% AIS UK N, T X
IETJ%:’ Ti,AIS = I:ti,min ’ti,max] ,% J %gﬁi‘mﬁ ]V/',Radar E,(J
Hﬂ‘f?le‘Eﬂﬂﬂ Tj,uadar = [tj,min ’tj,max] o .
Limas = Liomin o bjmax = Liin » Overlap, =120 s
(25)
A (25) H: EE X E
Overlap, = min(t; ., 4 ) — max(t; iy 4 o)
(26)
DS R LA SRR BEXT (1,7) A PR,
5 UK A AT TR AR B A5 20 WA A 67 TG 55 R, 3 i
TEHLE > T ICARTHE,
5| AFEES 258 # {H ( Distance Constraint Thresh-
olds, DCT) 5¢ Xt VE He 70 K 25 F 53, 1A B 5 B
TCARN TR E S 2 T B RTE R o X T
Ai=1,2,uflj=1 2,00, R S max > Sthreshold »
D2 A Wl O B A A B DT IC™ , 73 JU), JHC X 1o F) A 35
X R A P RN S TCT5 R BIEL S geapons FIBEE
WA SRS I TR, B XA R i E 5, 45
B 250 5 R ORI A A
[Fi) {5 %5
1.3.2 AT Re94AHRACEER
I 2 Bl B AERA E — AR R R IR , (P S
WU IR, E L IuR AR Ry
V = (V,;j) e {0,1}™ (27)
iﬁ(27> EF’:VU- =1 jj AIS i'f;jlﬂjl Ni,Als l—?'?é‘lti—mﬂjl
N, raaae R o AL TR I

n}/axzi ZSU C vy (28)
y o= J=

SRAR A RESE LA R S
vy € 10, 14,0 =1, u;j=1,+,v (29)

Zvijs‘l’i:l"“’u; Vijsl’j:l’“.’v
=1 i=1
(30)
Z Zvij$min(u,v) (31)
i=1 j=1

23R (29) B PR — BEA PSR s 23R (30) Bl ok AL —
P IR WL SR B3 A s e 22 555K A 05— (& IR
R — ST A S IR | B e — X — DG AR 5 29 o 2%
(31) #2 il 4 JR Ve e B B R, (DL B R T 2 A
BB HE A BR BN — A, TR i B P E . e
LA 19 25 2R — Al i 09 8 1S B 0 B
V" TR SRIK 20 0 B4 ] I i A 4 Je AR DL 7
3o T o T v R R i AR A i s RO SR A X



34 B M R

55 49 55 4 )

Q%EI-‘@EO
HT DTW-DST (k5 AIS ZIEPEFHESR
IRHEZR LA 1 o 5507 Al LL , IR HE SR AN S 5

------------------------

DTW-DSTE %

BREAS 5 22 50 2 0, AR LU AL AR o o Al i B R
Tt

AISHUZEE

T T IO PPN R P R

| falspes |

[meaka]

T LRt |

'E"lﬁfl‘.rﬁlDTWRE%H 4 H th(Si,nz,uz) I__;’ (m123)

LRt | !

AIS/ IR

I—HizgmwemH 7 P mosman) P
: — 7 :

e R BRIz X

________________________

____________________________

_____________________________________

Bl 1 T DTW-DST (yiRIAS AIS Z UL FHIECHRAEZ

Fig.1 DTW-DST-based framework for radar and AIS multi-source trajectory feature correlation

2 ERBREEEE

N RGP PLE SCHR A TEA W) b 2l P
T RYTERE , Bot AL R Sk H A i S 20 A4 15
FAESE . Horp iz SR ] TR UL A R IR 28 B
ik b HERRA R ERAEAT 5 15 1 e B A [ /Y R
R T 1 M P R AR ARG T 1
2.1 fREfERRER

THisg ATS SRAER(E B BA R EAMEE, —
IR Rl TR AN B — 1 S SRy BR M 1Y B A
o IR A B B A A R L B 1T
FOFJR R
2.1.1 Fi&

R4 ER IR T F S AR IR A, i R S e
T T AT (R 30 A5 5 R A0 AL B8 91 B 1 H A, ]
i 4 HARAIRTEE B 7 7 SOUE R ] S S TS
Bo BREBARMELEE N 1 ~ 45, BARRHIh
REFEHIE . TINAFTEE X, X H bR 43 B RE
AR, A P TR 2 AR RN SE IR R R
SRR B RR L HE AR R IR T ALS, HL
Joikka th H R AR S0y S TR UG R REAETE
R, FRIBATI IR AR /N B R B AR S AR
i AIS HARK) B TBL
2.1.2 AIS

AIS 2 E R 20 41 (International Maritime Or-
ganization, TMO ) ¥4 5 9 ] 22 % 755 & Wi A AR
T R M AN B R G, Fa @ ks v B i Y
J RSO i A A A, R R N T A H
USRS R YR I 43 241k (Time Di-
vision Multiple Access, TDMA ) $ A , 75 5 55 ( Very

High Frequency, VHF) {518 5¢ BUfi B H , nl i i
FIAZTEY o PR s A0 16 45 22 4 L. IMO
NAVA3 R R ALE ALS Hdls BB R 5 AT
REERGE ™ WK1,
£1 FEBBKET AIS HE B EHmE
Tab.1 AIS update rate of dynamic information under

different vessel states'*"!

AR BRI s
I/ 180
0 ~14 kn( AT/ 10) 12/ 4
14 ~23 kn (EAT/#:10) 6/2
>23 kn( AT/ 45 m) 3/2

IREXT 22 25 {48 AIS % & MR R gk 47 A 35
W, L) 65 5 5 2 AL A TR AL i R 5 [ %
T 5 s, ALS B4 6 AT R B T A
PREYIIRE, AT e PR BARA Ak VI Sl a0 s 1T
AR o PRI, ATS TG 3 R 500 S T 46 A A0 6
HHFrR,
2.2 {FEBIBER

15 BB 4R SR A S [R) d F e 7 g, 19 Bk
T [ A TR R AR AR A2 By, AL S A 1 A SR
ARAEFIALBIAT N o A% B UL I AR ER T iR
DN A2 A e B MR RS LA B B b o e 22
(O ot = 80 m) FII SIS0 19 R Ge M A% ([0, 200 ]
m) , B IR Py pager» TSI 1 ~4 s [1]
R BELIEL 5 ALS 45 AR X0 26 6 32 1 00 B 7 (o s =
40 m) FREE R HARBLAS ALS B4 I HESE R P, ats s
THH AT R A S IMO i TR



RN, 55 - BT 2l 25 ] 1) FE A 5 TR0 3 A O 28 S IBR S0 0 B0 5 17 35

PEAT Z2 SRR 21, BRI 5 9 1)
PRECR N BRMGARR 3 AR I T A BB
A, AT S TR L R sk 3 P A 5 5 4k
(3 ~6 min) W28 (1 A0 , LARH O s 18] 112 1] 1
FLSME, RS PR AR A 08 A 2k A PR
ARG5S B0 B2 RBE WA 2, 70 5% AR
] B4 T ] S (S 5 O) AN A2 2 A B /K 8
(IR

R2 WHARSGR THHESHIRE
Tab.2 Simulation parameter settings for two

different scenarios

Y R/m N 1/s (li P, ais P Radar
0 5 000 15 200 0.1 0.999 0.92
1 3 000 50 30 0.3  0.900 0.60

K Eh IR RIS ML A 3R O R A AR 2R e A
PR , A5 B AAS I I A A AR AR 2R 5 il s
FEBEEAG ALS HARM WCS-84 Aebn R0 1 A A
PRA (8 H AR AR AR AT AR AR , #5321 H AR
PR FAS T A A i A o o

[Fi)— F ARSI B R HE S AU RS R FH AR 1]
PSRRI 2 Pz R FIRH R] EC SR AE , T J0E A A
PRl AALAE R 2 DL 2 1A 3 /& 2 ml
S 0 ST b IR T R, AR RO
{1 S R K HL 25 8] A A 1, 24920 14 H Az sl 2
TSy 14 Pl A BE (3 5t IR S IR AH X
oo MILZT B3 X RHE AT AE 25075 ELAY
PIEFAE R 2 B %, TR Y ) A= ik o] S B 2
FURRAAA TR s Ak T30 BRODR 28, A 328 B 8 M1 S8 SUBE 42
WA o H AR A A ) B 2 2k AR D BC AR A R
R N o VB AR A A 1 R S AR O i

o BEAG - BEAO
s FEAR4 — HhTETEAE
25001 AT o AISTIE
o BEAS  « Rader Wl &
20001 PORERY - >N | s
3 .'-;5.;‘“*'&; i
1500F g.{ . ’
.-JQ" -
_ 1000f R, .-
\f I I
B 500f ~f
Toor -
—500} %

o -
~1000F TEet
_l 500 1 1 1 1 ]

=3000  —2000  —1000 0 1000 1500

AR /m
B2 50 W Bk 5 ALS FI ik SR
Fig.2 Partial target trajectories in scenario 0 with AIS and

radar navigation data

o BEAR44 - FEAR4S

s BEARS  — MU B
2000 °BEA3L o AIS W&
o FEA4 < Rader YUl &
1s00f " FEA39 o

1 000

500

3/ m

VA

(U

=500

=1 000

-1509 ' - ' '
=2000 -1 000 0 1000 2000
xAAFR/m
B3 s 1oy HARBLIES ALS I ik S Kl

Fig.3 Partial target trajectories in scenario 1 with AIS and

radar navigation data

itk SRS Sl ST S e L N S VR LR 2V
8 AL R o L AT SR AT 0 PRI

3 RB R g oA

3.1 HIEE
FIRSE 2.3 905 AR 22, il R — R
SRR 10 AN A 25 SR ) S A B 4R (R
2] 0~25]9),3 9 105 4 AIS $HEf0 22 138 4%
OV . Ak, S PEAL £ A AR SR T
) RHRVERE , 72 & F K F iz B I 2Bk i BE
BHOF5 SEYN 0 RS B 20 %7 %6 b k47 g Bk
FEHC 2024 4 11 H 27 H Mpg AL K SR 52
(19 31 785 ZWLINTC 5% , A4 4% 25 H AR AN 0 B ik A
AIS B4 L B AH B ) A5 205 B, B 58 4 5 XA
[114°13', 114°50' | E F45 B X [i] [21°46', 22°
32" N, “HELL T AR A X B AR A AN ALS
TIRAH R S 5 B ILE 4
2261 tERERBHE FHESMX IR
225 o AIS-TLEEREA
22 .4| * AISHEILEERE A

AT
230 Fk-IERA

i14.1 1143 114.5 114.7 114.9
ZR/(%)

B4 “Brante” Sl o X s 3 bR AIS TR %
SEBFERE AR B

Fig.4 AIS and radar latitude/longitude data and labelling

information of target vessels in part of the trial area of the

vessel " Xin-Hong-Zhuan"



36 FOE A T

55 49 55 4 )

AIS B dli 4538 ik NMEA 0183 4 38 {5 13
X ECH R SCARAS A 4% MMST 5 A2 A
i i S5 T A AT JERI B BB L £8 B A B 1) L A
[ B 1] AR AR S5 S 55 D B B WL Kk ) 6, 25
HAr 1D i} (8] 8. B AR B 2 5 0 FAD £ 2500 &
R
3.2 iE{EIEER

FULIIE S IRAT: 55 A I J@ F o0 4 2R [ f, AR SR
FAKETREE (P) A EIZE(R) FF-53 8 (F, -score ) 55 3
ANVEAGHE IR , 58 B T8 O 56 53 12 1) DG JE 40 1) e
1) 4 TR PAR

N,

P — correct <32>
Npred
Ncnrrccl
R - Ntrue (33)
2-P-R
Fr = P +R (34)

H(32) ~3(34) e N, A R LI DT P %f
W5 N, N FEAT B0 SRR BE RS G N e H
SEVE TE R IR 1 T 0 4

R € A0 B TN v ol R ) SRR I
(19 LG A5 5 4 [l 5 g A J A7 R SR BB o Bk TN S Bk
P o3 B EE A9 5 ' -score A A if 2 R 44 [ 3R £ 38 12
{H, BLRI F | -score 32 WISEIA REAT AR 3 LS 1R 5%
, H e R BRBE il WK o X BB AR AR VAL A EE
BT SR P AR VAL RE B IESE o
3.3 FERIESSEAMRE

ARICHEH b M fop 0 AR B 5k e AU
5 RSB BT BP i 22 0 45 114 QR 1
X 4 Fi B ARNE I BEHESE S AR EA TR T
5, 5 FEELEA R AR I F-score XL
WS . 25 5t05 BB REA RX 73 A TR 33005 o
AEZ2E 5 HPPAG A5 RAT S Wy BESE B, IR W] T A i
5 HE

1.0 1.0

0.8 e

)
+ 0.6 %

i
04 1%
- R
0.2 —&- % B o2

-1 0 2 4 6 8 1(9
MERR SR R

~ EBIE BB H D ~ KEXKBKEE  ~ DTW-DSTHIE

- BOE AT E ~ HTFBPHENME RENE

K5 ARSI 5 FORBAL N F -4
Fig.5 F,-scores of five association algorithms with different

scenario complexity

AEARF 355 0 = B 8% 2 o A B 5

Il iz S G I | B AR SZ 2R TP AN 7S ] 20 A
TF LI S8k A B g, e R ARAS: T A X g
PIVPAL 7385 30 BURNZ v iy, B Sy RV 2 157 S 1Y
23 [AIVCHC 5 2%, M RBTE T4 A3 15 R AT B3 B ol
Ko, B TAEL S EIME, T BP iz
KRIITETES 5 0 I PERENS A T . BEE 5
I R FE AR BE TN, 5T [ 7 25 o) BB & S4B B i 40
PR B S VE AN B AR S 7 v ol T I (R A [] 25
SRR AL (] B 1) Ab B RE ) B 2%, F -score 3 I8 JiE
O R 5 RO ICHR 7 12508 1 5 Ak 22 A (8] 28 1k
B, 5B R M P A R A TR R, AR —
BT THURE ST s BP #2228 AR~y ~J R ik 1] 52 2= A
VWS AR IE I C R . TE AR R 7 ~
Yt 9 v, i HARAILSN SRAF ] B i 2 R AN & 2k
SEA R BT P BT BLG il TR RN E Y SA
TR TR ER H AR R A R RS DX P A IR B Bl
BEOXE LA X 3, 4 o B v 5 12 2 R BN 4, i Ak T
DTW-DST fy8E CIK J5 270 5 2 i 25 E R T RE
PRAFHERRAS A A HNEE T o 10 B3 5=, frilk
ARBE: ke PR Bl R B B A R A OCHEF BP
M2 RIZE Y F -score fie i (BRI R A 1 22 (6L IXC 1] 53331
S 75.89% | 64.42% . 50.67% K1 37.58% , AL
BRAERRIE B 9. 03% , ik B L EL A5 B 4 5 e
e,

TERREAR B 2L %7 il g B ] DTW-DST
B RS I OCHR S R 6 o A8 14 5500
BB X RN 17 2 TCRCEE HARLE 1 h NI S8
R AR T RSB BT . KA
ML B AS B SR X H AR SFARTE Tl
B2 shiE 2 MV %5 FRiH ( Maritime Mobile Service Iden-
tification , MMSI) , JCER B35 G AIS A8 15 T i i
N2 R ) R B A % o T I LR EA Bk

2147
e e e =
22.12¢ ?f RS HRAE
| K o AIS-ILALFEA

2210 AIS-FEICRLRE &

.08k - e ’%Eii—ﬂ@ﬁ#zk
o . Hik-AR LR A
g 22,06} ",

22.04F T
22.02F

22.00F

21.98 . . . 1 . )
11440 11445 11450 11455 114.60 114.65 114.70
ZR/()

K6 2 DX Ik H BRI S IR 24
Fig. 6 Association results of target ships in the area of

intensive rendezvous



RN, 55 - BT 2l 25 ] 1) FE A 5 TR0 3 A O 28 S IBR S0 0 B0 5 17 37

SRR D0 . HARAEAA 525501217 F1 413391090 K
WL AHAS s B 160701019 5 24~ Joak H bRk &
2 HFr 412482422 F1 412529526 EAM B ES ;
T8 UL BARANE O0 25, 320 H AR Ak b e 28 98
H T A I XS R A . FEIZ XA DTW-
DST B 453 13 4 IERG L, F,-score &1k 0. 96,
FEAHR 31 785 Z5i gk ds 115 3] 89.09% A 1
JEFN 93.10% ()47 A1 58, & W S5k 7 AR 50/ 1) I AR
VCHC A K, Fy-score A7 0.910 5, UF 52 HE 42 1y
(G

ST S, SR e O BRI LS8R 4 i — 3K
FIUEW] T A R AR Ak, X AN SR T LA
b BB R .

1) 3F DTW [ 6 55 5 A, (8 55075 R 7
XTS5 25 SRAE A 9P O R 285 000 5 e, 4 BB (1] S 6
JERHIE

2) $- SR B 2 B AR RHE DTW AH{RLEE AR
b ST IEAE SR 5, Bl A DST 4 FEIRIE , 4 Hh skt
Go B — 328 Bl 2 FRAIE M P 5 ) () B 3 2o A A A )
R ATTCAF 08, MR T A5 2 B0 2R R ) B A5
R (B, e oS A s A A 7y [ L, S 23 5 A
Hefbab 3,

4 % i

“a

FRxig b ALS 55 Ik S AUREE O IBOMERL, $7 i
—RlEE T DTW 5 DST 9 fif i 5 I 5 ko i i
DTW X 5% 85 HOUT I8 /2 3], MAE DST 1) Z2 ks il 5
SN E PEARERERE ), R R DL BEREL I, i T 2R 5%
THAS 3] 42 Ry oSG IR UT T, A3 R00 X 1 A AR 3 A 4
Yo rP AR S 20 R IR TP ML A 5 B 25 ]
Ao R A AN R H b iz sl ORI i I
B R MU BRI 4R , X SR 1 I i
BEATPAG . SEUA ALS/ SR 0 HABE A LL , i K
SRR T I A s 00 B M 3 ] 4 1k D T
WRAMH . o, BB L& R i A s A
1, IR AE R UE A SCHR H 9 G HRAHE 2 BT R 119
PERERI

ARSCRTEES B BB s W sl , BAT B ) vl
SRR ST SR RE O A LSS A TP AR AR ik
FrERE R PSS B BN S A B Tl nl BERE I 3
P AR GELR SR TR A, e 2E AR RE AR 3 A I 19
WS FERMRBETEH, i T i — 2 58 30 B AR 5
(4 28 GE AR AL, 19 N 51 A B A2 24 A 9 D0 B3R (XL
TR ) LK 2o A TR Db R) - R 5 [ I, S IR B
LR 5 IR 2 AT U5 A B AT, LA

2

5iR S P A2 e S PR HIZ AR RE ) S R (EL

[2]

[6]

[7]

[10]

(11]

2 % X W

LeiJ Y, Sun Y, Wu Y, et al. Association of AIS and
radar data in intelligent navigation in inland waterways
based on trajectory characteristics[ J . Journal of Marine
Science and Engineering, 2024, 12(6) : 890.

Wu Y, Chu X, Deng L, et al. A new multi-sensor
fusion approach for integrated ship motion perception in
inland waterways [ J ]. Measurement, 2022, 200
111630.

Qian Y, Qi ],
identification based on multi-level sparse representation

IEEE

Kuai X, et al. Specific emitter

in automatic identification system [ J ].

Transactions on Information Forensics and Security,
2021, 16, 2872-2884.

Sahu S, Adhikari G, Dey R K. Tracking of object with
occlusion based on normalized cross correlation and
Kalman filter estimation [ C] // 2021 2nd International
Conference on Range Technology (ICORT). New York:
IEEE, 2021 1-5.

Qiu J, Cai Y, Li H, et al. A new track association
model based on uncertainty distribution [ J ]. IEEE
Access, 2023, 11 58890-58900.

Liu C, Xu T, Yao T, et al. Data association of AIS and
radar based on multi-factor fuzzy judgment and gray
correlation grade [ C ] // International Conference in
Communications, Signal Processing, and Systems.
Singapore: Springer Singapore, 2017 1315-1322.
Zhang H, Liu Y, Ji Y, et al. Multi-feature maximum
likelihood association with space-borne SAR, HFSWR
and AIS[J]. The Journal of Navigation, 2017, 70(2) :
359-378.

AT, TRFse, 2B, 45 JETaBk AIS 2 I
MRBAARET]. BT S5 R, 2023, 45(2)
746-756.

Cui Y Q, Xu P L, Gong C, et al. Multisource track
association dataset based on the global AIS[ J]. Journal
of Electronics and Information Technology, 2023, 45
(2): 746-756. (in Chinese)

Yi X, Zen Y. Asynchronous track-to-track association
algorithm based on k-means distance of nearest neighbors
[J]. Systems Engineering & Electronics, 2022, 44
(11): 3515-3521.

Yang Y, Yang F, Sun L, et al. Multi-target association
algorithm of AlS-radar tracks using graph matching-
based deep neural network [ J]. Ocean Engineering,
2022, 266 112208.

Jin B, Tang Y, Zhang Z, et al. Radar and AIS track



38

O M T

55 49 55 4 )

[12]

[13]

[14]

[15]

[16]

[17]

[18]

association integrated track and scene features through
deep leaming [ J]. IEEE Sensors Journal, 2023, 23
(7) : 8001-8009.

Kazimierski W. Verification of neural approach to radar-
AIS tracks association for maneuvering targets based on
information [ C ] // 2017 18th
International Radar Symposium (IRS). New York
IEEE, 2017 ; 1-10.

Xiong W, Xu P, Cu Y,

association with dual contrast neural network[ J]. IEEE

kinematic spatial

et al. Track segment

Transactions on Aerospace and Electronic Systems,
2021, 58(1) . 247-261.

Zhen R, Shao Z P, Pan J C. Advance in character
mining and prediction of ship behavior based on AIS data
[J]. Journal of Geo-information Science, 2021, 23.
2111-2127.

EIREE, xR, 2Tl RS —eZ AARiRE:
Bk R [J]. 5 5 4 B, 2024, 40 (11):
1951-1971.

Yan L P, Liu H Z, Xia Y Q. Survey on space-air-
ground integrated multi-target tracking algorithms [ J].
Signal Processing, 2024, 40 (11). 1951-1971. (in
Chinese)

Riwug, KRB, RIEIE, 4. HikS AIS W EARHE
FIARATZE G IR A FRIE B 6 [ ] THER AL B, 2023,
40(12) ; 193-199.

Tang Y F, Song Y, Wu H Z, et al. Feature selection for
correlation of radar and AIS with low speed target tracks
at sea J|]. Computer Simulation, 2023, 40(12) : 193-
199. (in Chinese)

Shafer G. A Mathematical theory of evidence turns 40
[J]. International Journal of Approximate Reasoning,
2016, 79 25.

Beynon M, Curry B, Morgan P. The Dempster-Shafer

[19]

[20]

(21]

(22]

(23]

[24]

(25]

theory of evidence: an alternative approach to
multicriteria decision modelling[ J]. Omega, 2000, 28
(1) 37-50.

Pastina D, Santi F, Pieralice F, et al. Passive radar
imaging of ship targets with GNSS signals of opportunity
[J]. IEEE Transactions on Geoscience and Remote
Sensing, 2020, 59(3) . 2627-2642.
Zhang X, Fu X, Xiao Z, et al. Vessel trajectory
prediction in maritime transportation; current approaches
and beyond [ ] ].
Transportation Systems, 2022, 23(11) ; 19980-19998.

Liang M, Liu R W, Li S, et al. An unsupervised

IEEE Transactions on Intelligent

learning method with convolutional auto-encoder for

vessel trajectory similarity computation [ J]. Ocean

Engineering, 2021, 225 108803.

Wei Z, Xie X, Zhang X. AIS trajectory simplification
algorithm considering ship behaviours [ J ]. Ocean
Engineering, 2020, 216 108086.

FEDHT, FRUNRE, SCIE, AF. AR ALS R AT
Bl A oG Sl [ ] sCDUBE 24l (B id
FHTHRMR), 2023, 47(1) ; 185-190.

Yan Q X, Zheng S X, Guan H X, et al. Association and
fusion of ship AIS and radar track data [ J]. Journal of
Wuhan University of Technology ( Transportation Science
and Engineering Edition) , 2023, 47(1) ; 185-190. (in
Chinese)

Sagild J A. Track level fusion of radar and AIS for
autonomous surface vessels[ D]. Norwegian: Norwegian
University of Science and Technology, 2021.

Lin J, Puthiyavinayagam A, Liu S, et al. Real-time
multi-object tracking using adaptive filtering and filter
banks for maritime applications [ C ] // 2021 European
Control Conference ( ECC). New York :IEEE, 2021 .
2239-2244.



