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Abstract: The bearing-only multi-target tracking method employs passive sensors, which do not actively emit signals to
typically acquire only the angular measurement information of targets for multi-target tracking and cannot obtain radial
distance information. This method faces three main challenges in practical applications: first, because passive sensors
only obtain angular measurements of targets, the measurement information is incomplete; second, the measurement
equations exhibit high nonlinearity; and third, the sensors might have received clutter and other non-target-generated
measurements, leading to measurement source uncertainty. This study addresses these issues by proposing a multi-
sensor greedy pseudo-linear particle cardinality balanced multi-Bernoulli filter. Firstly, the Rao-Blackwell theory was
employed to decompose the mixed target state vector, treating position components related to measurement values as
nonlinear components and velocity components unrelated to measurement values as linear components, and processing
them separately using particle filter (PF) and Kalman filter (KF) to effectively reduce the dimensionality of particle fil-
ter sampling. Secondly, a novel particle sampling method was designed based on the pseudo-linear Kalman filter
(PLKF) to address the problem of traditional particle sampling heavily depending on models, i.e., using PLKF and the
latest measurement information to construct the importance density function and sample nonlinear components. In the up-
date phase, a greedy measurement partitioning strategy was employed to select the optimal measurement set, and the
measurement information in the optimal measurement set was used to achieve centralized fusion estimation of multi-
target states. Finally, the simulation results were verified, demonstrating that the proposed filter in this study effectively
and stably tracks targets using only angular measurements in cluttered environments. Compared to the benchmark meth-
ods, the proposed filter more accurately estimates the number and state of targets.

Key words: bearing-only multi-target tracking; multi-sensor; cardinality balanced multi-Bernoulli; pseudo-linear Kal-

man filter; greedy algorithm
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Fig. 1 Multi-sensor bearing-only multi-target tracking system
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PHELAFAERE 3 rf) 2 MR pl(x)
HERFEIFH R TR Wi = 1

end

W = {00 )]

M,
i=1

4 FEX®

SR B R 0 A AT O B SR, I 5 SOk
[10] vh 2 15 2% &% B0 28 34 F- 5 2 H A5 218 35 A
(Multi-Sensor Greedy Cardinality Balanced Multi-
Target Multi-Bernoulli Filter, MS-Greedy-CBMeMBer )
ST 2 AR RS 1% AR T i 240 %5 R (Multi-
Sensor Iterated Corrector Cardinality Balanced Multi-
Target Multi-Bernoulli Filter, MS-IC-CBMeMBer) ]
L HEATVERERT L o EDT ELSEE T, SR BRI 148
2 40 Fic #E B2 (Optimal Sub Pattern Assignment,
OSPA) Dy e 22 JE 4k, H vt OSPA B W1~ 2 444l
R HBGETTHF c=1000 FIB p=1.
41 FEXBRE

(DF5—: HZizsh HiniREE

TE LG, B8 5 BN 100 s, R T30
200, fBE 5 A4 H Fn BE L AE W X 5K [ -2 km,
10km ] x[-10 km, 8 km | Y tH 3. H bRz 3l 15 B 40
K2, K2 Bz ) HAREY B

®2 BREIHERR

Tab.2 Target exercise information table

. ‘ A4 4k
i H RS e
g [ .]r Ay %1 Fiof %1
- YLy s Is
1 [0.0,130,-60]" 1 15
2 [500.-500,100,-105]" 8 82
3 [ -1000,0,60,90]" 12 46
4 [500,1000,75,75]" 16 84
5 [0.-500,70,-105]" 26 100

1B B ARS8 B 2k 8l B R IR S AL G
EVQ DN NES R T S Ly o
x,=F_,x_,+w,, (51)
Hoop, o R MR B 7 22 4 BE Q. =diag{[100 m?,
100 m?, 400 m¥s*,400 m¥s*]}, H #5 4k & # B 4
MEF,

1 0 T 0
01 0 T

F, = 52
“lo 01 0 (52)
00 0 1

Horp, TRIR AN, I T=1s.
A 3B AL BRER X B AR e 30, 457 &
4% 314 (0 m, 6000 m ), (8000 m, —4000 m ), (9000 m,



5113 RINGE A FETHECPA 205 RN 1) 2L BRER i  f Z2 B bR R 2057
—_— HASia gl H bR py B S .
ool A A B 5 AR MBI 7 /2 535 30, BB B 25 R g o=
4000 0.03 rad/s, H Atk ARG 20 (1) B9 2R PE w3 2%
2000 / 1, PpI) 252 SR AN R
£ 0 .
£ oo 10 sin(e)e —(I-cos(e))e
4000 A X 01 (1 —cos(e))/g sin(¢)/e Xt
6000 00 cos(e) —sin(¢)
~8000 .
00 sin(¢) cos(¢)
~10000 - ~ - ' -
=000 0 2000 );ti(‘;o/g1 6000 8000 10000 (53)
— Hbrl — HA53 — HA55 O Hiswldahs 4.2 FEERSH

— Hbr2 — Hbra A RSB ALE S BbrgabiE

K2 EZkiz s HARE L

Fig. 2 Linear motion target true trajectory

7000 m), H b A5 R E G 0 (2) B9 AR Lk ME w3 2%
o FrA HAR A6 R AR5 B P,=0.99, A5l
HEFN Py=0.95, F il MR ) 25 0 R=2°.

BUE 29 ) 0 A Tl zs 6], A H IR A =5
[SMER VAR i /I\HHL?'J%‘)?EIEfE&‘?’F‘JﬁJ\EE@ﬁT*%%
Hor=02,i=1,---,4, 25 [0 # 2% F o p'=N
(x m?, P ),,\EP m(=[0m,0m,0nvs,0m/s ], m?
[SOOm,—SOOm,Om/s,Om/s] .m'’ = [600 m, 600 m,

Om/s,Om/s]T,m(“:[—SOOm,Om,Om/S,Om/S] P,=

diag ([16000 m, 16000 m?, 5000 m*s*, 5000 m*s* ] ).
(2) st = e aa g H ARt
07 FS B B R B 202 Bl H AR B 7 5 A

— 3, ME— A6 Z AT T H ARs SRR ] 18 3
8000
A
6000 -
4000 |
g
= 2000}
=
0 L
-2000 |-
-4000 : - : s —
-2000 0 2000 4000 6000 8000 10000
Xiith/m
— Hbr1 — E#R3 — HIzS O EW¥IEEA A
— [#R2 — Hizd A HLEIAE K Hiskab g

E 3 #2592 ) B AR E ST

Fig. 3 Turning motion target true trajectory

Pl 4 LS 53 5 R A SO X LS sh R 25
iz g Hbn o BAGTHRCR B . &6 B 7 43 518 AN ]
B ks 3h HARDEFT 100 R SR 2 S iy H
FRBAGTEXT B R E 25 OSPA 1R 224k 11X T He o
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Fig. 4 Linear motion target position estimation diagram
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Fig. 5 Turning motion target position estimation diagram
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Fig. 6 Linear motion target potential estimation

comparison diagram
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Fig. 7 Linear motion target OSPA error distance estimation

comparison diagram

HR 4 6 AT« A 55ETERT 100 2009 H A5
PAGTR 2R/ X = A s 8] H AR 91 1R 7
BB AER SR, 24 HARRIGR 7 B AN HERR B, MS-
Greedy-CBMeMBer 5.7 il MS-IC-CBMeMBer 5. 7%
H AR Sl i 22 i G K, (R AR SCRE B A T3 9K
O fE W B E H bR B A= FBE TS, MS-Greedy-
CBMeMBer . 5 fil MS-IC-CBMeMBer & = 4 H #1L
H n e 15 000 , 1 A SCREEATy RE 8¢ R HEAf b A 1
Hbr 5 5 24 B b 80Uk A= A8 fL i, MS-Greedy-
CBMeMBer . 1% F1 MS-IC-CBMeMBer . 1 %} H #1
B AT AR AR ], A SCEEE X B bRl il
THEERF /N B R 2 B T AR SCE M A T PLKF
I I B AL 9 (5 B A 1 F B R R, (LA S
2 B F A DAL AR 52 ), AT Wi iy 6 PR

FRAEIE 7 0] AT A X LR AU
% OSPA 1% 2 fix /Iy 7E M [F % L T, MS-Greedy-
CBMeMBer . ¥ 1] ¢ T MS-IC-CBMeMBer 5. %
OSPA 1 2= 5 /N, 13k BH 53 A% 100 3] 43 55 W (4) A 3012k
AN, 78 B AR%L B AT e B, A3 T MS-Greedy-
CBMeMBer 5.1k , A LA 7L OSPA R 228N, X IH
TAR SR A o o i B bRARES 28 18], 454 KF I PF
O3 AL LR IR S A AR LIRS B AT
B RLF IR UL, AR T HARIRASZS MR 4R, mT LA
AT B ARIRA IS 2R, 25 B s B8
A DL K BARBETRT, BT A3 357k 25 3 OSPA i 25 1
{8, (EAS SCHA 6 1 OSPA 1R 24 WA I sh# /N, 85
PRUEAR b T A vk A A 75 2 B A ol B %
PRIER, A SO R WAE B L A9 15 B R4 T
T, WEGR T R R TR AR X 38 5 B0k AL
E P SR, 25 BRI A SCE L RE S 7 AR I
WES N R E A SO IRE: A g, 5HABA LA L,
H OSPA R 2R/, BRI A T HE R

(&l 8 F1IEL 9 43 ] hy AN [ S92 % e 25 3 3y H A i
AT 100 RS2 5ER 2 5256 04 B AR Sl X L B AL 25
OSPA IR ZEATFXTEL . L ] 8 MK 9 AT LA Y, 2
HAni iz shit, 5 HbriE 2z st A L, T fy
BN OSPA IR ZE MIFVE TR ZE M A BTk k. SR,
AR B AE AR 253 shi A T0 LU
B A RREAE 22 A SR T RS HA SO IR ER B AR,
JF H OSPA R ZEMK IR I/ )N, B AR Al 58 R A

K3 NITAFIE IR GRE R Y LR 1817
B 1R, AT A, A [R5 i 3 A7 B 1) e 2 s 4
) S T B85 hn, e AR SR Y i SR [R] A,

10 20 30 40 50 60 70 80 90 100
A [a)/s

— FL5% [ h5 4 ——MS-IC-CBMeMBer
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K8 ez sh Hbrd bt xr telal
Fig. 8 Turning motion target potential estimation

comparison diagram
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Fig. 9 Turning motion target OSPA error distance estimation

comparison diagram

R3I BREFFFLRAFHETHE (s)
Tab.3 Average run time of single Monte Carlo

experiment (s)

R C];\/[I\/[Se;/fBer g]il\?«:;’[e];]z:’r RIS
200 1.608 2.855 13.969
300 2.932 3.138 16.631
500 3.563 4.324 29.815

AR () 32 S [R] A B . O PR AR S
B TE MS-Greedy-CBMeMBer B ) Al |, R
Rao-Blackwell B KH R A B Am IR A ) 1 70, 377
JH PLKF e 2 WA 5 A 32 o 1 28 32 pRi 4
iAo 3 N N =N

Ry it — 20 B AR SER A RE , TR A [F) 4% 3 R )
HER T X H 21z 8l B bR kAT 100 IRSEFFR & 05,
I35 BT A B3k 1 1 8] oF- ¥ OSPA (Time-average
Optimal Sub Pattern Assignment, TOSPA) 1% % .
&1 10 A i A SRR AR A UABE 2R 3204 0.95 Bisf, A [ 2%
R 100 K SRR 2 S5 1 TOSPA 5 22 % L4
11 8 i A R AE 2 B 36 34 R 5 I A [ A 0 A 4%
T 100 R S4E R 2 9250 9 TOSPA TRZEXS LA IR

MG 10 /& ) 2 A P B0h 5 1), MS-IC-
CBMeMBer &% i) TOSPA 1% 2% £ K , MS-Greedy-
CBMeMBer H.7E IR 2, T % SCHE H B 5878 ) R B
35 /N TOSPA 222 o Bl A A% A< 1 35, e
A 1 TOSPA 1R 22 ¥ B i K. R0, 5T Lk
DL LG A SCEE TR AE AR TRl 22 % 3 T B
R /N TOSPA 1522 . R, AR T HA A 125, A&

900
800 |
700 b

600}
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Fig. 10 Comparison of TOSPA errors at different clutter rates
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Fig. 11 Comparison of TOSPA errors at different

detection probabilities
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AU 1 B e I E5 i , BB % BT MER Al 1T B Bl A
W&



29

2060 5]

Jo

4t B %40 %

5 4Zhig

A S X 2 ik BB A 4l 7 A 22 H A R R
L, BT — o 2o A% SR A BB O R M T AT
A0 5% F e P A Il B S A5 2 DL 45
W (1) A 3C i #1253 1 R PLKF A58 12 04 8
e VR T R T A% 58 PF R AR PR AL E
IBL T 5 (2) A SCRT 3 74 45 &5 Rao-Blackwell
W RHT RUCRAFE T 3, FRAK TR F R B4R T 1 =
H bs R R 5 (3) A ST $ 5800k 3 ok 9 A o Rl
43 R W R o 2 A SR R ) O ok B A R I AR A
R A R T 2o A% s B A s 42 )t (4)
TEZR P PR BT, A AT 0 e O 25, A SCRF R B3 14X
FILFH B 2 BB | B8 4% 5 ME AR A5 T H AR B0 Fn
ARZS 5 (5) ARSI 3o T A5 SR8 AN A7 18 58 0 D 22 15 1
R RER Y QU s R s R
TRATTE RE M 22 B Q0] % 22 H AR 2EAT v 28 L
Y R o

5% 3k

[1] ZHANG Yingjie, LAN Jian, MALLICK M, et al.
Bearings-only filtering using uncorrelated conversion based
filters [ J]. IEEE Transactions on Aecrospace and Elec-
tronic Systems, 2021, 57(2): 882-896.

(2] BEER, SR, S0, & . =giasimaidyfiZ Hir
i PHD SE[T]. He 2741, 2018, 46(6): 1371-1377.
XIONG Zhigang, HUANG Shucai, YUAN Zhiwei,
et al. Bearings-only multi-targets tracking PHD in the
three dimensional space [J]. Acta Electronica Sinica,
2018, 46(6): 1371-1377. (in Chinese)

[3] FAN En, XIE Weixin, PEI Jihong, et al. Improved joint
probabilistic data association (JPDA) filter using motion
feature for multiple maneuvering targets in uncertain track-
ing situations[ J]. Information, 2018, 9(12): 322.

[4] BLACKMAN S S. Multiple hypothesis tracking for mul-
tiple target tracking[J]. IEEE Aerospace and Electronic
Systems Magazine, 2004, 19(1): 5-18.

(5] WRBHARER . BT a5 3 AR R A D 2R 1k R R 2 ik

FEWFFEID ] R . i FRHER, 2023.
OUYANG Lingiang. A research of pseudo linear Kalman fil-
tering algorithm based on bearing only target tracking [ D ].
Chengdu: University of Electronic Science and Technology
of China, 2023. (in Chinese)

(6] FE3CZE, vERHG, R&H, % BT HE N E SR

Z AARBea kil 5 i i ()], 5 5 4081, 2022, 38
(3): 474-482.

DONG Wenhao, WANG lJingyi, SONG Zhiyong, et al
Multi-target joint detection and ambiguity resolving based
on adaptive birth density [J]. Journal of Signal Processing,
2022, 38(3): 474-482. (in Chinese)

[7] ZHANG Qian, SONG T L. Improved bearings-only multi-
target tracking with GM-PHD filtering [ J]. Sensors, 2016,
16(9): 1469.

[8] XIE Yifan, SONG T L. Bearings-only multi-target track-
ing using an improved labeled multi-Bernoulli filter[J].
Signal Processing, 2018, 151: 32-44.

[9] TOBIAS M, LANTERMAN A D. Multitarget tracking
using multiple bistatic range measurements with prob-
ability hypothesis densities[ C ]//Signal Processing, Sen-
sor Fusion, and Target Recognition XIII. Orlando: SPIE,
2004 : 296-305.

[10] SAUCAN A A, COATES M J, RABBAT M. A multi-
sensor multi-Bernoulli filter [J]. IEEE Transactions on
Signal Processing, 2017, 65(20): 5495-5509.

(1] EE, skFie, ), 55 BUkR & 20l 240 %5 F g

P as KT 2 BFRIRERLI]. 7272440, 2021, 46(4) .
508-518.
WANG Guanqun, ZHANG Chunhua, YIN Li, et al.
Underwater multi-target tracking using improved multi-
sensor multi-Bernoulli filter [J]. Acta Acustica, 2021,
46(4): 508-518. (in Chinese)

[12] ARULAMPALAM M S, MASKELL S, GORDON N,
et al. A tutorial on particle filters for online nonlinear/
non-Gaussian Bayesian tracking [J]. IEEE Transactions
on Signal Processing, 2002, 50(2): 174-188.

[13] HOSTETTLER R, SARKKA S. Rao-blackwellized
Gaussian smoothing [J]. TEEE Transactions on Auto-
matic Control, 2019, 64(1): 305-312.

[14] YANG Yanbo, LIU Zhunga, QIN Yuemei, et al. Novel
pseudo-linear Kalman filtering for 3D angle-only track-
ing in the presence of observer’s location errors[J]. Au-
tomatica, 2023, 155 111114.

[15] NGUYEN N H, DOGANCAY K. Improved pseudolin-
car Kalman filter algorithms for bearings-only target
tracking [ J]. IEEE Transactions on Signal Processing,
2017, 65(23): 6119-6134.

[16] #bn, KRB, KR, 55 . T8N 2 PLH T2
oA Z 0L H AR IR ER SR (D] i T 51E B4,



511 1

RINE T

S FET I 2R 55 RN ) 2 AL AR a7 6 22 F bR R 2061

[17]

[18]

[19]

[20]

2021, 43(7): 1962-1969.

YANG Biao, ZHU Shengqi, YU Kun, et al. Multi-
sensor multiple maneuvering targets tracking algorithm
under greedy measurement partitioning mechanism [J].
Journal of Electronics & Information Technology, 2021,
43(7): 1962-1969. (in Chinese)

SCHON T, GUSTAFSSON F, NORDLUND P J. Mar-
ginalized particle filters for mixed linear/nonlinear state-
space models [J]. IEEE Transactions on Signal Process-
ing, 2005, 53(7): 2279-2289.

gEANAe, B, RN, L ST HA CPHD Y2
e i s Z2 ALl B ps R R (7). 424 5 5, 2022,
37(1): 47-57.

CAI Ruhua, FAN Xiangting, WU Sunyong, et al. Multi-
sensor and multi-maneuver target tracking based on interac-
tive CPHD|[ J . Control and Decision, 2022, 37(1) : 47-57.
(in Chinese )

ZHANG Zhiguo, SUN Jinping, ZHOU Huiyu, et al.
Group target tracking based on MS-MeMBer filters [ J].
Remote Sensing, 2021, 13(10): 1920.

RING, BRI, BERKAS, 55 5T PHD JE I T IA
A AR H ARG T R R S e i g [0 ] e o, 2022,
50(3): 691-702.

WU Sunyong, LI Dongsheng, XUE Qiutiao, et al. Re-
search on PHD filter based track-before-detect algorithm of
radar fluctuating targets [J]. Acta Electronica Sinica,
2022, 50(3): 691-702. (in Chinese)

EEEN

RINE 55,1981 4EA )T Y E AR
)\ RN R NS & SR R
EATEC e RNV L PR PN ERER
2 HARI 5 IR AN 2 IR B R
E-mail: wusunyong121991@163.com

AN A, 2000 4R TR T
Ao BERHL TR HOE AR
BRI R o }_Eﬁﬂﬂtﬁfﬁlﬂvé@ﬁfﬁ
Z H bR BER A 255 B R
E-mail:: 1239237553@qq.com

ZE BB, 1984 4 BRVE R
No MR A R TTEA A 8 TR
Ui, 2T T3 1] A RE A HL R IR
HHL TSR %2
E-mail: 1367315817@qq.com

A% B, 1999 4F A w15 B
PN = NG S N S SRR R R U
R A Iﬁﬁﬁﬁiﬁﬁjﬂaﬁ gﬁlﬁ
BRI 25 AR 22 Tl vE A 205 BR
E-mail: 3162732956(@qq.com

ST XIEHT)



