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A New Sequential Monte Carlo Implementation of Cardinality Balanced
Multi-target Multi-Bernoulli Filter

CHEN Hui"? HAN Chong-Zhao'

Abstract To improve the effectiveness of particle sampling in the sequential Monte Carlo (SMC) implementation of
the multi-Bernoulli filter, this paper proposes a new SMC implementation of the CBMeMBer filter using the so called
auxiliary particle filter (APF). First, according to the posterior multi-Bernoulli density, this paper redefines the sampling
problem by introducing some auxiliary random variables suited to the CBMeMBer filter. The measurement and the
prior density component are chosen accordingly as auxiliary variables. As a result, this method can sample particles
concentrating on the high likelihood state space and the Bernoulli probability density of track corrected by the actual
target measurement. Therefore, a more accurate posterior probability density of multi-target multi-Bernoulli (MeMBer)
can be obtained. Meanwhile, the sampling distribution functions of those auxiliary random variables and the multi-target
states are designed for the legacy tracks and the measurement-corrected tracks. Moreover, this paper corrects iteratively
the prior density component based on the progressive correction (PC) algorithm in order to improve the solving accuracy
of sampling distribution functions. Finally, simulation results show the effectiveness of the proposed approach as applied
to two typical nonlinear tracking problems.
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. A BRI TP BT DU 21, PC 75/25 7FEF
X ol 6 JRE AT BECHT (KA AU AL A, R
IEACTH SRS SN IE A S 1 i e 4 o
7) FERR RO

CBMeMBer B F R B9 {455
N (D pl YT LR E 20, WIILE Zi,
L,
pl(cl)l( x) = Z w(”)d ( ])( x), i=1,

SE 1. Tﬁ(ﬂﬁﬂ%ﬁi
for 1=1:My_1
for j—l L(Z)
(1) A, o (20) 0 (25) 8 757, B

(4,5) .
wPli\k 15
end

. ,Mkfl;

end

R SRR {(r(y, p OIS p,

@) = Sl 19 @)
S 2. HHEI R R T
My k-1 = Mi—1 + Mr,x;

PRI p), o, FUBER R p AR N pl)

(i)
Lifk—1
(%) _ ~( ) £(4,5) .
Pilk—1 = Z Wk lfklk 1 (@);
=1
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for i=1:Myp_1
o (z) = 0, Hk (29) WH r);
for j=1:L{_,
for m =1":length(Zy)
HF PC HIEHE 509 (x]2) 1 D (2);
q(z‘,y)( z) = pp, kwk”c) M (r)p (w)( 2);

L
3 (2) = 8 (2) + pos Sy ) 50 (2);
end
end
end
for m =1:length(Z)
it (31) W ro(2);
end
i (39) WEENMRFED A ¢(2);
X (45) ~ (47) PSSR LS BEARAT RS (na 5]2)
LI 3. *l%ﬂ?ﬁé

My -1

Tk = Z = Y P Y roa(z)

=1 z€Z
zc*i'ﬁﬂu?iﬁ Lk = Ls X T k3
for 1| =1:Lg
T RAE z(l) ~ q(2);
SRR REATRE (i) ~ (i 12);
Ha (48) HATRERNE 2V ~ g(2|2,niy);
i (49) BRI wl (n , 2|2);
end
TR 4. R HRFRCE T —
B EJEAMASEF RFS (R A TIH2S;
i3 (50) HEATACE 46 @) = J>/z w?;
H AL tar_num_est = 0;
for 1=1:M;
it O < B
MRS @ ANl
end

WML E M

it 7" >05

tar_num_est = tar_nume_est + 1;

FEF IBEK BFRIRES Xest (¢, tar-num_est);
end

end

w % m\w& Xewt BRI {rD pO )Mk
() Zklwk 5(17)()

3 {AEE

@A) SMC-CBMeMBer J7 ik, X btk
i A 2593 (Bootstrap filter, BF) SZELO A
SCHE A Bl R € (Proposed APF) SEILY)
PEgE. DR IR L6 S8 BE B8 4% PR RE
?ﬁﬂlﬁ, BF 7E 17 BC 10 & — /N b B & 9 #3847 55 R A
(Resampling), MAS ) APF AT ZEAE. PF
SMC J5 V&) 5 H ARk A% L, = 500,
T APF 2B ) PC 8%, Wl 58 8 K1~ LW 4 R
FERIA) oA, HU15 2, Ais /Mg = 10%. BUR 45 Pl
TR () A 4 1 BRI ) A BN 9, — Rl R
2 R (Range-bearing tracking, RBT), —Fp

8T A IR IEE (Bearings-only tracking, BOT). {}
FAEHAEIAEE A Matlab R2010a, Windows 7 SP1
64 bit, Intel Core i5 4570 CPU 3.20 GHz, RAM
4.00 GB.

FHh, ARCKH OSPA (Optimal subpattern
assignment) i 2P PEAL 2 H AR IR ER I PR RE. 6
5t OSPA [ X: w2 HIR RSN EEESH

X = {z1, -z}, HNEPRSMIFES X =
{&1,- ,&,}, & m < n, W OSPA FE N

( (’{ga;d( (@i, Br(n)” +c”(n—m)));
(61)

Hrp, d9(x,2) := min(c, ||z — z|)), [1, &=ty
{L,- -k} AR R S5, BB K p > 1,
WWT RS e > 0. WRm > n, WdIX X) =
d (X, X).

BB S HOWL I X 380 42 R = 2000 m )
T D35k, AR P P B E AR BT AR T, X
NAEWAR HAREH (F), B KHREC) N = 8.
REW L RRAARR T @ J5 Ay J7 1] AL E
*ngE, %%&E%%Zﬁy‘] T = [$k,yk,.’iik,yk]T. H
PR IR 35 O 1 AR Y (Nearly constant velocity
model, NCVM), HARZHH % T

f($k|$k71) = N(zk; Frx_y, Qk) (62)
/\l:l:l
T T3
1 T 4 9
Fk: ®-[27 Qk:UU2 43 2 ®I2
0 1 LA
2
(63)

Hp, @ 5 Kronecker B, I,, fE n x n IHALRE,
o, =5m/s%

*ﬁﬁ’]ﬁﬁiﬂﬂiﬁu@l 1 JroR. Hﬁﬁ’]%‘ﬁ
R A2 %A RFS, T%Tﬁ o=
{(r§>,p§ ) $ L, R AR ) = 0.01, *E;E

FEJE p = £ = N(@;m®, P,), m{) = [350,
500, 0, 0], m<2) = [-750, =750, 0, 0], m{ =
[—~1200, —100, 0, 0], 4> = [100, —500, 0, 0]7,

m® = [1200, —1200, 0, o, m® = [500, 1000,

0, 0], m{" = [-500, 1500, 0, 0]™, m{® = [-1600,
500, 0, 0%, P, = diag{[50, 50, 25, 25] " }2.
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90 2000

180 [+ R

210 330

240

270
1 Sbr H AR BL
Fig.1 Actual target trajectories

3.1 fAFE1

F B R E AL IREE (RBT), AR &S AL T AL bR
Jo st L BB

Vi + i

—1
tan™ ()

wENEEF g, ~ N(-,0,Ry), Ry = diag{[c?,02]"},
o9 = (n/180)rad, o, = 5m. N RS T =
Is, MILRFE B0 K. 22— RFS, HAE
S X I, [0, 2] x [0, 2000 m] HNIIAI53A1, B FE ]
(P24 I 20 A, XV 229 % A = 1.59 x
107 (rad - m)~". HARKIAAEMEARN psy = 0.98, £
MWHEZE pp . = 0.95. EHET RE ¢ = 50m, FEEY
Brik p = 1. PMPAREAE R R b B A B A v 1]
2 MK 3 s,

2000

1500 | /

1000

500 - /

| L
SN

1
=2 000 -1 000 0 1 000 2 000
X/m

Kl 2 4445 SMC-CBMeMBer JEJ A% H b BREZSOR
Fig.2 Target tracking with the traditional
SMC-CBMeMBer filter

Zp = + €k (64)

— Truth
* Estimation

Y/m

=500

-1 000

2000

— Truth
f * Estimation

1500

1000 |

500 | ;

g L
By

O -
-1 000 /
,l 500 1 1 1
—2 000 —1 000 0 1 000 2000
X/m

3 ASCEIRH H bR ER R
Fig.3 Target tracking with the proposed filter

1217 200 X Monte Carlo (MC) /i 5%, PP
L H AL E AL T OSPA B s WK 4 Fiow,
HARAS B T IR L 02 22 0 8 60 R0 A v 22 2 1)
5 HioR.

50

—— Bootstrap
45T —+—Proposed APF

A

o T T

OSPA /m (¢ =50, p=1)
—_ — [\*] (3] ) w =
o w o W o wn o

wn
T

5I lIO 1I5 2I0 2I5 3I0 ?;5 4IO 4IS 50
Time /s

K4 2 HbsEAN T OSPA HIELEL

Fig.4 Tracking performance comparison for position

OSPA

1) 5B AT AR PR SR AT L BOR A K
PRERERBOR (&1 2 R 3), (HAEAFAiRiEE, 18 3 i
PRERBORIE S AN U —ai. &1 2 I ERER L AT
1B H BRI AE, T8 S bs HARERER A 22k, K
4 KRG, AL AR ERER ) OSPA B i 1 2
T By OSPA REWSIEAVFIN 2 H Aotk
SRR LR SRR, Pl se W] T AEH R
RERAFEBES, ASCERAIEADN T L R & A
IR AERL T I 5 R, AL GESEA S
FEREAR EAT RSB 0 H AR At o (1815 (b) 23
TR ZEIERAE), H H AR B R e PR 21
W N, SCHR S th R T R A e I
AR M AR, RSB P RE L B S H
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PR D BT R AA 25 A RFS IR 3 34T RAE,
LK% 10 ALUER b B VIV AELIX RS B, SR (1A 2K A
) Sk 25 1 i

10
g | TN
g s
5 Bootstrap SRRRS
< —+— Proposed APF
Q O 1 1 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50
Time /s
(a) BFs BT
(a) Mean of target number estimations
5 1
£ Bootstrap
gg 0.5 Proposed APF
2}
=}
<
0

5 10 15 20 25 30 35 40 45 50
Time /s
(b) BFREAT T 2 A A% i

(b) Absolute value of target number estimation errors

—— Bootstrap
v W

5 10 15 20 25 30 35 40 45 5
Time /s
(c) HARBAL v iR hr itk 22

(c) Standard deviation of target number estimations

K5 HARA Rl v AR

Fig.5 Tracking performances of target number

STD

estimations

O3 SIAEAS [ R T R FE IR BT MC 1 K,
L, & HERRL TR T340 OSPA WEATFE
P D PAT I TR S S B e R 1 b, #ig b
YF, APF X859 M T i 4 25 1) Lt SRR b k&
Wk — M. HEME 1 1 OSPA ¥ME
AT LS G 2, BT T SRR U 5 5, APF-
CBMeMBer CZEARIL T PUBR IS4G TR BE, AIXTALSE
FOERA B XU T SR SRR
BT (L, = Ly x SO0 ) dtiary T SRR 7R AR e 2L
S H A A R 0 06 B A B A R I HARIRE,
JTLL APF [ PERESETH R ASHEFMR ). IR 1 1R
7 55 AT I TR) (R 28 (B A T DA 21, sl ) B s 6 v
B s B IR RDRL T SRAFE AR L, AL 88 57 Bk 2 Al
APF-CBMeMBer A4l vk fg, AL E 20
SIS TR R BUAS (PR~ KA. BT DA, AN SO T
K BESR T BT SR AT ST A S 1 A0
32 {AE 2

2y prERER (BOT) SUA A, EA R BN
e BE AR MR A S AN e 2 T Bl e M DE B 2
BRERBICRANE. RIS Tops = (24, 4| " FARIEER AL
B (AN AT AR ), B RS B T N

R AFERFEBLT P RELL AR

Table 1 Tracking performance versus sampling size

L, 100 300 500 1000 1500
BF OSPA (m) 32.43 23.64 2053 17.42 17.04
A (s) 0.41 1.78 3.05 7.31 11.31
APF OSPA(m) 17.18 16.41 16.26 16.18 16.12
IFfa] (s) 1.27 4.19 7.23 18.78 33.70
BOT (1l 7 2
_ Yk — Ys,k
z, = tan ™! ( + v, (65)
T — Ts,k

Hrt v, ~ N(0,04%). 09 = (7/180) rad. =EH K
FERIIA T = 1s, [FIFERAEE 50 IR, A4 & — MR
RFS, HTE [0, 27] WIAI5 A, KA 5T N 1 28 °F
BIHCh 20 A, MRS E A = 3.18rad ™. H
PRI pe e = 0.98, KR pp i, = 0.95.
DR Ay 4l Ty A7 RS 3 a2 A SOk 9, L ER R R R AR %
JTEL OSPA JH &5 2 0k U 541 ¢ = 1000 m, #H
FER p=1. ARUEERELLRE P H FRR A AW
P, Wil 6 Fros, AR DUEE 212 5) -2 1 2 M
VTR A At B V1 ) I = R d SR R @ e S VA
fhvh-anEl 7 FE 8 k.

500

400

300

Y/m

200 >

100

1 1 1
0 100 200 300 400 500
X /m

K6 AR
Fig.6 Sensor trajectory

IZ4T 200 ¥k Monte Carlo i 2L, WFE 1 H
A EAE T OSPA BEES M E 9 Fizs, HArA
AL TE A AR L 5 25 I A8 6 AR R b v 2= T &) 10 B
7IN.

T BOT &5 B A Es, B 7 FK 8
ME AR SEBR 2l 7 A BREE RO KR, M%) F RBT
PRIER, PRPIEIY 2% H AR IR ERSOR B PR, BRIk
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Fig.7 Bearings-only tracking with the traditional
SMC-CBMeMBer filter
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Fig.8 Bearings-only tracking with the proposed filter
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8700
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S 3

OSPA /m (¢
w +
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1
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Fig.9 Tracking performance comparison for position

OSPA

10
£
g s
] —<—Bootstrap
8 —'—Proposed APF
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Time /s
(a) B Bfhvh
(a) Mean of target number estimations
2

—— Bootstrap
—— Proposed APF

Abs of error
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Time /s
(b) B FREAT T 78 A AL %

(b) Absolute value of target number estimations errors

2
—— Bootstrap
N —+— Proposed APF
=1
w2
0

5 10 15 20 25 30 35 40 45 50
Time /s
(¢) HARBUG TR bRk 2
(c) Standard deviation of target number estimations
10 AT L
Fig.10 Tracking performances of target number

estimations

HBAS R 2 1 IR B R U IR &, XA e e T
BOT BREAAFRE B — LI AR i, AN F H bRk
B R B e 1 BR ok 2 Hh e AT TR Sk 2 2 (1]
LT &R, HIE, B 8 A A SCELYE AN A] H AR
R BR R R A B T T AR g k. R 9
W26 W, S Hp AR ) AR IR R R A R AR TR 40
Sk, kA IR ER, e SR — e R
A BOT B AR, X KAER T T S48 7t
Tﬁ?%ﬁ%ﬁﬁﬁ.M@lO%ﬁ{ﬁﬁ%&%%
AV ABAEAE — 5 B RE AN V1 ) A, 3 m] EJE A R —
%FEW%E%ﬁ‘m&YE@EH%EME*E
FHSE B H bR 0 A 8 D0 AS 2000 B A s — AN A e A
r AR EHAASB R RE. SR, A SCEIEDIHALE H AN
B EARAL VRO AR ARG L, B AR N UG
TR e Pt A 31— 2 I N 5.

FEF 0 SV FTRE B I IS AT I R FIAR B ) OSPA
BRSSP, MR T LIS R B 1 AL 458, A LR
P& FVEAERS B L3RI, B ok 0 T S T A R E
3.

4 Hit5RE

T —F CBMeMBer #ifi Bl ki -3 U 52
TLIBT 7 vk, SO PRGN A3 AT R IF 90 T il Bh AR B ik
oo GBS B A R BN HE S . BT R L AR SR
fif g, T ol e TR A e R ) AR A
H, B S MA AR R 7 0 KA. A VLR
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% 7 H A 252 IR N (RIR A 2 1] B gk AT A
RPN, SR AR e 24T, whe s T
YRR UE, BAR AT J7 A b 2 tH 3 T A SC i 7 v
1) CBMeMBer #¥i 1 E3¢ (Kernel particle filter,
KPF) SCBL. A, AT J& A A SR ALUAS S H g ik
Y24 e Hbr (Extended targets, ET) FREZEATH
I e fa, ASCHEEIE V] 0 2 AR KA 2 B AR ERER Tk
RIEFCHEAT 4 2, $h e R0 ) N F S
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