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Multiple extended-target tracking based on
variational Bayesian cardinality-balanced multi-target multi-Bernoulli

LI Cui-yun, WANG Rong', JI Hong-bing
(School of Electronic Engineering, Xidian University, Xi’an Shaanxi 710071, China)

Abstract: Because the performance of the conventional extended target-tracking declines greatly under the circumstance
of unknown measurement noise covariance, we propose a new multiple extended target-tracking algorithm based on the
variational Bayesian cardinality-balanced multi-target multi-Bernoulli (VB-CBMeMBer), and give its Gaussian mixture
implementation. With unknown measurement noise covariance, the measurements of this algorithm are assumed to be
produced by the measurement producers randomly distributing on the extended target. Then, the variational Bayesian (VB)
approximation technique is applied to approximate joint probability density of the states of measurement producers, and the
unknown measurement noise covariance. Their recursion forms are derived and are used to track measurement producers.
Next, clustering algorithms are applied to the states of the tracked measurement producers to determine the states of the
extended target. Simulation results show that the proposed algorithm can adaptively track unknown numbers of multiple
extended targets with unknown measurement noise covariance. In addition, it has an improved precision when compared
with conventional CBMeMBer algorithms.
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1 5|5 (Introduction)

FEARSR ) H bR ERERAU, 105 H AR A B HAx,
R AEANI ZAEAN H bt 22 72 A — AL IRk, Bl
FH R PR RISIR R, 4 H AR 3 s R A R
B HFRBOREEE DU, BRI IR 245 s 2~ i
25k H [\ A HAR I Z A5, sE), % 3 b A FR
J—A s B AR, e H#br(extended target, ET).
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hypothesis density, PHD) . {H &, X520 H AR £
A TH I TR, — BLITSE H R AR OK, A5 v 4R
ZEW SRR, A T ff vtk ) 8, MahlerBfi 5 $2 H T 34
43 #i i) PHD (cardinalized PHD, CPHD) Ji& 4. 2007
4F, Mahler X & H — Pl i1 55 T RES 1 2 H bR S
771k 2 H b8 £ 14 %% F(multi-target multi-Bernoulli,
MeMBer) £ 4, 125535 AE 38 Ve A od ik a4 B
% H b P M 2R 5% R AT H AR A vF. 4R,
B.N. Vo445 tHMeMBeri& i 4775 H AR £ Al il 8, Jf:
Seth—Fh#id3 1 2 H R 21055 F(cardinality balanced
multi-target multi-Bernoulli, CBMeMBer)J& i 5.2 5!,
PSR T DA R A e B AR B0 22 1) R 3 AR, 3R
] 7Y 2 8 T K27 (19 3 0 58 N 35 K5 CBMeMBer i % -
TSN B BREREE DL TR (1) 7 B 211,

BT e H AR EREE, GilholmAllSalmond % 12005
SEHE S — T 2 18] 23 A AR TR 20 A TR i H A A
R85 Bl 1, Mahler T-20094F 32 Hi 97 Ji& H 4%
PHD(extended target PHD, ET-PHD)""), i% 7. % iifl iod
I ZI T H AR B ISR T 08 SE 3, mT LA
Fb IR R B AR TIRAS. B, GranstrOm&52%
HHES H T ET-PHD LA J ET-CPHD [ & {1 A5 5
KA (GM-ET-PHD), Ff Hid i 7 B S50 50 11X
PRI B AT R N0 2 5 AR SO
— D 5e i, AR Al v B AR R LoIRAS, [F)
I SCREBE AN U1 H AR TR L KNS T3 1) LA K =3
(1214,

RN, IR G592 I FH 1 s B e s B 22 11
0L, — B by 22 R 0, 247 e HARERER T
Tl ZE SRR, 0 T 38 ERERRE 8, ARS8 4 DL
I i (variational Bayesian, VB)f&i 11 /74 5] A\ 2] #43Yy
11 % H b5 2 1A %5 ) (CBMeMBer) i i 5.3 . VB
— R DU Al T RIS 27 > Al i S
FeRA (0 7Y, AL G R EE TR B, e T
HISERAR. K5 VB5IAFICBMeMBerJEAEZL T, B
T BEXT I N A 7 2 R P A ORI RS
K FERM TS B 2 A, B R B H s T

ACE S T LA IEEAERE T 29 H b
() RGAEIY JeAo3 DU WA B 8, L i T &
DR FE By 5 ZE AR AL N 28 e H AR ERER 1 = 0 4]
G, JEeh LR, 5164 1\ICBMeMBerAf X} Lt
(47 ELS2 86 X 1, VB-CBMeMBeriEik Fk AU GE [
T8 N R v e R 2, iy LA DA s RS P R
B2 R HFF.

2 FEAEFE i (Fundamental theory)

21 FEHLEEBAER THZT R BRRGEK

(Multiple extended targets modeling under the
framework of RFS)

X3 F bR, BEASSRAE N 24 kg 2 i 2

KAR—AHbrr= R 2 A5, T HFsrizs),
AF 13 H AR5 AL B I ATDOAS B 2 A A A4k, AT &
AN 2015 2 IR H AR E R YA B AN ] E 1,
DR, ] DR Bl ™ Je H A i B AL 53 A1 1 122 0
FEA R TR AR, HAE N = A s A BCH R R L
AR, B Aok f = A p SRS R R LR 8
DU, AR A R TR s 0 2 A 16
BOE RIS 245 N (k) H bR, M (k)50 /ERFS
Jih, HERERR ZIFPIRES RS X 25 Z),
ATLLE B RN
X, = {wk,la"' 7xk,N(k)} EF(X); (1)
Z, = {Zk,h e 7zk,M(k)} e F(Z), 2)
HHF(X), F(Z) 5 MR35 R 2 1]
21.1 REF B 5 &N J7 FE(State equation and
measurement equation)
FE eI N, ABCE SN e H FR RPIR S 7 FE
TR s
x, = Fx,_1 + Guy, ?3)
zp = Hrp + vy, )

Horp: o RO HARER — 1IN ZIRPIRES, FAIG 733
TR RSP ERG AHE, H 2 IHIE, w, Moy,
e IR P AT LR, A TR R I 0, B 2200
QMR A E i I, b, R B K ZAUG O T

2.1.2 RISHEER (State model)

ik — INZ 28 & HERIRSHEIE N X, H
KAy y € Xp1Bhpg (@1 ) HERAEE R T
— I, LA frpa (|7, ) ORERFERS B —ANBT 1
W&z BAL — pg s (@p—1) BRI R, WRZARESAE
KIS 24T R W B — MA B FIRFS Syp—1 (T k—1),
o USRS AR r = ps (1), BEEE
JERED(-) = frpor (-|Tro1), BILER 2247 & H bR
R XL IRFS K

Xi=( U

@, 1€Xk 1
Horp I 28 4E H bR 24055 FIRFS.
2.1.3 =R (Measurement model)

—MRE Nz, € X P B bx, 7R Z) ] B
HMAEM Efdal, p=1,---, My, FiAd HAx
A A U B XY, AN SN AR A DL
po.x () FIHE 2 A I 21, I LLgy, (2 |k I BLAR
Al 2Y; 8L — pp g () FIHE AR I A, )R — A
T AR R A — M S FIRFS Oy (7)), Hrpr: itk
A SAEE M r = pp ko (2h), MR FE PR 2L
p(+) = g (-|ah). WA, BT 283 55 1 52, AL it
SPGB AR IR EEl, A e A ) I AT DA i

Skpp—1(r_1)) U Ik, &)
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FAREHLEE K., DIEEIN 2229 i HAR R Z), RES
Z, =K, U( U 6x(xp)). (©)
xheXy

A TR AR SR AN AR, S A B

RESEAHHANSLI, W Z) 52— ZAASSFIRFS.

2.2 BREMEREERIAR ) U Bk Bl (Variational
Bayesian approximation of joint probability
density)

FESER I ER ER s b, R DN PR IS 22 Ry it R AN

(1, UL 77 B A A T Ry IR . (i —

(B AR A TN (K, WG AT IR £ o o

&k

p(xy, Ril21y 1) =

| p(@hlzh_)p(Ri| Ry 1) x
p(@]_y, Rioalzhy)da}_(dRey, (D)
Jeeh: p(ab|@? ) nl B G 5R 45 1 3 A 7 7 4 3,
(R | Ry—1) BT Ry (IARFR I i X LTS5 At DU
SO N, ST IS PR IBG 5 e A R % B e B p (e, , Ry
27.) TR
p(af, Rel2t,) =
p(zp|z}, Ri)p(xy, Ri|2] 1)
| P2}, R)p(a}, Rel2h,_,)dafdR,

®)
Horhp(zp|xy, Ry) 2 R ARV e 4L
N T AR, Xip(a), Ry| 27, ) RHIAZ M
L. MRHRFRAERI VB IS, Sk A BB RS
SR ATHEATIEARL, WI(8) nf LA R 5 0
p(xy, Rilz1) = Qu(w)Qr(Ry)- ©)
ZALAME AN LA Z TR KLU 4 B U
KL[Qx(z})Qr(Ry)|p(xy, Ryl 21)] =

Joutmranmorie RS

(10)
A5 A8 53 TRt MU KLU, AT LTS 2
Qu () o
exp( [ log (=1, @}, Rul 0, ) Qr(Ry)dRy), (1)
Qr(Ry) x
exp(jlogp(zi,ccz,Rk.]zf:k_l)Qw(wi)dwﬁ). (12)
T BL By a8 R, I Qu (),
Qr(Ry)JCiEH R . AR, FELT Sk (18] 1
T, TSR Qqp (xh) 22— w70 A, Qr(Ry) W
JUANEAIN TS 23 A R e f L1 |
Qo () = N(x}; 27, Pr), (13)

d
Qr(Ry) = [[1G(03 j; ki, Br), (14)
=1

Horpr dFRORE MR P YERG IG(- 5 o, B) KRS H N o
R GIRIAN Ly 53 A5 ) AP, 73 | 2 7 kI 24 v 1) 3
WF=A ORI 7 2.

3 3T VB-CBMeMBer (£ ¥ & H b i
Bk RO R A SE B (Algorithm of multi-
ple targets tracking based on VB-CBMeMBer
and its Gaussian implementation)

3.1 VB-CBMeMBer# % F E#iFE(Main algori-

thm flow of VB-CBMeMBer)
P 3w, AR A R AR AR S R B L

8, A PRS2 R Ry, (A J5 B R 5 B A

EZMIBENIIE S5, Haiidi i S o Ani Lz ik &

1R 1 B & IR S 2 [ Siaf== 11 i 7070 i e

e B 515 B 2, Kl BT R, AR 0

RIAY™ J& H AR BAS THIR A, AR SCRRIX — 5% A VB-

CBMeMBer, 5% F LA T Fis:

1) T
ik — T Z0 &7 42 s RES I 5 5608 % 2 1 b

B R pR:
(mpflxR *1) 7 7 My
T = {(Tl(cllvpl(cll(xifl’kal)) i—
(15)

s, e P e g R S M, R
SR RES A 5 R ST e

(mz‘k_l’Rk\k—l) .

Thek—1 =
[ i M.
{(T;,)k\k—l’p;,)km—l(wz\k—hRk\kfl))}i:kl tU
7 7 M
(i P (@0, Ri)) LT, (16)
Hor:

et = e () (@) Ricy)ps), (U7)

pg,)k\kfl(mz\kfl’Rk\kfl) =

(fk|k71($2\k_1|')pk\k71(Rk|k71|')7p§€i21($z71a

R )psi)/ (0 (h 1 Rica),psi), (18)
e frpp— (2R ) Flps x 73539 Ji H A B 0
7 ISR A e A8 2 P52 R ORI 0 U7 A2 A 0 AR
%7 pk|k_1(Rk\k_1‘.)i§ﬂ?Rk s AR, {(r}f’)k,
PO, (@0, Ry)) Y Rkl %82 H R0 2 411 55

2) B

T IO (1) e B 1) 500 7= A= i RFS [T RS 256 2 i by £
HEZ (SR I SAE = NIl

(@31 Repr—1)

Telk—1 =
My k-1

{0 Phis (@2, Rige1)) Fi ™, (19)
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VOB  J  e 7 AE AURES P 5 SR 26285 2 R BT e
(VS|

x? Ry) My .
B s (0 p (@, Ry)) F U

{(TU,k(zk)a pU,k(mza Ry; ZZ)}zgezk, (20)
e
(i) _ (i) 1- <p§f\)k (@71 Rije—1),PD,k)

"ok = Tkk—1 i 7 )
1- () <p§€\)k 1(wk|k 17Rk|k—1)7pD,k>

Thlk—1
Pt (i) (21)
k(wk’Rk) = pk\kﬂ(-’”z\k,l,Rmkq)'
1—ppk
L= <p§;|)k (z £|k_1aRk\kfl)apD,k>
(22)
k(7)) =
kzkz ' k\k 1(14'“;“;c ok} Riszy)
- (- Tk\k 1<pk\k 1(® xR jk—1),PD k)2
( p)+M% ' §c|k 195 (2], Rig;27) '
RplZ2 Z
Yk i=1 1= Tl(c\)k 1<p§c\k 1(mk\k 1 Rek—1),PD k)
(23)

My k-1 7

Z ’ Tklk—1
k2

S 1-rih (o k(=] Ras2)

puk(@y, R 2)) =

i S ’
S 1m0 0k (@} Reiz])
(24)
Ok (), Ris 23) =
<P§f|)k (@71 Rigi—1), Y,z (2, Ree)), (25)
i,z (x}, R) = pp kpr (2L |2, Ri), (26)
M (@, Ry 23) = pé?k 1@ 1> Rigje—1) ¥
pr(2p|xy, Ry), (27)
oy, Ry 23) =
<pl(cl|)k l(wk\k 1 Riji—1), ppwpk (2|2}, Ry)) =
DD,k ff ni(xh, Ri; zp ) dal d Ry, (28)
Hor: pp p RRKIIE, Z, Zm WIS, ki (2) £oR

j‘:ﬁffﬂﬁl . KA VBT ATV, e, *ﬂR;ﬂEiE’JT
BUN, ni (], Ryg; z) AT LAEE BT &0 0 g (), Ry 21) ~
Qm(mi)QR(Rk)a =% EF' Qw( )%%ﬁﬁ ]!ﬁ QR(Rk)
SN oA AR, IF HEAT T ZRIE 00 ml i =0(13)-
ADFT7R. HT R AR H, PR FF ZEA WA BT Ry, LA
WESRAS T Bl = AR RS 7 22, SRR AT, i E
YIS 2 PRNME A AR E, ARG TIRAR, AT — ik
A ARYAEAR I A2 SRS AR ZE /N T I —ME I,
D2 AR, T IS R Ay SERI i 0 A R
A RS HRE B T PR,

3.2 =L (Gaussian implementation)

T ME m A, T e R R MRS L Ze i,
DAL W] R v 0TV 2 SR, I L nT DAAS B804 1 P &
filt. R B 4B H *T%TH%*J%%[%j}{(TM’pm(wk,

Rk»}?ﬁk,pﬁfz(wk,Rw i=1,-
HJ/H: (&) ﬂ:/l—tt, /\?éléitﬁD‘F%T

(L)

Zl(w“’é)N( mil P

HIG(( DZall 8D, 9)

oy Mg 2k v A

pg“)k (wka Rk)

%

Herhw D m D PTGy R M TS R S5 4
AT RIA AT i’ﬂﬁ%ﬂﬂ]ﬁ%.

JGM-VB-CBMeMBer{ R 24 & H br B AR
TR

S T

Wk — miui{m A2 RARFS [ J B0 26 2 158 ok 5cn
:Et(]S)F),T o, pk 1(:1:k 1aRk—1)E‘3lﬁJ/ﬁlﬁmﬂ%¥ﬁlﬁﬁ

Sy, W AR

pl(clzl(mthRk—l) =

g0

k—1 ..

Zl (wl(cl—J)N(mi 17m1(€17]) P(Z’]))

£

HIG(( ) )z el L Bl ), (30)

DRI 0 = p RFS (PRS2 52 o A =0 (16) i, HL
PO e B T HIRGD-GH L v, ) i
= HFRRFSHI 4L,

rgj)k\k 1 7’1(;)11’5167 €2))

(@) —
PEn—1 (o1 Brp—1) =

Tz (i,4) (1) (i.4)
le (i N(wk|k 17mPI]c\k 17Pp7}3|k71) X
4 (1,5) 2. (i.7) (4.9)
ll:lllG((UP7k|k 10 aP7k|k Lo Bpik—10)), (32
o
m(%]) = F m(i’j) (33)
Pk|k—1 k=11,
Pz(jkjwc 1= Q-1+ Fy— IPI&?FICTﬂ’ (34)
O‘ga)k\k 1= Plo‘g,)k—uv (35)
6Pk\k 0= plﬁz(;,)kq,lv (36)
Hod:pe (0,1] 2 —MBWH T BB Hir S5
p&ﬁk(a:k,Rk)ﬂmﬁ(zgﬁ%éu.
S22 OHEH

ﬁ%i&ﬁﬂﬂﬂH‘JkHﬂ“ZU%?ﬂ!UFiﬁRPSEW}E%%TQl@é‘ﬁ(
HRAFR. R, pl (2h s Rigremy) BEEHTS
SRR R, R S

(@) _
Pifi—1 (o1 Ripr—1) =

70,
i) (4.3) (4.5)
'21 (wk|] N(mk\k 17mkz|lg 1’Pk\zk] 1) %
j=
) ol i.7)
HIG(( k\lj 11) k|1§ 1l75k\kj 1)) @37

=
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D) B 7 I () B0 7 A pS RS i B0 W R 4 i R ﬁmﬁam
FEors. JLr, A B 7 A HRES 2 8, ) (b

767 (20) ARG B I R P B A R AT AE R,
Pir (), R 20) R geid I HOFT A (1500 A4 sk

Ryl R (38)~(39) 1. AR 75 By 22 IIDE A R % B, ] H 5K (40)—(41)
) ) 1—ppk - Myj—1 ()

"Lk = Thlk— R C (38) Bt (1= mk DPG (2D
S Fhalel) = T o

(@l Ri) = p (@ Riger). (39) mlE)+ 2 %ﬂ%giffi?f

M- 1‘]1(;&@ 1 d

> Z (w}] ( )N(a}k’mé]) P(”)) [1 IG((UZ(JZI?Z) ; Ukl’ﬂUkl))

Py}, Ry 2f) = ——— - = . @D
Mpj—1 Jrk—1
Z E:w )(=D)

orp, m TN SR A I ST LUl L PR AR &%%‘ﬁi H b 110t I8 5 S8 20 SR R 1R AT
AU HoLE 5% R I B2 AN W g 0. DRI, 45— Y 8T i s
m%wm:m%gwﬁwm>_¢w@ FELEREEAR T T IO SR, A TR 10 {11 5470
o - S, 2B AN TR I T, I R
gy = 05 +aifly B = B AP RUTIUHC B I G A0 T TRk

forl=1,---.,d.

AR R s
(Z J)( ) ﬁ(i,j)(n)

R = diag {— M) @)

O‘lﬁ& - e

Sy = mP) HT + R{D™, (43)
KW = P =S (44)
my " = il KD (- Hgll) ),
(45)
A L
I(;ﬂ)(ﬂﬂ) (ZJ)(n)+ 2( _Hm ’(Cﬂg)(n)) +
ALHP“”mUﬂ%u “n
Hpn € [1, N], NERERIEREH . G vk

%%EW%mm—mmﬁlH<6W SR, it
i 454 5 19 2 500 0 hm ) = m D, P =

Myk = My
ﬁUkl = ﬁlgzl,’l])(n : Rgii = Ry R
(40) ADILRSHITH T Fs:
(i)
(i) Nt @) ) 48
pUk(zk) PD.k Z wk\k 14y, ( k)? ( )
(4,9) N - H (4,9) HP(ZJ) HT
4" (z) = Nz Hyg” HPZ (HE o+
RyY), (49)
y b1
Wi (=) = L ) a7 (D). (50)

(@)
L=

LB’3 BIHIE

B AEBIAS IS BRI 5% S0k 2015775
B4 PRSI
LIRS 5 10 0 ARFS B HOly ], =
{Qﬂm)hpﬂ$7k% B R A7 AR
%, pU BRI SRS R R Bl )y 22
Amzﬁ*%ﬁTMKk%*%Hwﬁwﬁi

?f@ H *mtw%éﬂﬁ, ﬁ‘ﬁﬂ*/\#@ H *mJ:E’Ji{]ﬂJ
PR R TR R PR B AR — s VG P, DAL e (]
PRES/NT & T TR BRI A2 s 2R 2E, FEId e
RIS 2 H RS BAb THE, SRR EEI Y B b5
B, ARSCRRIX PR 71 0 B B R 2R AR AT &
IS, SEHUAFAE MR 5 R I B 7 2 R, W 5 1%
MRS /AN T T BRI s AT 5 9, FR I s 4k
SEIUAFAENE R B K 1 i, R SR Bt AT & 0F, H
BT A IFEN L.
4 ESEE 57 H1(Simulation and analysis)
B SE L % R 5N 297 R H Aniz 3l 1 5%,
X H A& 48 1t CBMeMBer 1 A 3C BT $2 1) VB-
CBMeMBersHLHERER, Jf EER T —F R g
SR 1 %ﬁgéﬁyﬁ*ﬂ\ﬁﬁﬁ‘lkﬂjﬁhﬂﬁ
S SRFEF AT = 1s, 34 F2 R
L2 40 AN RAEI Z1. H AR 75 BRI 7 75 =X
B)-HIR, E*E’J’%#{lﬂﬁﬁ

r1
1700 50
1 1 1
F:O 00 ’G: ? ’H: 000’
0017 0= 0010
2
0001 01
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TEFEME PR B T 22 Q) = diag{o? |, 02,}, Lo, =
ow2=0.5. Bl A2 AN BRI AR 2 A, BI(E
B=10. FrAE HIsMENE 20BN HE rr =
(o, P Y2 B, b v = 0.02,
(2, R) = N(zsm, P,) ] 1G((o")?
r \%, My H 8 L NV
ol 8, i=1,2,3, (51)
He: m{Y =40 3.05 —40 0.05]T, m'? = [~10
3.2 —25 0.08]T,m{Y = [0 58 —10 —0.06]T, P,
= diag{2,1,2, 1}, ¥4 38040 5 5 A 1) 2 50 &
Hag = Fo = 1, B Fp = 0.9. ZLBEEBY A
BEHLEE, SN = 5, 75 REASWLI X 38k i 255 73 A1
H B B A7 35 MR 23 R A I ME 2 73 ) Kps e = 0.99A1
pp .k = 0.98. B L) & W A bR 72 0 = 01 =
Ovo = 1.

X}F VB-CBMeMBer, Ry, = diag{c?,02,} &
15 T X -F-CBMeMBer, i 1 I 75 s #E 22 43 71 0
0 =0y = 0yp2 = 0.8, 1, SIX3FMEFHLIAT XS LE. 1H
T 100 SR 27 BLSLI 1R 45 R B T W 47
.

H T ASCRH B2 TR 24 & H ARl
EREE, 2L G e H RS A== A 2 [A] 6]
IR FR, PRIHAR SR L H FRE80 vH- S R e 1A
X 4> I (optimal sub-pattern assignment, OSPA)?!!
PHBON VAT VRN, OSPARE B KR T

49X, 2) = ((mip 3 a0 +

cP(n—m)))"?, (52)

HABHEE p = 2, ¢ = 60. i1 T
71N,
14 B H briz 30 5 Sk s sk fi v,
ZePE RN e H AR Az I, 208 B SRR GM-
VB-CBMeMBerflith H AR A 145 5.

W35 =453 ) S A () s gt 7 7 25 R
GM-CBMeMBer 5 GM-VB-CBMeMBerfi i H ¥r
$ H X OSPARE 2 1) 45 S . Il 1 vh m) B 42
Hs & Hi, GM-VB-CBMeMBer 55 GM-CBMeMBer
TEo =1 Al THE SRR 4, IF HAG TS5 5 Sl
T N AHIE. #F o =0.80f, GM-CBMeMBer<x it i H
FRECH Iy, 32 DR Ay IS ) e e 75 g 25 B
FCSAEADS, FEH—A B AR R =il 2= A A2
B SR R — 2, Rk 4 38 R H b 0 H B I Al I
HAHRMN [P OSPA BEES B K. R 2, Y o = 8 I}, GM-
CBMeMBer 23 P A 25U M 75 1) 7 22 5 K 3 ik H

FREH ARAL. Bk v] DLE S, 76784 H br
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