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Multi-target Tracking Algorithm Based on Gaussian
Mixture Cardinalized Probability Hypothesis
Density for Pulse Doppler Radar

Wu Wei-hua Jiang Jing Feng Xun Liu Chong-yang

(Air Force Early Warning Academy, Wuhan 430019, China)

Abstract: In order to take full advantage of Doppler information for Multi-Target Tracking (MTT) in the clutter
environment under the framework of emerging Random Finite Sets (RFS), an MTT algorithm based on Gaussian
Mixture Cardinalized Probability Hypothesis Density (GM-CPHD) for pulse Doppler radar is proposed. Based on
the standard GM-CPHD, the target states are updated sequentially using Doppler measurements after updating
them using position measurements, then more accurate likelihood function and state estimation are obtained.
Simulation results show the effectiveness of the proposed algorithm, and the introduced Doppler information can
effectively suppress clutter and evidently improve tracking performance.

Key words: Multi-Target Tracking (MTT); Random Finite Sets (RFS); Probability Hypothesis Density (PHD);

Gaussian Mixture Cardinalized Probability Hypothesis Density (GM-CPHD); Pulse Doppler radar

1 35|53

PUACHL A0 o I 0 ai >R JH I 22 3 4 o
] S G 3 R ALk 22 3 38 7 T SR 22 5 )
MMBEAT 2 H bR ERER B AT 2 X

PG T Jln RIKH) 22 HARERER ST, QS 4k
(S-Dimensional, S-D)Zrlui i, A WA Hdh OCIBt
(Joint Probabilistic Data Association, JPDA), %
% BRI (Multiple Hypothesis Tracking, MHT)%,
1T H SO R Is SR e R vy, A DU R
PRI H AR H A FIR 38 BAT I AR VR R R S 22
H bR BRI P . SRR, —REE T REALAT PR 2k
(Random Finite Sets, RFS) [ ER LM Wiz ifif
A, R BERER A IR ST .

2014-09-23 W F|, 2014-12-15 lm]
5 A SRR 5L 4 (61102168) ¥ B
MEEEE: R PE weihuawul987@163.com

ARG T, 225 A BN BRI BE ) 5
—HAZEMD. TERENA RS T, SCk[4)%
JE R 2 E XS, e A A H bR
WML, AT T HRE R BB E AN A
ZELEACR T T 5 28 85 XA K 1) d5r /) Al A I i
B (Minimum Detectable Velocity, MDV){F &, Jf
AR 2 E 85 R SCHR[B)5E T i & (i i
£ 0(Gaussian Mixture Probability Hypothesis
Density, GM-PHD)#F¢ 7 A 2 3% 845 H2E47 i
VAR M A A I [ J AR M0, 7 PHD S8,
WA oA A 5 07 22 A4, BRI, 2 HAR %L
HEZ N, fElk s s s T, Sl s
BV sRE AR, AR TEARTT R SOk [7]5
) A 26 1 % (Cardinalized Probability
Hypothesis Density, CPHD ) J&J & 5 i- Hu v ik T 1%
o), FATE PHD SEACRIMERE, H Oy R EImEH
TRZETE B0 AR KT H AR SR P O R AR S i



EE

R DA T R o S5 RSB B L (K kot 22 5 ) TR A 2 AR ERERSIVA 1491

JEU2 AL s O E LSRN 3 A1 5l A 4 R DA DL R
SR, WAAT SCERAE GM-CPHD HEZE R 5| N4
B ECRMGEIREETERE, Mk, ASCHFRAEE N E IR
(] CPHD 5| A 285 S i) i, $ T3
T GM-CPHD HIlikit £ ¥ i1k 2 HbrERER 1.
I LI UE T HVERA R, g5 SRR, 2
HREBITIA A ANHI A T, B G IR R
B

2 % HFRERKOIREAT RFS fEiA

F& v -y VNN Z HErIREI S Bk -1
Zl, AAEM (k=1 A Hbs, EATRIRE N X,
X, 10 Xy ey € X o FE NI, BUAE HARAT
BEVH R ARSI, BT A H br vl e HH L T
T H AT A HOR, BRI RS 2 M (k) D PORE
X Xigo s X iy 7 H, Xyi =20 Ui T ylﬁ]T o
fBUE & I 2% A MR N (k) DN 2,5, 2,5,
Zvg € 25 PO RNR AT Hiw, R0
MEE BRI Tk 2006 R 0 HARIRES SR 5 LK
EMRESTEFE, EA T AR AT BRAR 527
X = {Xk,UXk,?’""Xk,M(k)} € F(x) (1)
Z, = {zk,pzk,za'”azk,zv(k)} €F(2) (2)
o, Fix)HFEZ)milktx 5 2 Wira AR T
EQINE S
O k1IN ZIZ HARIRE X,y Wk B2 2
HARIRZS X, A7 AR AR & H AR IS & K ) 5
Zri

U, sl @

X 1,€X5 1
Horp, AR K NZF A BFRK RFS. I, BSERR
AT BAR T Sy (X ) A&k NS H
FRh X, WEALTTRIG FBR RS, B X, |, € X, |
B LR g, (X, ) B AR, B0 DA
1 o (X ) W% Mt FARAE7EER SRS
X%, Bp
Ds (kal,fz) = Ds (4)
LAHBRAFEAE R 45 F, WIRAS X, e 31 X, I
% R AU (Probability Density Function, PDF)
f}c\k—l (le ‘ Xk—l,i) = N(Xk,i;Fk—le—l,i?Qk—l) (5)
X, N (sm, P) o EME m MW7 2% P I s
B, B JPIRESHAEHIE, Q, NI REME 0y 22
4 2 HARIRES X, AR 2 H AR
Z, "] E BRI R 2 (1) ST AR R

Z, = KU U @k(Xk,i)

‘ 1 (6)

oy, K, 2% RFS, Hsebrigl s Bk n) div
K Op(X,,) Rkl 2 F Hbs M RFS, 4 HER
LRI py,(X,,) BRI, ©,(X,,) B {,,}
R, FU, YR - gy, (X,,) W,
O X)) N @ o BUER IR SRS A, A
Ppi (Xm) = Ppyi (7)
DAREIN 21 H bR A 55, I 2, K B TIRGES X, &=
M5 RE N
Ry = [Z%i;»?/if;] = Iy (Xm) + 1y

m x

Ly, T, Ty
=02, | = [t |+ | ®)
= \Ykj| = |Yr,i k.j

d o d

Yrg| Uwi] |y

Trei = P (X/”) \/m
i, ng ~ N(ny;;0,R) NME 0, hTZER, =
diag(ai,ai,ag) = diag(R, o) B & 00 1 s (g
SRR P T R TROE) .y Lyl AR
AL E LI L 228 EOLINAE, e AT TR ALER R H 0 i)
A

9)

Ik (yZ] | Xm) = N(yli,j;Hc,ka,i’Rc,k) (10)

i (yl(cl,j | Xk.i) = N(?Jg,ﬁhd,k (Xk,i)aggz) (11)
;H\:EP ’ Hc,k - diag(IQ,Og) j‘j'ﬁi%xj‘him“%ﬁﬁ$7 In )On éj\
IR noxon (R B RE R R 4 FE R R
3 7 Doppler EMHIFT GM-CPHD EJ%

e BEA H ARz gl # ™ A iy sl AT, i
M2 Hbs RES MRMIARA 7345, 8t I T AR 73
fi, JE5 HEREWISL, BHrA HARK REFS 3R A
T REAS S W
Tk

7 (X) = 2wl N (Xm} PY) (12)

i=1
Horp, g R RO, BUE W), L 3
ml, T PO i = 1,2, SRAE RTS8,
TS e A AR -
YRS b — 1IN S SO A p,_, K IR
B R BRI v, N

Ji-1

vy (X) = Z wl(ci—)lN<X; ml(flbpifi)l) (13)
i=1

) e 20000 T3 g, KT E vy, 4 51
M



1492 BT 5

B R

37 4%

n

Pijk—1 (”):Z pF,k(n_j)i le'pk'fl (1) pé’k (1 ~ Psi )lij

=0 =
(14)
k-1 (X)= Vg k-1 (X) 4+, (X)
k-1 ‘
= Yl N(Xim L PYL) (15)

Sl OF =11/ -
R FARI M

DN H ZHRE pp, () E

Ty '

Vs i (X)) = pS,kZ w, N (X§ m_(573c\k 17PS7k|k 1) (16)
J=1

mé{;dkfl = ‘F}ﬁflml(cjf)l (17)

Psg,]2|k—1 = F‘A:—lPIf(ﬁ)leEI +Q, (18)

AREC K I 20N I RIS S i 6 303 A1 i i
e BT
7 [wk\k—hzk](n)pk\k—l(n)

o 19
p ( ) <Wk0 [wk‘kflvzk]’pk\’f*» ( )
zzj i; w( (X mk \(z )Pk(‘?)

<5[’k1 [’wk\k—la Z, ] ) pk|k—l>
<‘I’k0 [wk|k—1’ Zk] ) pk\k—1>

(1= P ) vyt (X)

(20)
Hrpy (YRN8 [w, Z](n) WL(38).
AA{E GM-CPHD JEW A% AR Z S 8E ., ]
SR AT FE R 22 <7 88y 00 G 8 A R 22 )
WP BLpe s ik, ARG F 2 W HE R, X
HRH G, B, e A E AT IR A ST,
PG 235 gt — P BIRES, 715 2R
B PRASAGTERAR s 5, e Jm R B 2%
(s B EAAEE . FVERAACP RN
TR FRACEEW g, S8 HARIRES .

. T
ml(ffu): (yié,m):[f((»k\i?) y(k\k> Iﬁk\]ﬁ) yr(:,k\i:)]

_mHk 1+Gk) (21)
‘ljk\k (yk m) [I _Gi,k } \k 1 (22)
Hrp
Qz,m,j = yli,m - Hc,kml(g'fgfl (23)
P P -1
Gl = Py H, [SY)] (24)
Si =H, ‘Pk\k H, +R,; (25)

TR 2 RGN g, 0 AR BT
.
my) (2, ) = m) (vi )+ G (vin )70, (26)

ﬂd(ﬁmkzﬁgifﬁwbﬁfuﬁ@&ﬁ]
k|k (y m) (27)
Hrp
Tems = Yim = o, (28)
Gy =11 (i) (w0) (29)

() xE’;LV? E’k\k) + 9l k\k)y£ k\k>

et sy ]
(mf’z‘,? - @k . COS km.j )/?’k (33)

-(m.j)
yc,k\k

R T

@%W+@%Wrz

= (yf’k)‘k - m.j S0 Qkm ;‘)/f“k,m,]’ (34)

2
(m,j m,j) (m,5) Y ~ )
hy = Ze ki /\/ rk\k rk\k ) = coslrm; (35)

hy = yck\k /\/ ck|k

ﬁ¢,mm—me ()
5B 3 RAGERNZEHEN 5, = [y
yi o |V HARE.
wi (2, ) = pplld a ) (i ) ai) (v
<1 ﬁ,ﬁm,’f>
i (Yo ) (1)
{9 [ 20 (2] i)

_ gy(mad)
ck\k

2
Y k\k)) 2 sin ak,m,j (36)

(37)
<‘pko [wk\k—la Z, ] ) pk|k—1>
A
mln(\Z\ n
! [w, Z]( Z |Z|—] PKA (|Z| ])PJ+U
j=0
n—(j+u)
(1 - PDA,k)
o] ) o



EE DA T RS B AR

(K kb 2% B T IE 2 HARERER ST 1493

<17K:k’£k>pD.kw q,(2)
A (w, Z)= ' €7z 39
Ay (w,2) pr (y{;)Hg (yd) z (39)
T
Wyp—1 = [wxﬁflywﬁﬁfla“'aw;(gfﬁil)] (40)
T
g, (s ) = o (s o 1) ()| 41
07 (2 ) = a0 (wi ) 0L (i) (42)
0 (¥ ) = N (0 Hoomif) 1,80 (43)
050 (U ) = N (s o ST (44)

A, [ |RRESIFR, PP =nl/(n— ) hHFIR
B p () IREIB AN AT, ki (y) =\ -V - u(y")
A BRI AR, N\, AR, VO IERIX
SR, () R B A RE o B AR I T AR
[~V s Vi | Y0 B 9335 90 A, W0 22 35 851 e i
R () = 120, 0 FEAT, v AR RS BEAS I 1) 5t
KIS e, (Z) € SAESBATIRES 2 LIB j
(RIBE AT TR R 2L
e;(Z)= > [H<J (45)
Scz|S|=j\ses
4 HEXBESH
SRR EZ BRI, AU E
Z HIRE o -y P10 A AT L IZ 8. #oE H bR
WIUIRAS B G . b A R 1. (L Eas

X4 [ —1000 m 1000 m]x[—1000 m 1000 m], XJ LV
AV =4x10° m*, fBUE py, =098, R, =01,
o,=10m,0, =0.5m/s, v, =35m/s’s £ GM-
PHD #1 GM-CPHD Jg# 2+, pg, =099, F,_, =
I, AI, A'Lj4 A'LL)2
0, I, A'LJ2 AT,

o,=5m/s. FrAH bR &I m(}}( =
[0 m,0 m,0 m/s,0 m/s]", m{, =[400 m,—600 m,0
m/s,0 m/s|", m(f’;:[—QOO m, 800 m,0 m/s,0 m/s|",
m!!) =[—800 m,—200 m,0 m/s,0 m/s|" , J., =4,
w!’), = 0.03, P} = diag([10 m*,10 m*,10 m*/s"*,10
m®/s7?|") i =1,2,3,4 o RSO FEH B EIF
SR BUETTRT =107, &HITRU =4, &
KEin 8% H J . =100, GM-CPHD Fh#>4i
RIS H N, =100 .

EN =125x107° m > AT, B 1 AMER
TASSCHR R 28 A5 B A TR S P A
W (GM-CPHD with Doppler, GM-CPHDwD)
IR Z HARIRER UGS L, mIG R AR b
HOSEBL T ARB AT 2 HARIMIRER . B 2 4 T %
9248 100 ¥ Monte Carlo Zeil15 200 H ArEH 4l
MBI 2Bl (Optimal SubPattern
Assignment, OSPA)MIERELVERE, K 2(a) 1 HELL
oAb, TR, ZEE L EER AR
MoAG T FARECH, B 2(b) st AE H bR % A e

2

s Qkfl =0y ) A=1 S,

F1 FERBIRSRELS. 2£1EFE

H 5 wis &b T o Hbr 2l ik B A -
}4]:’11_% ngu Htj'zlj Wﬂl”'b(/‘l“ (-7:0’ Yor Ly yo) )J];”I_v—l HTZIJ ngu %ﬂﬁﬂ’{kzm\ (-730, Yos Ty yo)
1 1 70 (=800 m, —200 m, 20.0 m/s, =5.0 m/s) 7 1 70 (0,0, 0,-10.0 m/s)
2 40 100 (-800 m, 200 m, 12.5 m/s, 7.0 m/s) 8 20 100 (0,0, 7.5 m/s, =5.0 m/s)
3 60 100 (-800m, ~200m, 2.5 m/s, 10.5 m/s) 9 80 100 (0, 0, =20.0 m/s, -15.0 m/s)
4 40 100 (200 m, 800 m, 16.0 m/s, 9.7 m/s) 10 1 100 (400 m, -600 m, ~10.5 m/s, 5.0 m/s)
5 60 100 (-200 m, 800 m, —2.5 m/s, ~14.6 m/s) 11 20 100 (400 m, -600 m, —2.5 m/s, 10.2 m/s)
6 80 100 (-200 m, 800 m, 17.5 m/s, 5.0 m/s) 12 20 100 (400 m, -600 m, -7.5 m/s, —4.5 m/s)
20 80
- 15 @ 60
2 =
m | <
o Y e [
D n
S 20
: 0
0 20 40 60 80 100 10 30 50 70 90 10 30 50 70 90
T ke TE ke TE ke
x 4K — TCEE —— GM-CPHDwD
— FLECf —— GM-CPHDwD
ofyt e Ko
(a) HFRECH A TF (b) OSPA %%

1 GM-CPHDwDZH.i%% H bR ER ML 4R

2 AR ZIF GM-CPHDwD A s R i g



1494 BT 516G 8 %R

37T %

i, OSPA R nl 4EFr/E 20 m e A4y, AE HAREH
AR IE], OSPA HH B8 =il 5 .

HEGAE GM-CPHDwD H 5] N3 8l (5 At 4%
BRI RECE IR ), A BIE AT Doppler {5
S RbrE GM-PHDAI GM-CPHD4: 4 GM-
PHDwoD Fil GM-CPHDwoD, PA K SCHR[5]42 H 1
2 5 B GM-PHD $7%4 GM-PHDwD. [ 3
BT 4 BREEAE N, =0,025%x107° m~%,--,1.50
x107° m > AR Z % B4 T OSPA B2,
PLA OSPA A 38l T35 2 s A3 15 2 8 O I 1 2%
WAFEIEH A 0,10, ,60). SRS, ZEE R
K15 A% GM-PHD il GM-CPHD 1 & 2 3% 1
e, HAwBb s, MRedceyieE, KHL

W5 S A AT AR 2 TP AL GM-
PHDwD, & 3(a) 3] GM-CPHDwD 7 &ALk I
F72, {HE 3(b)RHILAERMETHPERE XA T GM-
PHDwD, MM, MK OSPA fMEIN S, GM-
CPHDwD 1T GM-PHDwD, LK 3(c).

5 HERiE

N AE BT % (R BEHLEEAE S 78 20 M ] 2 5 0 45
B ASCER T AT GM-CPHD fIpLEk 235 8 3 ik
% HARBRER L, DS RAEY] T iz8A A 2k,
RN 2235 B e B A Rz e T, Sk
HERERVERE. NP TARRMIUE LS B E X AT
ST REALA PRI W E A 2 H R R
Bk

16

Ae (x107 m™?)

(b) OSPA#AR 7 (m)

= 30 ﬁ-"""”
&) gk
" per 7t
K 20 P
pra} o
=20 ,,/P o P
2
~

15 ¢

0 0.5 1.0 1.5

Ao (x107 m™2)

--+- GM-CPHDwoD
—»— GM-CPHDwD

(c) OSPA S 2 (m)

B3 ANFIZRBCER LT & SRR RE ELAR

— I

= B PP & =

= > =

14 O R

% 4f4ml$” =

E 12g-~ &

< £

/10 n

8 W’ o

~ 9

0 0.5 1.0 1.5
Ao (X107 m™2)
—b - GM-PHDwoD
—e - GM-PHDwD
(a) OSPAERL %%
2 & X #
[1]  Mahler R. Statistical Multisource-multitarget Information

Fusion[M]. Norwood: Artech House, 2007.

[2]  Reuter S, Wilking B, Wiest J, et al.. Real-time multi-object
tracking using random finite sets[J]. IEEE Transactions on
Aerospace and Electronic Systems, 2013, 49(4): 2666-2678.

[3]  Zhou G, Pelletier M, Kirubarajan T, et al.. Statically fused
converted position and Doppler measurement Kalman
filters[J]. IEEE Transactions on Aerospace and Electronic
Systems, 2014, 50(1): 300-318.

[4]  Ulmke M, Erdinc O, and Willett P. GMTTI tracking via the
Gaussian mixture cardinalized probability hypothesis density
filter[J). IEEE Transactions on Aerospace and Electronic
Systems, 2010, 46(4): 1821-1833.

[5]  Yoon J H, Kim D Y, Bae S H, et al.. Joint initialization and
tracking of multiple moving objects using Doppler
information[J]. IEEE Transactions on Signal Processing, 2011,
59(7): 3447-3452.

[6] Vo B-N and Ma W K. The Gaussian mixture probability
hypothesis density filter[J]. IEEE Transactions on Signal
Processing, 2006, 54(11): 4091-4104.

[7]  VoBT, VoBN, and Antonio C. Analytic implementations of
the cardinalized probability hypothesis density filter[J]. IEEE
Transactions on Signal Processing, 2007, 55(7): 3553-3567.

[8]  Ouyang C, Ji H, and Tian Y. Improved Gaussian mixture
CPHD tracker for multitarget tracking[J]. IEEE Transactions
on Aerospace and Electronic Systems, 2013, 49(2): 1177-1191.

9] BKBHpE, WiZrie, R, —Fhealk i CPHD £ H briiER 5k
[J]. 7 51E B4, 2010, 32(9): 2112-2118
Ouyang C, Ji H, and Zhang J. Improved CPHD filter for

multitarget tracking[J]. Journal of Electronics & Information
Technology, 2010, 32(9): 2112-2118.

[10] Beard M, Vo B T, Vo B N, et al.. A partially uniform target
birth model for Gaussian mixture PHD/CPHD filtering[J].
IEEE Transactions on Aerospace and Electronic Systems,
2013, 49(4): 2835-2844

[11] Ristic B, Clark D, Vo B N, et al.. Adaptive target birth
intensity for PHD and CPHD filters[J]. IEEE Transactions
on Aerospace and Electronic Systems, 2012, 48(2): 1656-1668.

[12] Beard M, Vo B-T, and Vo B-N. Multitarget filtering with
unknown clutter density using a bootstrap GMCPHD filter[J].
IEEE Signal Processing Letters, 2013, 20(4): 323-326.

[13] Ristic B, Clark D, and Gordon N. Calibration of multi-target
tracking algorithms using non-cooperative targets[J]. IEEE
Journal of Selected Topics in Signal Processing, 2013, 7(3):
390-398.

[14] Battistelli G, Chisci L, Fantacci C, et al.. Consensus CPHD
filter for distributed multitarget tracking[J]. IEEE Journal of
Selected Topics in Signal Processing, 2013, 7(3): 508-520.

[15] Uney M, Clark D, and Julier S. Distributed fusion of PHD
filters via exponential mixture densities[J]. IEEE Journal of
Selected Topics in Signal Processing, 2013, 7(3): 521-531.

[16] Ristic B, Vo B-N, Clark D, et al.. A metric for performance
evaluation of multi-target tracking algorithms[J]. [EEE
Transactions on Signal Processing, 2011, 59(7): 3452-3457.

R, B, 1987 4E4E, WA, WS AOh 2 E B A
e B, 1964 F4E, W, %, WS, BTl
IARAF S b3, TEIAE A EE ., 5 B RS
e 5, 1982 4EA, Wk, BT IR 2 AR IS B S

XERH: 2, 1988 44, A, WU A 2 AL RS 4L M.



