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Abstract: In response to the problem of low tracking accuracy for multi-object tracking in existing algorithms, a Gaus-
sian process Poisson multi-Bernoulli mixture (GP-PMBM) filtering algorithm and its variational optimization are proposed.
Firstly, an augmented state space model is established based on the principles of Gaussian processes. Subsequently, to ad-
dress the issue of decreased filtering accuracy in GP-PMBM caused by the use of nonlinear filtering techniques, variable
Bayesian optimization is utilized to update the results, achieving optimized updates of the target states and enhancing the
estimation accuracy of the filter. Simulation results demonstrate that the proposed algorithm has higher tracking accura-
cy compared to existing filtering algorithms and exhibits more stable tracking performance in scenarios with only partial
measurements.
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AN EARERES SRR A I 277 A4 2 AN R, PR A )
H¥r NP J2 B ¥5 (extended target, ET)*>1, o xf b7 1)
PRI 0] U R HARERER.

% H bR ERER I EEME SR e RBOC R, X T2
¥ F H s (multi ET, MET), HARFIE 2 (8] GO
AW INE A4, 20034F, HHMahlar®' 42 H (1) BEHL A PR 4
(random finite set, RFS) B & A itk 4 1 HAr fl &

WShR E : 2022—08—05; 3¢ H H: 2023—10—11.
TiE{E{E# . E-mail: cyli@xidian.edu.cn.

ASCTHTIRZS: .
ER BRI ETH (61871301) ¥ H).

W2 [0 52 DGR, I HAEER BRI AE H, WS S &4
PEFAS B 74, L, 7k —&8ed, e 2 Bz
BRER IR T — BEIR . A 2 (A SRR A (poi-
sson multi-Bernoulli mixture, PMBM)! & 25 4% 472 H1
ZJa, 15 BARIRAE B AR S 5 T R BT, SCk [8]
1, Smith5 A K PMBM U 2% A AR IS AT L, 1IE
B T PMBMER; % (1 BR M e 0.

29 & HARERER 73— MZ O I & an el R A H AR
)2 A B REE AR TR BB v, LT
HARTERAL T B0 7L BT T — 2 g R, A BaEL
% B A5 7Y (random matrix model, RMM)PVHIFE LA il

Supported by the National Natural Science Foundation of China (61871301).



2326 oA R 5 N A

H41 %

[H A A (random hypersurface model, RHM)!'V & £ B
RN R PAR . RMM AR ZRAE H AR EITEAR, X
FEMEETAR B AR RO THBOR— B TIRHMER FA2 1A B
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Horp:
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: ~N(u, K), “4)
f(un)
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ZE R BT M) IE 2 0 B, A SCR S
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o Fe 0 Q 0
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k(u,u') = of exp(—
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Ve (@i Pra) = Ve (@) — ns (17)
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RAPIRAL, FritE 7 FE N
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S, K BN RE [ S0 7 ZE R e AR R 8 1 28,
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(22)
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B AR 4y JEAT I ABL. T TH 21T K V40 4 S GP-
PMBM EAAJEPGEFE. 554 FGP-PMBMEH T dE
LR VE SR T AR T AR 2R 1 R /R BB, X IE 2
M RAG TR BN PR AR [ L. SR 2 A AR 43 DL i3
FEAEALAS AT WA 5, 5 By DL e ALl 2 2% 3 A 11
RE SR BT EEAS THRE B H 1.
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1 GP-PMBMTiill.

GP-PMBM ) Fitil 3 £ 73 i AR 13 78 (Poisson
point process, PPP) Tl 1 2 11 %% F| V& & (multi-Ber-
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DY (z) = Igb(ﬂf) + D*(x),
DY ()= 3 PG (i 0", 27
Nt (e 127, P2T)
N (e s ps PP, 32)
Ny
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N (e ps 137y, L),
Hodr: AR+ RIS Ron T 25 R, 854 B brAiA7
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2) MBMT3ill.

MBMIRZ bk T BARN 20 A S H0E A5 4 R
WRUEWHAEEM R r. AXERA

f1T = Glara o, BYY):
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D3 (x) =

(33)
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ay = o,
pu— / 5
By = B (34)
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P, = FPF +Q,
HrnFoR &2 ST,
e P. 0
= , P = : (35)
a | M 0 P
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REN FEFAREENS S, AXERH

Nu

¥
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n=1
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PPP H Ar g xgedar I 2% AX Ay Bernoulli B bR, 2

{1, mE|C| > 1,
’I“l(lj = EC
— == WmHE|IC| =1
o MRCI=1,
NY
% W2 pp e

G(xgp; ™™, o)X (38)
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n; WY ppls"
NY )

Lo = nzl W pplE”,

FHorporg, fA(8) 20N AL R Bernoulli H A5 47 4E
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at™C = oy + W],

BumC =By +1,

p e =y + Kz — 24),

pvY =p — K.HP,,

zp = hy(py),
Hk _ dhk,l(.’ﬂk)’
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S = H,P.H, + Ry,
Kk = P+HkT(S)_17

un__ . u,n,C F(a)</8+)a+
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BT R, Ky N HERE, (o) NS ECNa kI
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R A T 7 A= 2 W & (¥ Bernoulli H A5 (14 47 76 1
A 2 oA S A M ERAR N

- R
ry = ,J,rqD..,,,
1—ri + ey o)
(@) = ' DlQ) + D),
Ejg’i =1- ’riz + rfq%i.
BARTHER:
p(7) = Glagrs o™, A7) x
N (e n; iy, PI?) x
N(xf,k; /11317@7 Pfj,’ll,g)a
p(G"7) = Glagus o™, B77) x
N (e r; 15”7, Pl ) x
N(:Cf,k; Mg:;za Pf{);g)a
j, B (4D
Jit + *
dp = 1—-pp +pD(ﬁii " 1)Ot+ )
Wi = (¢5") 7' (1 = pp),
% -
Wit — ()1 BY \ad
2 (a5")” pol( iz+1) )
{71 = iiv %i = {O‘T7 zr’i + 1’/14{;171)11‘}’

o wl Fllwd 43 B A SR & A IR AU
095 UG T5E 2158 00 It RO BUARL, -2 A0 L7 () 40 Sl o
T IR 55 R I B A7 A R R 2 25 13 B B, £ o
TEEREIAR.

PR MBSO N FHEENSY, FAEMER. A5
i 5 AR 737
Téi =1,

5 (@) = Gl ol )
N(@eps wee, Ple)x  (42)
N (15 M?:ic» Pfjé’)v
L5 =)' ppll).

WES KL = (o, L, ul, PL' Y B &
LR L B it 72 5 4 &l 5 5 I PPPEE 3 2510,
BARTHETTAIZIE3S) .

B4 25 5

TES T, ke e A — BB R T BB AR %,
BT EATTA] LA sk D e AR v
32 BHEH

A5 4y DU (variable Bayesian, VB)& —ff ] T-iit
U Z AR IROR, 3 T80 2 WA = A AS mf
LI AR ) 52 AR I et AL, VBRI DL T AN /]
I AR & 1) 3 A7, ASZRFGE e, BRI LS FE nT
SR [14]. IR m i FEAR Y R 6% 5F fE A Hh iR
HARTEAR, H B 75 FE () AR 2P s AR T ek

1 2R AR DU TR AR e 1a) R, 7E BT R
GP-PMBM ¥ ¥ 2 Ja 47 LR AR A 42 T
VBGP-PMBM, 4RI E 1 iR,

LU

|
GP-PMBMT5iil

|
|
MBM il |
|

VBGP-PMBM fiiill

PPP ¥t MBM ¥

¥
VBIEAH B

ANTHEURE
Bk EIERIREL

izl

fth H AR

1 VBGP-PMBM&IEiF2EE
Fig. 1 Flow chart of VBGP-PMBM
FORAER )k, H RS 3PRASTY RIRES 1 el 2
A
p(xc,k7$f,k|zlzk71) = N(mc,lﬁﬂc,k\kfl,Pc,k\kfl) X
/\/(l’f,k; Mt k| k—15 Pf,klk—l)a
43)
ISR R ECH
p(zk|Ter, Te ) = N (2 hi(xy), Ri),  (44)
TEEAR 53 DI 5y, ] DA S 565 B o
p(xc,kaxf,k‘zk) ~ Q(xc,kaxf,k) =
Qc(-rc,k)Qf(;Uf,k)? (45)
HAQc(zep) Qs (¢ 1) IR ANIB PR FIY AR
Ny
ARy 8 TR AT AL 56, A S 5 B AN U AR B
Z A KL B i/, A

P1 = D(Tek, Te gy 2| 21:0-1)5 (46)
Qc(2c,r) o< exp(Eq, (logp1)), (47)
Qf(xf,k> (8 eXp(EQf (10gp1>)7 (48)

SRS

p('xc,ka :Ef,ka Zk|zlzk71) -
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p(Zk\JUc,k, l“f,k) 'p(&"c,k, xf,k‘zlzk—l)y (49)
CEGH
Qc(zc,k) (8 eXP(EQC [logp(zk|$c,k, Il‘f,k) +
Eq. [log p(zc x| 21:1-1)]), (50)
Qi (zr k) o< exp(Eq, [log p(2k|ze r, xe )] +
Eo,[log p(zt k] z1.6-1)]), (51)

H AT HEPIRES . § RAIRES IR LA N
Qc(xc,k) - N(xc,k; ,uc,kv Pc,k)a (52)
Qs (1) = N (@t 15 pe ks Proge)- (53)
I e AT 20T UGRAIE SRR SR 3 ) B T
KL F4E Je s e /IMEL RO A, 38 I — 72 e ] v E L Ay
R L, SR 55— R A 08
% H b 2 300 8 1L Na 0O = )| g0 —
BO9, g0 = g, IO = P, 90
,UEM)’ Pf(j,i)(O) _ Pf(j’i). te [17M]7 MR &5 KIER R
B, HWRIRESHT R
1) B3RS SHL.
v _ ()
S0 = B{ORO LT 4 Ry

K = pud g (501, (54)
,ugj’i)(t) — /,ng*i) + K,it)(z _ H,S,til)u),
pc(j’i)(t) — pc(j,i) _ K}gt)ngt*UPC(j,i)_

2) I RIRESHL

gia @) MENEE

Eq. [lOgP (Zk|xc,k,l'f,k)] =

—0.5((x},) "E [Hy (w) Ry, Hi(wy)] @, +

m(wk)
2(2})" E [Hy () Ry ' (2 — @)] 2}, (55)
n2 ()

A5 F T Ban A8 4 o S5 A 20 14 bR B A, i
Asigma x5 S AL FEws, EHFIN AT 225 SCHk[10].

RN AN R EIE
N
Moy () = Z:Owsnl (XZ)a Moo (z1) = ws'r/Z(XZ)y
B (56)

L=

ST O A PV 15
MEMW) = ((Pf(j’i))il + Ly () X
(PO 1 + ), 57
POYO = (PO 4 i)™ 659)

AL I S A p o) (D) — gy L) (] <
threshold(WEUBIME), MIEAARATLE K. VBT B

FEDRIAEL

%1 Hik1: VBHRALZ# £8P %
Table 1 Algorithm 1: Main steps of VB optimization

and update
BN AARIRESH, ORI, Bsiin
{Hthreshold

fth: AARZERERT RS S H
1 foreach ¢ in [1, M] do
2 | BEAGHIHELSY, PO,
N j,a)(t ,2)(t
3| BIEAG6)-()iEuS DO, paD®),
if (]| (D — (om0l < threshold)
then
4 break;
5 end

4 PiRGR550h
NBSAIEA ST TR H I GP-PMBM K H: Bk VBGP-
PMBM 7E 24 J& H FrERERH A Rk, A3t T
ANXT B S5, S5 — H B T GGIW-PMBM A1 GPR-
GGM-PMBM 5 GP-PMBMAIVPGP-PMBMTE H gE 3k
3 B pwil o3 sl i3 e b B BRI R, SR — AR
7 GGIW-PMBM 1 GPR-GGM-PMBM 5 GP-PMBM
FIVBGP-PMBMYE (5 7% I 3 5% R R 22 FhAS [T AR
HAREIA . SR RIS IRECR 100, SR R0 %%
U SRR AL T ROR I PEN PR AR AR 2 IR L
(intersection-over-union, IOU), 5 XN R :
area(X; N Xs)
area(X; U X,)~
X B ARE SRS T RPN PR AR 2 e 71
M (optimal subpattern assignment, OSPA)!>1 i 55
OSPA 25 /& —Fl F R LA 85 & 2 [R) 22 SR P 1) iR 22
PE S, i R B IR IR, SR
di9(X,Y) =
(2 (min 3% d) (@i, yoo)? + n —m)), (60)

n well, ;5
Hrf: mFn s> HNES MAESY BERITTREH,
pAos H P, cRonaibTiE .

SCE 1 N T IERT IR EEALE R ReIRTS B bR A
I T YRR LT, SR 1 3 B, IS K
MR FRLAR SR AR IR I PT e R IR S 0. AR X 380h
[0, 100] x [0, 70] m?, f&/&AA2T[90, 18.5], R RERLN
P H bR S sy — MmN, msha —AHir,
AP (A1 60's, 1~45 siF, H AR E SHE s A )y
i 25 % (constant turning, CT)RIY, FZ5HER Ny w =
—m/90 (rad/s), 45~ 60 siJ A& 3 [ (constant velocity,
CV) BB HFRHIARIRAS N 2=[95 60 0 0 — 1.45
0], I RIER AT, FAEMZE p, = 0.95, Kol

I0U(X1, Xo) = (59
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25. OSPA MIZH BN ¢ = 8,p = 1. AlrialiREN
CTHII FPRAEH RN
_1 00 sin(wl') 1 — cos(wT) 0_
w w
1 — cos(wT) sin(wT)
01 " o 0
Fer=10 0 1 0 0 T
000 cos(wT) —sin(wT) 0
000 sinwl) cos(wT) 0
000 0 0 1]

(61)

P2 S SRR B8 A 21 () = AT H B 1R B SE I BB
LR SoRNEIFE N 10s. B 4-557HA
SRR, El6-77
25 R0 0 OSPAFIIOU.

7, B 3 IR S
22 s526 sf142 s 546 sht BRI
NAFWEEERER
65
60
55
50
45
40
35
30
25

20
15

Y/m

30 40 50 60 70 80 90
o BN — AT o« R
X/m
B 2 S VR H AR se il

Fig. 2 Measurement and real target trajectory of Experi-

ment 1
65 T T T T T T
o =R i
ol W i
— GGIW-PMBM
& .| — GPRGGM-PMBM i
= — GP-PMBM
>~ 35 4
— VBGP-PMBM
30 -
25 -
20 .
15 L
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X/m
Kl 3 sl ERIERSE R
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Fig. 6 Centroid OSPA of tracking results in Experiment 1
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Table 2 Average OSPA of four algorithms

Bk OSPA
GGIW-PMBM 0.5907
GPR-GGM-PMBM  0.6032
GP-PMBM 0.1876
VBGP-PMBM 0.1543
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Fig. 8 Measurement and real target trajectory of Experi-

ment [[
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Fig. 12 Local tracking results for the coexistence of rectangu-
lar cross shaped targets
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Table 3 Average centroid OSPA of four algorithms
for different shape target tracking

RPN E/ Y VI o O
GGIW-PMBM  0.2420 02685 0.1975 0.2126
GPR-GGM-PMBM 02124 02536  0.1715  0.1926
GP-PMBM 0.1466  0.1618  0.0978  0.1298
VBGP-PMBM  0.1167 0.1155  0.0873  0.0953
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Table 4 Average IOU of four algorithms for
different shape target tracking

Bk WY =M ek R

GGIW-PMBM 0.7101  0.5902 0.6583 0.6962

GPR-GGM-PMBM  0.8624 0.8183 0.8636 0.8674

GP-PMBM 0.9289 0.8676 09012 0.9103

VBGP-PMBM 0.9569 0.8932 0.9234 0.9457
% 5 AFH kT34 AT

Table 5 Average running time of four algorithms
RPN 1A /s
GGIW-PMBM 4.045

GPR-GGM-PMBM  15.755
GP-PMBM 6.007
VBGP-PMBM 21.220
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