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Spawning extended target multi-Bernoulli filtering algorithm based on
sets of trajectories
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(1. School of Mathematics and Computing Science, Guilin University of Electronic Technology, Guilin 541004,
China; 2. Guangxi Key Laboratory of Precision Navigation Technology and Application, Guilin University of
Electronic Technology, Guilin 541004, China)

Abstract: In addressing the challenge of degraded tracking performance, particularly when dealing with spawning
extended targets and the extraction of target trajectories in complex environments, this paper introduces a spawning
extended target cardinality balanced multi-target multi-Bernoulli filtering algorithm based on trajectory random finite
set (S-TCBMeMBer). To enhance the representation of trajectory sequences for multiple extended targets and ensure
continuous trajectory information, atrajectory multi-Bernoulli random finite set (Trajectory MBer-RFS) is first
employed. Following this, a multi-Bernoulli spawning model is developed, which establishes the equations of motion
and dynamic transition models for different spawning extended targets by leveraging trigonometric equations linking
the orientation angle of the original extended target and the deflection angle of the spawning extended target, thus
enables joint estimation of the kinematic state and shape state of the spawning extended target. With the integration of
the Trajectory MBer-RFS and the developed multi-Bernoulli spawning model, the S-TCBMeMBer filter is derived and
presented. Additionally, implementations under linear Gaussian conditions, specifically the Gamma Gaussian inverse
Wishart (GGIW) mixture, are provided. Simulation results show the effectiveness of the proposed algorithm in tracking
spawning extended targets and extracting comprehensive trajectory information even in the presence of clutter, missed
detection, and noise.
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0 5 &

¥ J& HAREREF (extended target tracking, ETT)!
T — T b B 5y A3 A IR AR HE 1Y B AR R R T,
BEM S = SRR bR — RIS T, IR
B B bR i)ig s % 2804 E 280 ETT g —
PR WA AE B ARG T (s AR A TR
BBEHRSE) G 20 R B s EE AR
A, HT Y& H bl 5 75 B UCRAE AN AR 2 A
W&, T SR 4k 2% F A% 42 1) B G Rk 2R 2008 SC B (joint
probability data association, JPDA)™" F1 £ {i ¥% IR i
(multi-hypothesis tracking, MHT)" 25 & Il 5¢ 1 #7 A
P24 HAREEAT BRER, WK K 0E 3G 0 v 55 52 A .

Mahler 25" 4k 7&F1 R J& T WL A PR (random
finite set, RFS) U BRI, A RCkE 0 1 52 2% I 304 oK
B2, I — R RFS £ HARERERVE R 25, LFE
DAMERAB 15 % & (probability hypothesis density, PHD)
TP AT AR B (cardinality PHD, CPHD)
DE I As U AR A A HEIE B AT 224 55 F (multi-
target multi-Bernoulli, MeMBer) JiE % . Vo 25" £
2055 R IR R A E 2 A ke B BR BB T 22 )
P AAE5H] (cardinality balanced multi-target multi-
Bernoulli, CBMeMBer) JEJ #%. iR 3 Fhge Mgy a5
HR ULHET B2 4 B ARERER 7 5. Granstrom 25 £
HIBE LA R (random matrix, RM)"™ $ik ™ & H kR
HMEANEN 73 A, HR AN AERE 5 B2 455 3 PHD
flith e, 38 H T3 & B A% PHD(extended PHD, EPHD)
JE 28" R FE bR CPHD(extended CPHD, ECPHD)
D it 13K R A 2 SR A e B 0 v
(Gamma Gaussian inverse Wishart, GGIW)"'* 4> 7ii V&
ASEHL. B4, e i 5| NG B AR 2 S
SR PR B SGHE JR 45 CBMeMBer JiE I #% IR B85, $
T ¥ & Hbr CBMeMBer(ECBMeMBer) i 2%, 4%
L= W1R & (Gaussian mixture, GM)"™ 2Bl 7. 5
EPHD A1 ECPHD f#% % — P %A~ [A], ECBMeMBer €
WA EERBEZ OB SHERZY R B ER®
B B AL, FAm P 5 5 4G CBMeMBer JEUK 4 — 2,
NOHOP R bR Y R B bR 2 A A B R B SR AR
HA Bz T 2SR RS HL, FERT H AR )
i ZE AT A& IE. [A 1, ECBMeMBer JiE 3% 12 2 5 fin
3, 3 B AR IR A B Al E B g T EE

SR, 7E 55 FR B M. H 35 5¢ 1, ECBMeMBer JE UK
A AFAEN] R A E. T A% CBMeMBer BE &%
AT 28 13 47 243, ECBMeMBer 38 3 2% 1 %2 H 5
BN 1R R 2% B AR R B S Y R B

PRI BT, AT 288 15 & B AR AT A . 2
bR, ¥R At TATAE R R & Mg
AR 5 TR RS B B AR, a0 28 i ) Jo B A 22
GBI KA IR £ ERRGE 22 A IR AS 5 1 i 3,
DL KHLAARE b P 4% S 3T B AR R N AT
"4 J& H #% (spawning extended target, SET)!' %%, &
W, ATEY R B S R GY R B bR A RS A E
T ) B2 % & . ECBMeMBer JE U #% H1 T & 2 57
AR IAT A e BAR B A, Tk AT A9 e H
PRIEAT A BRI

72 H AT CA Bk, A RAT A Y R H bR
I I LL D, Hod, SCHR [16] 1 —Fh 2 ik 46
H4, 1245 K R F A1 TR 6 R (0 AR A0 A MR AIE 1) 2 2
Z HATA R, AT AR B S R A R i
R GTAR RS AT AEY R Bix. B, 25
M RE B A HER M TN AT AR e BRI R 540 .
SCHR [22-23] 43 3 51N 2 ARG A5 RSk Tl ECPHD 8
WA FIVAFA 21355 F] (Poisson multi-Bernoulli, PMB)
BE e A AT A YRR H AR, IR RUT I ER B RCR.
R, 2 RREMREEMAEYT BRERSEY RE
b 18 LA JE 0% 1 PR B I HL AT 45 00 25 SRR 17 i Hb
SATAY R B bR B B A KN A Be A ORI AE
FHR. gl 7 5 — R AT AR 3 5, SR R 6
H AR IR A S AT R B s B M 2 8] 1 =5
BRI KO F A BT AR R s, I BRI R FAR
BT RR, WAS IR T RIS R Hisr 240
B,

1t 4h, ECBMeMBer JE 3K 2 7 e H in R ES
SRR NVIIEAAT B, B8 5 7245 I 20325 A S BIR
AZH, IR 3 5 RS RN B AR SRS
(At V1R, 3X T B0 2 I Z0 R AS JEEAE 24 Hi I Z)
TRA7, Rk, ECBMeMBer ¥ i 25 Jo V24 AT B A
I 21 2 18] (AR 72 51 (), X 2R 2 B bR 7
WHEFR N H AR RFS 7532 8 7 B H P i THE,
SCHR [26] $2H T HUZE RFS 7792, B2 H AR RFS J7ik
AR RHET . 52 81E RFS J7VERI A &, A SCHAT
BN R B 28 e BARIRES P 5 B ik
RFS, /£ N & i CBMeMBer JE3 25 FI W] 1H 1015 B 5F
AT AR B, AT AT DA B D UE U S 56 % R g
W2y ke H bR B4,

AR SCE Sk ST ECBMeMBer 38 38 IATAEY
H bR SRS 0] R, 2 H — ik T I 0 R Ol 5 A 1 22
(A5 RINT ALY, Z A58 R H 2 0 %5 F RFS Hiiid %
ATy R B bR RPIRASE A, FER R a6 e B AR
FLm AT A HARIm S A S8R 1T &
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FEED TR BAR IO OB 3 7 R 2 R SRk 2 AR R 2 B

B R, 15 5 iz 2 TR 5 I T 7 R 0 A2 2 1 0 L [Meetlesk <k 3
B4R 405 RFS 1% 158 R AT A B R 42 _{k—a+LH>k. (3)

T GGIW Ml & SEIHIT A e HARE 255 A
(spawning extended target trajectory CBMeMBer, S-
TCBMeMBer) JiEJ; 532, B¢, i i B85~
M2 RTAY e Hbnfi Bz 5, Bk T S-TCBMeMBer
HVE R 20w Ik ECBMeMBer HZE AR 2, X7 4
I H b5 8080 H AR AR B HEAT HERA Al 1, It
¥ Je B AR e BRI BE(E B
1 BERER
L1 FRERRGEE

By R ARHPRER I NE = (v, 2, E). Hh:
v > ORI, FRom B AR REAN 8] 22 A i
B BE; 2 € R Y R BRI ROGRE R E (B
FERE S WOE FE B 25 AR, n, RoRA A B 4
H, Rr=Rorxn, x 14EsKa &2 E e St YR
ERRR AN AR, dFom SMBAE R A3, ST, Fo7 d4
SO IE 8 HE RS [R). AE KIS 2, & H AR IiE 3 &
G R 2 e T

Ly = Fk+1|kxk + W, (la)

Wy ~N(50,Quie ® Eryy).  (1b)
Hr: N (o m, P)RoR¥ME RIm. HhT7 2R P&
AT, B BN BUDIRES FE RS R, wyyy IS FE M
B, Quirpe @ By R85 B AH K 1 I 72 0 75 0 U7
ZEHRE . R R E AR EUUMEE pl () T
T (O E R L + LN Z, Hrbrpy | ()R 947 75 B
B, w8 (| MRAIRE S H L.
IR, 37 H bR AW I 2 2 s i 2k bk
LI Y

Ppy1 — (HkJrl)xk + Vp1s (2a)

Vs ~N(50, Ry @ Epyy). (2b)
Hor: 2o AR BARAE R + 1I 207225 g s 20,
H, N EWNEBERE, o, NEWNEREE, R,,,®
By NE S J7 256 B AR R H bR AR
pDk_,_l()ﬂt‘u%ﬂEé(ZUF%i/l\%{m Hrp: Poi(°)
AL AR R MR, o (2]-) AR TLR R 2L
1.2 ¥ RFS
ey e H ARSI A B 6] e, A AR B %1 31
T I 2 ks 3 T AR P A B 0, AR IR B AR
SRR B H FRAE I %) e BN 2 k2 8 (6 2R
SN ERX = (6,6), o = (¢, ...,
EVAT R BFRIREITA. ¥ B A BIRES T 5K B

otk g R BRI B I ).
HFIH RFS PR ki ZI BT A 2GS B bk
RERRN
X ={Xe1 o Xean ) (4)
X, B #L2E RFS, HoA M, RKon kR 203 & B bR
R E S X, AT & oo =, 7R PLIEE RFS
a1V NS
1) MU AZF] RFS. £ 65 X H 22 5H N
Ji& BRI, F A MR 5 RN
1—r, X, =0;
1D =), o .
Hrbr ARy R HARAAEME, p(X) A f( X)W
BEREREE, NI f(X,)TSEHERN(X) =
(r,p(X)).
2) LI ZABF RFS. £ & X, T EHEZ N &
H RS, #1328 2 A0 2% F) RFS A —H ¥ 1a
F HAH BT R85 F) RFS (4R, R, 426
X, AR H X = W XL S X g i
A ZE A RES 325 (r, p (X)) H3R, W3R
ZNAHZE G TR, dE—20H, X, (B G MR %
FERTSHTR R A f(X) = {(r” ol (X)) HE.
2 BABAATEER
ASCUARE 1 751 56 8H b 240 45 R AR A A,
BN, JRaEY R B bR (EIE) 782 3L B A Ak
W& Oxy FIIFLOCIRE AL, = [pr, vp]". Hrb A B
RED = Doy Pyi)s BIEERE U, = [Upr, Uy 1), WL
WA RO € [—x,w|. J&E0E AR Rz 0w 8 I 16
¥/ B bR AT A X R 4 SR I TG 10 TV YA
oy, B b, 3X 4 AN ER AT RE R BT AR YT H Ar.
SR, ESEbRdm = N, AT B HAr 5568 H i

Bl ZEZFTERERG)
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23 A TR B B R RS, S T 1 A
1 (e fi) 4t (A~ /2 rad.
ACAFEERIR TARIR IV X A9 e
bR fEk + LN Z, JRa69 e HARE SR 1 X384
I AT R BAs (B 1 4 o7 AR 76 B A
AFR R Oxy FRIUDIRE N1 = [P Vi) s
BB RE Prsr,i = [Poperii Pyrsril, BER B U,
= (Vs 160 Uyrins), TFE N0 <9 < n/2, B,
ZATAEY R HARBIMUA 90 + 4.
21 AT REREIGTE
AR Oxy T, BIGY & HAsHfia M5
BRI R O B TR R = A R AOR R
Vg = |Uk| cOs O, v, = |v,|sinb, (6)
Hort o | R 5068 & H AR FE R B R/, [,
FTAEY e H bR B 1) A 45 8 AT B2 IR o 2 TR A7 AE
R =M R R
Vg ki1 = |Ukpra] cos(0 + ),
Uyt = |Ugyrs] sin(0 + ). (7)
BATAY e B AR 5 5469 e HbRfE 3T 0] 4
B 22 R O KN, B ] = |oe]. IR IX
— B LI K (6) A1 (7), AT BIATAEY R HAs 5 5
WY R B AR CRAS 2 A 37 58 R
B 1 (EFIE R RS TR AT T, 5
UCRFE RN ATAEY R AR5 IR 469 & H b5 Z [ 1
JCRAS T R I T HUE ok R
Triri = (Fopand) Ty + Weprie (8)
Hodrwg o, RN IR T XEER MTAEY & B ARBTG
RSB IS TR 7 R Wy A F I = i e
IHIHTTEZIEEN Quirn, ® By i3 Frpn s NEIR
I XS5 M ATAEY e H AR BT ORI

1) 46 # nn HO # mn /200 A
(1 0 0 cos0+9) 1 ]
sin
o 1 S0+l 0
Fopijoi= cos
00 0 cos(.H—l—@D)
sin 0
00 sin(6+1) 0
- cosf i
(9)
Horbr: TR B UCKFE R 8] (8] B%, n e {—1,0, 1},
me {—-1,1}.

2) %‘0 = nﬁﬁﬂ‘,ﬁ
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1 0 T,cosyp 0
|0 1 T,sinyp O

P = 0 0 cosyp O (10)
0 0 sinyy O

3) 40 = mn /20,
1 0 0 —T,sinvy
0 1 0 T,cost
0 0 0 —siny
0 0O cos
30 (B) B RIR 1 X3 AT A4 J& H Fr i T -0
BT HT SRR IV SRR 56T 53 B A AR
Rx,Upwy, FIRABAR X FR, RER IV XIS AT A
Hir (B 1A Tl OmhiE) S0 T RR 1 XA
A H b e i IR 500 BRIk, 2 X3k
TRy e H bR B iz 3 7 R 98 2 28 (8).
2.2 TV R Binsh /) E B
R (9) ~ (A, AT & H i Lissh 7
R HL 1) £ O MV 2 F1 ) A Z B R E . SRR Y
J&& H bR B 1) £ 6 5 T8 52 2R vy, 2 TA) i R Bk &
X0 = atan2(v, 4, v, x), B, EJEREFEF 546 H
B PR ) A P 30 e ok Ok B AT A o, SR, AT AT
Ji& B AR I D & 1 oK AR &, A RE T, BRI, e
FA I TR K B BT A8 8 B ARIRES B Ah 11
Al i B 2 A R R BB SR AR AT AE YT R B
B 1) 2 AR S5 F RS, H 75 383 5 12 BUBCE i
KEVPFZEAA Z5 A RES AE 9T AEY e B ARIRES Rl it

2

(11)

Fk+1\k,i =

SRR T A RO,
AR B R A TR e = {55
1,2, O f ARG A I TR 515, 1951
QR IV oA 57 R B G A 0 LB e A A =
{305 O}, s p A R4 T
B N — AT B AR HUL 53R RFS. B,
IR0 5 RES, 2
I SR X = ) XD S
g AL 53R RES B0ATE MR SpS, (),
AEER IS, (1€). 12k %10 R H AR
fE55 I RES X, Wk + LM %1, 67287 H AR 193
SEHR MO RN

SRR T AT

m,m —

m,m=1,2,...

k+1|Xk

H 7rk+1m k+1 m|Xk)

s
7rk+1\k

(12a)

ﬂ-lf«!»l,m( k+1, m’Xk) =
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1 X)erl m @ Xk - ®7 <7Tk+1|k(X ’X) (l)(Xz'/)pg+l(£éx7{')> (17b)
L= Bl ml€), Xl =0, X = X} (X0, (€))

Bt ()1 (X[ XT), () ) () (7 tx:
XkSHm (X}, X, = {X}; TSk-Hlk (o (X)), pk+1m<£ ) (18a)
0, otherwise. PP kjrl|k(X) =
(12b) <7Tk+1|k,m(Xim|Xil)7p§:) (Xz'l)plf+l,m(£ex7{')>7 (18b)

Hrromg L (XX &
BEEA
W}f+1,m(X‘X/) =

AN X BIRT AL X B

ﬂ-fn(glx |££X/ )5)(/ (EX’ é—l:ﬁx—l)’
(13)

O(+) BRIk LR 2L
3 fTAEY R BRI RS AR
3.1 S-TCBMeMBer Tl

KB 2055 F] RES R 29 e B FRFr)
HHEE AL, BRI 2 ) 28 R B ARl fE R % S
BN N

fk(Xk) = {(Tk Dy (Xi/)) P (14)
Hh X, = itjjl Xy, B X ERRB AN R B AR
%5 F RFS.

E+ 10 ZIM 29 H iU a5 E . FiE S
ATE 3 AN, BIX 1 = X U X U Xispsr
WL G ARTAEY R B ARsh J1 2 Y (122), AT 15
k4 LN ZI 29 & HARPUIE S 1 2 He s L
fk+1|k(XF,k+1 U Xpri1 U Xs,k+1|Xk) =
fk+1(XF,k+1)fk-+1|k-(XP+1,k|Xk)fk+1\k(Xs+1,k|Xk) =

My,

Jeer(Xrpg1) H 7Tk+1\k(Xli+1|Xli)7le+l\k(Xlif1|Xli)'
(15)
Horbem, e (X5 [ X0) BRSNS e H AR
HBrwmE, AAaRkiEaXE (12b) — 2,
Pirm () w5, (IO BT () mo(-€).

EHE2 k4 V2T FTRH 25 & H iRk
ZHBHERHEET N2 29 R B2
BHEIEE (14) 29 BARPLs) 7 7 e %
JZ (15) ZIE TN, BT as RS EMNERIR A

Jes1k :{(rg)k+l\k7pg)k+l\k(X ) fuq U
{{(Ts k+1\k)pS killk( )) }Mk

{(rg“)k-u ) pF k1 (XF J)}Mr R

HE¥K

(16)

-

T;)k+1\k = Tlii) <p1<;) (Xi/)’pi+1(£€x;)>’ (173')

pP,k+1\k(Xi) =

(P (X0), PEi1,m (€70))
i =m + M, +2(i — 1)OREE N & Bhsr=E
R m MTAEY R BRI R ).
3.2 S-TCBMeMBer & #f
BTSN i HARTE BB B A 2 A 2,
TNk + LA 245 SRR AR R R 1 BT = AT R
ﬁ AR R BSR4y (distance partitioning, D) J7
V2%, B T AN [ 1 S R R R A kAT
PR BT, NI A5 3 AS [ () 2 43 X B i A

DR ES o, K P e o HES pFI— A2
X W C Zy o NEN 5 X P A ) — > E o i,
Horhf g 2 8 HE.
HR, SIAY R H br 2 B A6 e, Bk
KIEAN
Su(€) =
1= ppssi(&) + Posii(§e™, W = 2;
{PD,Hl(f)e"’(f) zg/ v(€) ;ﬁiiz), otherwise.
(19)

Horpro y (O NP R HAR R Z, ¢(2]€) B R
BRI NRZRIEER, ¢ (2) WARIRE L.

SEH 3 YHE K -+ LI 2] AR R R
5 Zir WL 2 EEABAR R 50 (19), I BB T Bl 45
124 & HARPLL 2 A0 55 A JE I % N

Feoe = o P XS, (20)
W e 4 1 20 SE 8 Bl 4516 22 97 i H A U3 )i 06 L
AT 25 B
Jrr =
{(T(Ll)kJrlap(Ll)Hl(X ) i]\iTl‘k U
LU ACwrea W), 2y (X5 W) wer . (21)

Pep

81 ER o Ron IR ALY H AR BB 2 A 55 A
8.6

PO p® 1- <plilll\k(Xi)7pD,k+1> .
L,k+1 B A — =
" P - Tl(ﬁll\k<pl(94)rl|k(Xi)apD,k+1>

— PbD k+1

() 1

Trt1ik

— s - (22a)
1- Tl(cll\ka,k+l
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() _ i
() pk+1|k(X J(L = Pp k1) ) o S 4
Pr, (Xz) = — = O(X)re BIGGIW X; ‘L,J,gld’@i by
e 1- <p§€j-1\k(Xi)7pD,k+1> pU(X) jzlw (X3¢ J )
(%)
p X;)(1—-p , i (25a)
kﬂlk(l —)1(3 : kﬂ) :pgw)rllk(Xi)’ (22b) R Y
Dyk+1 ‘ o GGIW(X;&e™, 07,0, ;") =
HHpp i1 = Do (§) (1 — ) MY JE HARA Rk givi
TR [T cGiw(e’;0?), 6.(87) = 1,6.(6*);
2 W4 R B IE B T 08 B bR % 0 otherwise,
H%%F| RFS 241, 1 (25b)

TU,IH»I(W) =
My 41 i i
Wp < lkrl(cJ)ruk(l - rlill|k)<pk+1\k(X) Sw (™))
i — 2 ’
dw i=1 (1- TI(CJ)rl\k<pk+1|k( i) Do)
(23a)
pU,k+1(X' W) =
M 41k i
il Tl(cil|kpk+1|k( X)) W(élx )
— 1- Tl(ikl\k<pl(;)rl|k( Xi), Do, k+1> (23b)
M 41k i
2 ) ), Sw(E))

Z Tk+1|k<pk+1\k(

= 1= rl(ilrl\k<pk+1|k( i), DD kt1)
Horb: wp AR 5 XX RLIALE, dy NEAE
DTG R LA EE, B AT BAR SRR o o

11 dw

wepP

Wp = ==, (24a)
Y Il dw
Pep WeP
M1k
dyy = 5IWI i‘ l(c+l\k pk+1|k(Xi)7%W(§£Xi)>

1- TI(:Jrl\k<pk+1\k(Xi)7ﬁD,k+l> .
(24b)

33 GGIW S 1iRA L

NS H S-TCBMeMBer JE () 1 2 fif, A 3¢
FE 22 GUIRAS J7 REFH B0 77 R 25005 J2 B2 1Pk v 30 10 2% A1
T, KH GGIW 43 A v &1 47 S2 . GGIW 43 i
KPS A7 e s o AR AN B AR 4
AR FE H bR B A B0 B PRSI ANEAE
B, 8T 2 AN RCE I GGIW 43 A SR AL P fg H
PRIINEZR B, AR R B AR AL THREFE. 48
i, GGIW A A IR T4 J& HAR PR, ToVER o e
H bR HEAT HER

R HEF IR M R B AR e % B
) GGIW 73 AR &, HHES 1.2 T 5 %0, ¥ BAs 1%
75X AR [l e RSP FIHKE CLL SRS 751 €1+
FL[F RAE. AEARES P 51 (1 &R A 22 [) AR B0 7 4 i
PF, i R B ER T X AR 2% B T
WF GGIW S ARG

Horp: wid, g, 0995 PR R EINY R B R
GGIW 4y 5% B B Hj%ﬁj‘?ﬁwt*r“ LIRS
jﬂﬁ@ﬁﬂﬁfr mﬁm{i@;f 9= {apt Bl
my it Pl pl VR SR B GGIW
HOHAT A7, Horh: @}f T RINKIE N, I RS,
Qi ~ By NI A0 IR S HOR REE S, m
P, N o A S E AN 7 Z 5 R, v, Vi R
JEEV DR 53 A B L ER A RBE R

BEAL, LR D8 I A 1 HE I FE 2 R 45 R %
X GGIW 7 AR & (& A, R R S A E
TR LSRR 59 H FRRAAH BB ST.

SRS R W E 2 fos, BARPIRIR.

[Fts. temsms B s k]

i kBT 22 AR S
Bl

i 2 F BRI [ BRI |95 H b |
|

A
ST

v
[ F AR [ E S 97 F ]
|

| i kI 202 B F AR Y 1

E2 BERiE
step 1: F N IEEOUL X kKR ZI 2 & H dnil
WG f, = {(Tk 7pk (Xi/)) M AN
Ji& H b5 Eﬁ?ﬂﬂﬂ%ﬁffmﬂﬂ GGIW 73 Aii VR & AL

p = Zw”GGIW(XZ L2 1 ). (26)

j=1
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step 2: XF kI 2 2 47 F& H AR 0k 5 56 %5 B AT EP
T, 7350k + 120 24 B ARSI R I B (17)s Pie(X) =
(18), Hr: Ttk oy . T
1) BRI R 2, @il GOIW (K e Bt €,7"").
pg:)kqtl = (30)
T FIFE e -+ L6 220 B2 050 0 0 S Z, % 00 2
Z S COIW (X i s B OF ), BEHEATREIE, 4980k + LI 25 a0 2 57 & F A7
(27a)  BULRIEE (21), Hrh:
1 kL B 1, () 1) B FBRAUIAT T
L MONIEO 1-— pD k+1 _
QF 11;k+1 - {alf,i,jv ﬁll“,i,j’ mIF,i,J’ Pll“z N Ull",i,j7 Vl},i,j}' fokt T 1- k+1|ka k+1
(270) (i) 1- pD k+1(1 —¢€ 7) (31)
2) A R B bR B AR o 5 s I (1 — )
Tgp’““‘k - T’“ p’““’ (28a) p<Li,)k+1(Xi) = pki+1|k(Xi)' (32)
Py = 2) B IE T (09 JE AR B A7 6 R 15 45
REJE

o o _ 1:2%
2,7 =0T ¥} Pk+1|k
E wP,k+1\kGGI W(Xn EPk+1|ks eP,k+1\k7 @Pz g )7

Jj=1

(28b)
WEks1k = w,?, Eplkpin = &, Colian = 67 +1,
(28¢)
1:0% 1:0% -1 7isd
@pff“‘k =0 i (9135““ ) x Op5",
i
(284d)
i
@PPZTIW = up(Qi,kj aFkJrl\kakJrl\k)' (28e)
3) MTAEY & B AR A AE R 2 5 MR 2
(im) _ @), 8
Tskt1lk — T Dhstmo (29a)
(im) _
Ps ki1 =
i 1:.2im
~im, Jim . \
Zws k+1|kGGIW( im> €s, kil\k? Ot Os, zikf ),
(29b)
Welktie = wy?, 55 wie = k41, gls‘mkillk =07,
(29¢)
1:.0m 1:.2%m
s Zilkjllk = 691:2};] (@S :nk;rl‘k ) stzjt:rjllk’
i
(29d)
gims 7ivd
@ssz,kj;lk =u (@/3 7Fk+1|k,m,Qk+1|k,m)- (2%)

23 step 2 T J5, & 1F AT AS M = M+
Mg i1 + My MR BAREUE, AT 9 R H
PRIV RN Mg 1y, = 2M,0.

step 3: BT,

2 step 2 W5 1) 2 4 H bR P )5 56 55 FE

KGN frse = {(rk+1|k7pk+1\k(X ))}f\ikl-#l\k’

rU,k+1(W) =

M, i i i
Wp i‘k Tl(c}rl\k(]' - TIiJ)rl|k)p§J,)k+1(W) (33)
) - 2 ’
dw i=1 (1- Tlill\ka,k-‘rl)

Py ks (X; W) =
]\/[k+1\k‘77;+1|k

2, 1[1 1
Z Z wé IQ—I GGIW(X 8U k1 Uk+1’ @U ZUM— )
i=1 Jj=1

Musa e I
> Dl
i=1 j=1
(34)
/\q:l
My 41k (2)
pu (W)
dW —5‘W\ + Z 1k+1|k Uk+1 (35&)
rk+1|ka k+1
pé)fkﬂ (W) =
lc+1|lc
DPpk+1€ Z wk+1|k><
11 WN(i;H“ﬂol%f‘\mw + Rijtoo)
) (35b)
zeW )\Ck+1(2>
(4) lx.
i Tk+1|kwk+1\k‘SW(€ i)
wU,JkJrl(W) = G — (35c¢)
1- Tk+1|ka,k+1(]- —e)
E_ll.}jk-!—l = Cktiiks E;J k+1 _2 ko (35d)
ot s lmaxw ) O,
| (35¢)
Zzﬁ?k+1 [lbsiuk
O™ = u(0:57", Hyps Riyr). (35f)
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Xﬂj&éwu,kﬂ (W) A—4¢, AT {5

1
Wy k+1 (W) =

M1k Thet1e

%,
E : Wylk+1

G JE, — LA B M, = My + Y [P
3 H AR R BB e

step 4: FI A8 5 & 3£y it S T A3 2
9 JE B AR GGIW 43 B HEAT AL B, T IE 3
PN AR T R R AR E ARG H ). S BT
HICIE, FARE M, AR B AR, A M, <
M.

step 5: Stk + LN ZIE BB 25 /& B x5
JEEE@%IE%J”IM = {(Tl(cilapl(gl) z‘l\ikiﬂ-

Mk 4+ 1> K, SEEIER, B0, 2k =k
+19F3 5] step 1, FH AT step 1 ~ step 5, H
Ky,

1 3 (28e) Al (29¢) 1 ki $u,~ 2 (350
1 bR H w, 7 AR R T B AFRIR S K GGIW S 511
W5 T H, 553 2 WSCHR [29] H 1 Table 111, Table

(36)

1I.
4 BEGFE
41 MHERE

Tl YR BT

WE A 3 BRI eI N[—300, 300] <
[—300,300] m {44 J& B AR 75, Hrh s
1 N5 HARAN 4 AT E AR, 1237 58840 SE B R H
B F AR RN 2 AR 2 A HAR BN 5t 07 R BRI
AR A 100 s, RFEFIINT, = 1 s, (8
MERE N pp 0 = 0.95. TEH 5 1 o, 4G HARTESS
1s A, WIUEA B N [—300,0)m; b5, JE 46 H bR {E
%550 s 77 A 4 AN EBR, BATEIRIAR AL E 2> N
[—22,0] m,[—23,2] m,[-23, —=7] mAfll [-22, —5]m.
B H AR ANE B RE L, KAy 1 m, 5
0.5 m, FF HAEAY e H b A2 5 00 i % H ik A
Ny = 1087EFA 7340, S 5 (K 2% i BE AL H 309 B

300

gl

J5 06 H AR

= e Bz
= — ik H R 2
— iR HAR3
4 H bR 4
-300
-300 0 300
x/m

E3 7% 1 B RBGTE

o ERRMIIE NN = 60908 70 A5, 25 18] _E AR
BIS)3 AT, FWEE N ep(2) = 1.11 x 107, HAh=
ik EWT.

1) IBENBAY: AR5 H AR 15T 018 303 2 X
() Fros B s i 5 72, b3 e B ARIA7 T 2R
WHE NPy, = 0.99, A5 Y & H bR iR # R
FIE R M P Wi 7 ZE 6 B 43 A

1 01T, 0
01 0 T
Foe=19 01 0o |’ (37)
0 00 1
- T 4 3 -
( S) 0 (TS) O
4 2
O (TS)4 0 (T9)3
Qk"'l‘k = 0-121) (T )3 4 2 )
28 0 (T.)> 0
T 3
(38)

Hro, = 0.1 m/s FRid FE Mg A bR 2.

2) BB RGN TR 2) i, K
MR N H, ., = [1,0,0;0,1,0], 2007
75 Z N Ry = 0,2diag([1,1]), o, =01 mis N
B R P B 2

3) MTAE R AN RAE I () 0 AR E R R T
BMEr, = 0.5FF &Y & H AR 20/ Mt 49 g B
PRV SR o &, ST AT R BRI 0 ig )
JiRE 2 2 (8), TS B AR BPIRZS e A A5 R an =X
(9) ~ (11) o, L R 75 B0 7 22 FE B /2 Qi
= Quyrpe, FTEMFRE NP, ,, = 0.01, Hrhm =
1,2,...,20.

B2 ¥ RBATE.

WEWE 4 FORIIATAY R Bisi 5, ok
AL 2 AN AE H AR 4 MATA H AR, VB SRR 5t
2 A H AR AT A 7 B AR . & i E
WIGE AT 100 48 73 590 N /4 rad A1 —r/4 rad ) 2 ARGk
I J& E AR, TATHIHAERT 21358 1 s, MIUa 0 E 53514

300

e/l

JR46 H b
frEERRL
— 7 HAr2
— L H 53
fE Hiz4

y/m

=300°
=300 0 300

x/m

E4 5% 2: 2 BREFRITE
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[—280, —280] m A1 [—270, 270] m. Frf: 5 1 A5 46
¥ HFRTE 40 s 7248 2 MTAY e H 5, Wl 6 8
43 5 R [—62, —85] m Al [—59, —88] m; £ 2 AN R 4
¥ HARAE 20 s 774 2 AMTAEY R B AR, WIAA L E
Sy BN [—174,163] m A1 [—172,166] m. 7Ei%3% 5+,
B H AR B4R 18 3 Z O R Ah, FoAh gk 2805 3 5¢
1 —3L
42 PELEHR

SRR AR SOV 1A RO, o TR B A Ok YL
4 MEIGME, 13T BHOAFRIR 4 B S-TCBMeMBer
JEUE, HEEIE GGIW 43R & SLHLE) ECBMeMBer
#E"(TCBMeMBer) L. B 100 Y47 2 19 1 34
fltivt S35 OSPALY fiti v F1F-24%/L 75 B & (Trajectory
Metric, TM)" fli i1V T4l 15 5.

5 AR S B AR PR BARK T

Hfliih, ¥ OSPA fliit AP ¥ B & Al it, I 6
NS FENEXN R 2 R H AR Al T T
OSPA Aili t1 1T ¥ 038 FE B ki vk, PR I 47 3 45 3R
43 #1, TCBMeMBer HE X4 J& H Ax 354k v R W &%
72, B A BRI OSPA 5% 2 FIIUE i /it 22, R
HHEX AT EY & H br 802 3547 B 2k . S-
TCBMeMBer BEX AT AEY e H brfili v (1) 250 R Bk
T OME, BITRINE A= AT AR o 2, B O K
UK, S-TCBMeMBer SE55 17 i H A I A5 -k
AR UT, OSPA 15 2= LI P £ 15 22 R/, [H]
I, 24 O K 5] — 2 2 FE I, S-TCBMeMBer JE i 2%
FETHaE. X 57 I R B, R i A7 AR
1 B bR ) e 37 A 24T BE N R AR R AR S, 2
W BT AE R 2 B 15945 SR BORS 1, [ BT 75 B 1) i
ARABBEZ 30 (L 1),

6 9 10
M

= E E 6
= <5 X
5 & Z 4
52 o3
° —-— 2

0

0 20 40 60 80 100 0 20 40 60 80 100 00 20 40 60 80 100

time sample/s

(a) ¥ IEHERHMT

time step/s

(b) ¥R HARHAG T

time step/s

(c) ¥ HFrHAL

TCBMeMBer  —=S-TCBMeMBerO=1 -—=S-TCBMeMBerO=2 ——S-TCBMeMBerO=3 ——S-TCBMeMBerO=4 —True
E5 %1

7 10
zs ' .
g = E
53 @ 4
S }

1 2

0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

time step/s

(a) ¥ IEHERHMT

time step/s

(b) ¥R HARFAIT

time step/s

(c) ¥ FEHRHAMIT

TCBMeMBer —=-S-TCBMeMBerO=1 —=S-TCBMeMBerO=4 ——S-TCBMeMBerO=8 ——S-TCBMeMBerO=12 —True
Ee 1752
#1  AEEKTE OSPA. ik E EMETE S 24 E it
_ S-TCBMeMBer
Y5t EiFL7N TCBMeMBer
0=1 0=2 0=3 0=4
OSPA/m 379.60 362.81 198.03 136.78 131.85
750 YU /m 286.26 285.96 239.22 185.88 183.68
8] 52 2% /s 3.87 8.60 54.58 83.73 109.27
. S-TCBMeMBer
Y Eiz0an TCBMeMBer
0O=1 0=4 0=38 0=12
OSPA/m 551.07 428.49 207.85 138.94 148.55
575 9) PR /m 609.27 611.19 507.81 286.76 300.42
I ] 52 % /s 8.22 23.03 146.69 181.15 191.34
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5 25415 55 A D e BV A TN 20 A0 B T 20 ) i R TA
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k. 5 5 BT TR, Al EE— 20K Bl i Sk I e 2
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