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BT UERE % (particle filter, PF) A& JEZE 9k
RGOS A T EREE D BHitears
2SR T RN, 0 H bR EREE B B A
IS S ) RN s iy O] 45 R i
SEVEAE N R A7 AE B 2 B ) R R 1 B Ak 0] A
FiFFER ) @, Bt 2 Ok G, Br 1 /b3
JUASRLFAUEA R Z A8, Hox R 7R B BUA
JIPEEREEE T, XM FBREN I E S
FIRWAEZTE LN T L. RE2HZHHIITH
TR A n] U T IR SR T — SR R T, X AT
ERT DANERE A LR — SRR X R AT B R
FE, 55— KRR EROE Y B E B AL R . fERR
FEREREFUOT T, H ATt 0 E EZREEARE S B R
FEBBURAE  RGURIEESE, FERFERL T IR L
(sequential importance re-sampling, STR)!7] &
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BUEBCR KL T, I B BB BN IR T, B
FRAFERL R B LT DR — e R B A B 1k
o) f, H R BT BRI E, BB RBUE R
RLF 4 2 R, BUEOR T R AAL B AR D AR 5
FEA, MR T 2k 2 FEME. 7R IUE 2 1) =
EVEE R T, EBANAMRZ R E IR T
WA TAE B9 De Freitas K3 @ /R 2 JE9%
597 (extended Kalman filtering, EKF) 5| A KL ¥
JEWE, B T ¥ KL T JE 3 2% (extended particle
filter, EPF)'l. ifif Rudolph van der Merwe ¥ ¢
R IR 2 8 % 5 (unscented Kalman filtering,
UKF) 5l AR IE3E, AT H 1 JCiERL 18U 4%
(unscented particle filter, UPF)[']. EKF il UKF
SRRHRAE — R Bk 1Oy IR AL IR, {H I
TIXPIR A 5 (R R TE, 513 EPF A1 UPF Xt
RADIRE L Ty HIVBCOR I R R 22

BEour b 1) @, AR 3 LE SCRR [12] Hh ok 5 R
B 98 I H9%% (strong tracking filter, STF)II 5] A

w [F KRR S (HEHES: 61104223, 61174030, 61374120) & B,
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K798 W, FIH STEF f= A= 5 22 1 2% B ok 4, 3%
H 7 — oo R R R 1 8 I 5V (strong tracking
particle filter, STPF). STF 5%} ARG &
PhHRF 1 R BE BE 1, T STPF & vk 1R UF M4k 7K T
STF Hyk A 98 A2 IR 7 PR R J7 10 1) A0 6 12k R,
I STPE 53256 R AR A () PR ER R BEAR . 1
PH T 36 B B L B RE oR B AT R A TR A B
() Jmy B, STPF S5 78 i vkl 1 3R Ak, v & J7 1
R RARARA RN B, AR SCER R Bk v /8
BE AL 4% 20 R A 75 9] N STPF, $& H 1 B L4
) 5k BR R R T U8 B 5% (stochastic perturbation
strong tracking particle filter, SPSTPF), LLHi{#
ERL I8 30 B0 TRAARAS BR R RG FEE 00) [R] I fige o
B AAR RL I B R B Ak ] R

2 MUK E

K BB A — M L R () B TP T E AUR
Ff (sequential importance sampling, SIS) 3EZEE
PEWTTVE. R T REARL T IR BE VRS B S
SCHR (7).

FZRE— NI HEEM A R G

= f(xp_1,vk—1),
yr = h(xg, ni), (1)

Hp, 2, € R Z2ENZRGHREE, yp €
R ZE RGN, v € R™ & RGGEH,
ng € R™ ZRLMIGEFS, mebt

f:R"™ x R™ s R™,
h:R" x R™ s R", (2)

IR R GE PR T BRI T FE. JE HTR
B AT ORI A B Nege XTRL T8 BRI AR A
TR PEHAT FE 5, Nege O 5E LT SR

1
N
> (wh)’
i=1
(3) 3 round(-) K7 ) A ) BB B, w,
RN kI 2088 0 AR5 (0 AEBUE, 35 Nege #/)
YU 8 PR RE - JB A i e ™ .
STR SEid i 7 I B Sk AR MR Sk, 5
AR

3)

Nggr = round

B WAL, fE k= O %I, HgE
5 P8 B RUIRE A8 N ASRET, (B R Hh A
TH (2}, 1/N)FoR, &k =1.

B2 THEMRTHORE.

= f(Tho1, 1) - (4)

B ol MR (4) 2K, TR & I ZIAORL T 2

B3 ORRE A RT R T E BB, B
AL,

wj, = wi,_1p (Y| z},) - (5)
RAE (5) A 2 FAUE.

SE4 XBUEEA— AR,
T — (6)
>
1=1
$B5  WHRA KR THNT N/3, M7

KA, (RN RE B A KR H8 I T U,
1

$Ee6  fliih kRZIRTIRE,
N . .
xy = Zx}e X wy,. (8)
=1

Lk =Fk+1, REIEER2.

3 BRI IZIE K L

A RGIERIREA, IF HIEp s B 2R
I, W EKF SE3508 LT3 0 RASDR A 1 R
FEAE T, BREREE R Z IR R E BRHL TRIRER IS
FOERAIRIT BN A ERER RE 1, A SCHR S it iR
PEBREAR T A R 1 R R R 8 B A
FEa N AR R 4
w(k+1) = f(k u(k),z(k)) + ['(k)v(k),  (9)
yk+1)=hk+1,z(k+1))+e(k+1), (10)
H oz e RPONIREHE,; y € R™ N m .
w € RPONHINIA & Ak > 00 B HUN [F] 42 &
AR L 1t bR L
f:RPxR"—R" h:R"— R™,
BAXTRGEREN W ES WS I € R
N EVENAE B, IR (k) R R SR o (k) 43
Nm M g 4ER S B A M S JF H R AW St
Ev(k) = Ee(k) =0, (11)
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E [v(k)o" (j)] = Q(k)ék 5, (12)
E [e(k)eT (4)] = R(k)dy, 5, (13)
E [v(k)eT(j)] =0, (14)

Horp, R(k) JyXSARIETE BE; Q (k) AR FRARGUE .

WIE IR A 2(0) ~ N(z0,Py), H2z(0) 5 v(k),
e(k) Giil .

STF Wit AR T

HE1 YIE. Sk =0, EBEWILH1E 2(0]0),
P(0]0) FE51LE T 5.

TE2
ik + 1)k) = f(k,u(k), #(k|k)) (15)

H(k +1,2(k + 1|k))
_ Oh(k+1,3(k +1))

O x(k+1)=3(k+1|k) 7
F(k, z(k|k))
Ox z(k)=2(k|k)

vyk+1)=ylk+1)
—h(k+1,2(k + 1]k)). (17)

B (15) 20 4 # 2k + 1|k); ®(16) X 15 2
H (k+1,2(k + 1k)) M F (k, &(k|k)); B (17) 45

Fy(k+1).
B3 EEHE T Ak +1).
Y1), k=0,
Volkt+1)={ PYoR)+y(k+ 1)y T (k+1)  (1g)
14+p ’
k> 1,

N(k+1) = Vo(k + 1)—H(k + 1, &(k+1|k)) (k)
x QEYTT(RYHT (k + 1, 2(k + 1]k))
— B+ R(k+1), (19)

M(k+1) = H(k+1,2(k+1|k))F(k, u(k), 2(k|k))
x P(k|k)FT (k,u(k), z(k|k))

x HY(k + 1,2k + 1]k)), (20)
[Nk + 1))
ST )
AE+1) = {jo io i 1 (22)
) 0 .

BB ERSMHIHE 2k + 1]k + 1).
P(k 4 1|k) = Ak 4+ 1) F(k, u(k), 2(k|k))
x P(k|k)FT (k, u(k), 2(k|k))

+ L(k)Q(R) I (K), (23)
K(k+1)=PE+1|E)HY(k+ 1,2k + 1|k))
x [H(k+1,2(k + 1|k))P(k + 1|k)
x HY(k + 1,2k + 1]k))
+R(k+1)] (24)
i Pk + 1k) f K (k + 1), fF2PIRES M THE
ik + 1)k +1)
=2(k+1k)+ K(k+ 1)y(k+1). (25
HEP(k+ 1k +1).
P(k+ 1]k +1)
= [ - K(k+1)H(k+1,&(k + 1|k))]
x P(k+1]k). (26)

S5

Ak=k+1, R

4 BN RIR AL T IR

A A 7] 80 2 R Y0 U RV A B R AR AR )
B i — 7, STR HhfE— R Lk TR T
IR A8 H AT P R TR R 10 EPF 5
EWAE— B AR LA TRk ), (EX BRER R
IRADRES, HITCRENTT. BT STF St 540k
AMBRIRERRE ), 13875 3CHR [12] B 2306 STF 4]
NKLT- U8R S, R STF 3k 1, J-H4E STF
PITFRE R, P2 AR I S B R RL TR
i), FEHR e IR ERER RE 7).

STF HF: 7 S AR RS PREF J7 T HL A 10 8 1)
&, STPF H ik IR I Mo 4k 7K 11X — 41t 5, AT A
STPF Sik5F S8 AR MR AS IR BR B RS B 45 31 T K42
. SR T STPF SR FH gk HCE 2 14 2 15 ok 250t
AT RFE, BT XK RAE IR S 1 RBR M, B
f STPF LMK SR AN BEAR 17 Hi it Hhe kL 738 A [7] 8.
BRSO B [l B, A SCOKS BE WL R B PR RE VA TN
STPF, #&th 17 —MBENL %5 STPF Hik: ki1
B OB BUE T N /3(N kP& Bk F
) I, SR BEALEES) P RAE TR AT FER AT, BAE
A RUSR P STPF By R84k 1) &, H R e B2
TEBRER RASRAS J7 T AR A 1 .
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4.1 PBENIESNERIEEE

SRR UKL HUNT N /3 B, X
BUH B KR 30T A8 5, A8 e MO IR B R
B, B v EAR R OBUE, IR R R
PR TR IR R T — MR BRI 2 X
P BT HEAT R AR, SBUTFE R VECR. MREL
T B P RAE FE FOR AR IR I R T EL N X B R
FRATA S, AR DAE — @R E B i R &,
fEREARBEREE— 2 ZFEE. PREB IR F 3 T
S e MR 2 B A T, Dk AR R A I G e, AT
S EE R BT M ERER e 7).

EM1 WHAETRRTHA N, ARk T
BN Negr, WIFEHLIE SN P RFERLT-HL Ngp, N

Ngp = N — Neg. (27)

EN2  BREASEPBUERKIRL TN 2, A
RORETHUN Negr, WIBEHLEEEN FERAERL TN
:EE:NSP] = 7} + randn(), (28)

A randn () RSN (8 % B randn () FI3{E
HTT 22 N6 R R 2 5% FE B 41 1/10).
SRR

S HI, WER Nege < N /3.
B2 Faol Bl BEFHET A T
B3 AR T IREEAR
jgliNeff] _ jgj:NEfd.
PB4 NIRRT AT BENLAE SN FR A

ANt DN _ g1 anan). (20)

BRSO FRFE S B2 R T ERT
TR BUE
wl M = % (30)
4.2 SPSTPF
CRTRTTES
BB Wik

RAEVI451E 2(0]0) A1 P(0]0) HHIFE, 15 EIT bk
THR{(2f,1/N)|i = 1,--- N}, ®HIHGHE T B,
Lk =1.

$B2 A STF &L (15)—(25) 2, FH
BT HE BB T, 43 BT IR A Al v A0 2 2

q (whle 1, vk)

= N (2(k +1k)", P(k+ 1]k)") . (31)

RiFIIAR,

p(yk|$2)p (xﬂxi—l)_
q (xﬂxi—l?yk)

T4 BUEIA— LA

SIS

wh = wh | x (32)

(33)

THERES M THE,
N
X~ Zw}f X T} (34)
i=1

$E6  FIBR Noge < N/3.
BT o ) BTN 7L
I THT ) Nege G BORLFIRFFAAE,

_[lzNeff} _ _[1:Neff]
xk = .CCk .

iz L
j:gNe”H):N] = T}, + randn(), (35)

(35) 2tz A R A B v BUME B KR RL T
randn() F/RFENLIES).

#F10

Ny 1
wk —_— N.

SEB11 Sk=Fk+1, REDE?.

SIFE  IEAc MR [

845 (25) 208 I 25 Dy 5 BRI 2 1 — A
FEIF A R B NI Y I AR 2R P K (k4 1),
79

1) Elz(k+1)—ak+1lk+1)] [z(k+1)

—#(k+ 1]k +1)]T = min. (37)
2) E[y(k+1+7"(k+1)] =0,
k:071727"'; j:0)1727"' (38)

SFEKF ¥ /&t b (1 IE A8 1 i .
XtF SPSTPF Hikifi 5, & KRS THE

N
B+ 1k+1)=> wh, 2 (k+ 1k +1),

=1

Hr

Zw;’c =1. (39)
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EIE  SPSTPF Bk 2R ERELHEN: 25, Bl SP-
STPF &3 2

1) z(k+1) — Zw,m (k+1k+1)
T
z(k+1)— Zwkﬂ (k+1k+1)
= min, (40)
2) E[y(k+1+7"(k+1)] =0,
IERR
N . .
1) w(k+1) = > wh @' (k+ 1k +1)
=1
T
Zwk+1 (k+ 1k +1)
:E[Zw,i+1x(k+l)
1=1
N . .
=Y wh &k + 1]k + 1)
=1
N .
X lZw}ng(k—l—l)
=1
T
—Zwk+1 (k+1k+1)

= (2)%H> a(k+1) — &'k + 1|k + 1)]
x [z(k+1)—2(k+1k+1)]".
i (39) 3, 12
R =Fak+1) -2k +1k+1)] [z(k+1)
—#(k+ 1k +1)]7T.
i (37) R, T3

Z W&
Z wk—H

(40) ﬁfﬁ‘lﬁ.

2) SFEKF i /& 122 P J5 2], it PA SFEKF i &2
(38) 3. i SPSTPF &1E SFEKF fEAth F32 Hi i,
HRLF PR HEA T v (k + 1) BT g 3, B
(41) FpRAL.

E |x(k+1) ik + 1]k + 1)

T

= min.

i+ 1k +1)

Zi EPrik, € BATIE.

5 HiEhEERRERSN

X T SPSTPF 832, i F W A7 B S 4 46 F
SPSTPF % 7E fift Y B Ak 7] R RN Ak 11 SR AR RS T7
THIIRE . S8 1 RT3 Ik AR AEIG U RS 2
F K5 UE SPSTPE Sk Al T b 1 46 E A5 AR ZS A
fife PR AR AL ) B RE g5 S48 2 F R B8 UE SPSTPF Xt
RADRE M BREREERE /7.

5.1 FRERIERBER TR NSRS

BESEBI 1 ARAESS UEAE Y

AR AE K SOk 04 i R B ORI
FORLT-DE R SR RE RO ARHE SRR 22—

RS TTRERLI J5 72 Ay

xp = f(Tp—1,k) + Vp_1,

xk
/\q:]
Th—1 2571
_1,k) =
T, k) 2 1+a2
+ 8cos(1.2k), (43)

ng My, EBME RO, HEDHNNRL =1, Qr = 10
B E T s WA R R % R N(0,5), 2o =
0.1, p=0.95, 3 = 4. BLN = 100(El ki F%CH 100)
K AT 100 B HEARAE . B 1 s N SPSTPF £
FEN bR ARSI ) Ak AR L .

i1 & 1 (a)—(d) AT WL, SPSTPF 5y f8 1R 7 Hh
PREFARAEICIERI R R A, UEHH SPSTPF Sk 7R
ASERERTT TH A2 AT AT I 2.

B RUFE AL Noge 2 VEAN KL T U8 3 LR AL IR
R EZIENR, Negr BN L RIBICILR B, hy
T B8 E SPSTPF i) B A6 I G 205 15 I, X
STPF HiEM SPSTPF Hik 73 mlig47 10 Ik, I
SR WAL T 354E, AERIE.

F1 HHREAK

wH 1 2 3 4 5 6 7 8 9 10

Nege, 92 75 82 100 43 86 78 69 73 98
Negr, 35 27 39 43 57 21 12 19 26 47

Negr, = 79.6,  Negr, = 32.6.
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R 1, Negr, Bl Negr, 53 548 % SPSTPF {4 N RAE VLI BN, SPSTPF 7] AR 47 Hh fif s
BRIP4 A A Now, B N, RE g,
HSTPE M REEASRL A H AR A B8 10025 132 5 H KT L 415

W 1 B J% 5 M BV Noge 10 P ¥ 7 L, SP- e Q Q

AHCPIE Nogg, (9 2.4 1%, SPSTPF E R HEAL ] IBAL ) R AR R E, IR SRS 100 PIE 2 )5
7 TH B AT STPF. 1 BL45 B 300 i T BENLER (KPR AUE 73 A1 B2 Al A0 2 (a) A1 (b) BT

30 2
(a) (b)
20 1
10
; 0
3 ‘
=9 js%
@ =
= = -1
—10
20 -2
- . - ML
EREC e i
_30 . . . _3 . . . .
0 20 40 60 80 100 0 20 40 60 80 100
) & INTE] &
60 40
© AL (@) j}hﬂﬁ
50 30 « HIAE
\ <X
40 20 ] ) l |
4 X
el X
30 10 ' ‘
= = |
S = X I\ X ! l
20 0 % % i
X
10 -10 * (
{ i V1Y
X X
0 ~20 . 8|
—10 L L L L —30 L s s s
0 20 40 60 80 100 0 20 40 60 80 100
) & HifiE) K
1 HEZER  (a) MR, (b) WM (c) MME; (d) REMTTEER
0.015 XX 0.025
jo— % X X 3 e “ % % «
><>%><< X X % % x
x "X X X 0.020 X X Xx X X X X X
« X >< RPI% Y % « Xx:( X ))(( X Xxx Xx >i<><>0< X
x x XX X xX %
0.010 X X x x X % XX X
X 0.015 x
* R
@ X X x X X E_(
= x « =
« % 0.010
0.005 X X X % %
X X
« X X 0.005
X X
(a) X )S(xxx X 2 (b) X
0 L O.WM&@M@(—W—W
0 50 100 0 50 100
LT it

B2 RFPUESME  (a) SPSTPF; (b) STPF
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H1& 2 (a) 7] W, SPSTPF HIL) 100 MRLFAL
{EL 343 50 43 A1 45 [0,0.015]) X [], HUA AN FIRE 7 1AL
E N0, KB4 KT HAH OB i E 2 (b) 7] I,
STPF ] 100 ™ $% + BUAH 73 A 7£ [0,0.025]) X [H], K
BT AUE N 0, RA E KT A RORL T
"] W, SPSTPF H %A X T STPF A] AR & 1 fig 1
B4k A] .

K FFER, BRI FRAEZ G, KA A
FRLTHED. R 2 FRAEJ7VE BT DL LR
Ao 1) B, AEL SR RE RS I A SR TF K, SIR
B AN AL B 7. N T 56AIE SPSTPF 592
T i R B Ak 10] 8 () [ BE A 80 3 R T-FE R,
SPSTPF # STPF Hy%1E 28 100 01k AR 2 5 kL
Sy AT BT LR, 1l 3 B,

38
(a)
x/fﬁif{ﬁ
36
X x X X X
X XX
O X XX xx X 00X X o X
2 ot i T R IRE
£ XA T XX "% x xxgskxx%
: X X o oy «
x X X X
« X
32 X X X X
X
B
30 +
0 50 100
it
15
X X X x
x X XX X XX XX
10 x\
L
— 5
8
¥
K beosowmconnddu 3 o0 xomSbuonoso 08
_5 FLOE
(b) X X X
_10 X o~ X
0 50 100
LT

3 STPF K4 (a) SPSTPF; (b) STPF

& 3 (a) 1] W, SPSTPF 5iEEAC 100 52
JE WPRLT- 3 50 r AR AE LS E P, =5 KT/, i
T2 REMEAR 47 M 3 (b) AT WL, STPF i%4% 100
B2 5, B ARLE [—10, 15) Z 18], K7k T4,
BRI RR 7R 2, RA A E A R
T, RiF 2R E. %5 ERTIR, SPSTPF HiLM
LA TR T8 2, R Z L, NPT

LA 1]

5.2 NEEERGHAESELEGERD

IGIFSEfF 2 ArHEE ARGl e o]
B R GRS T FEROU I 77 #2 A
3, 0<t<T/5,

x(t) =48, T/5<t<A4T/5, (44)
3, AT/5<t<T,
y(t) = z(t) + N(0,Q). (45)

HohT =50, Q = 1, ¥IEFEAR T 245, p=0.95,
B = 4. KT IR IFEARAECN 100, #1750 D)
AL, N T 56 F SPSTPF &35 28 48 IR 748 1
ERERRE 1, 2 ik kT I AR ML SIR
1EFEPF &k, X AT =2 1 7 i 48 @ IR & A
LT LR, a4 frs.

10 PR ==y
- (a)
of I " HEE
i \
" SPSTPF
= i
% —10 R
= ! i
! |
" h
_ ! SIR |
20 1 \ '
Il h
' |
L i
30— =
0 10 20 30 40 50
t/s
15
10
5
¥
=
5
0 . . . .
0 10 20 30 40 50

t/s
Kla CREAMGIFERILEE  (a) SPSTPF 5 SIR; (b)
SPSTPF 5 EPF
Pl 4 LW 0% T SPSTPE 7E £ o S8 AR 45
i, AHXET SIR M1 EPF F3RERERRE /7. M 4 (a) 7T
WL, STR |1 7™ 5 LA S ) R T A BE AE 1 3L 0
RASBATA T WE 4 (b) 7T I, EPF T EKF A
S EIEREE, MK 10 RARS I ERERBE /).
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®2 Wiz

wE 1 2 3 4

6 7 8 9 10

RMSESIR
RMSEgpr 1.3563  1.793  1.8748 1.9552
RMSEgpsTpr 0.6241 0.6182 0.8703 0.7975

2.2779 0.9923 6.4337 6.2647 7.3551 4.182 9.3257 2.0658 18.571 4.2354
1.8025 1.8253 1.8232 1.8172 1.8122 1.8059

0.8032 0.7035 0.8573 0.703 0.5684 0.5499

RMSEgg ¥ = 6.1704, RMSEgg /7% = 23.1722, RMSEgpr ¥t = 1.7866, RMSEgpr 772 = 0.0226,
RMSEgpsrpr HMH = 0.7095, RMSEspsTpr /7% = 0.0125.

THRORS BE R AT B A R 1 — A BB A,
— JB A FH 3 07 A% 22 (RMSE) oK FE &k 7 R I 5
RHIRZE, BUGEAT I RMSE @i T 3t

N

T @m-a) o)

K=1

RMSE =
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Study on stochastic perturbation strong tracking
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particle filter
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Abstract

To solve the degeneracy phenomenon and to improve the ability for tracking the breaking states are two difficult
problems in the application of particle filter. Sequential important re-sampling can reduce orilliminate degeneracy, but
the sample impoverishment is a secondary result. Extended particle filter can also reduce the degeneracy, but it cannot
track the breaking states. The ability to track the breaking states can be improved by a strong tracking particle filter,
but the degeneracy phenomenon will not be well solved still. A stochastic perturbation strong tracking particle filter is
proposed for solving the above problems, in which a stochastically perturbative re-sampling is introduced into a strong
tracking particle filter. Thus a stochastic perturbation is added to the particle with maximal weight to form some new
particles, and the degenerative particles are displaced by the new particles to solve the degeneracy phenomenon and
so the sample impoverishment improves the diversity of the samples. The ability of the proposed algorithm to track
breaking states is also improved, and the feasibility and validity of the proposed algorithm are demonstrated by the

simulation results of the standard validation model and the system with constants in different periods of time.

Keywords: particle filter, degeneracy phenomenon, stochastic perturbation, strong tracking filter
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