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Abstract: A nonlinear filtering algorithm is proposed based on the Kalman filter and the particle filter. The method can pro-
vide significant performance for dynamic nonlinear system which is consist of linear state equation and nonlinear measurement equa-
tion. Firstly, the particle filter is utilized for initial estimation of the state variables, and then the Kalman filter is performed. The
Cramer-Rao Bound is derived for the nonlinear model. Computation complexity analysis and numerical simulations demonstrate that
the proposed algorithm has the same complexity as the standard particle filter, but the estimation accuracy is higher than the standard
particle filter and the extended Kalman filter. The estimation error is even lower than the Cramer-Rao Bound of the system model.

Key words: nonlinear filtering; particle filter; Kalman filter; Cramer-Rao bound; computation complexity

1 5|8

AR SR, LR 0 ) S R S 92 6
HAE FRRBE A7 DL B S Sy W T
(9 37 ) DL A AR 4 5 T R A, % — AR
FSERAS A VT AT L o8 305 0ok A5 25 1] 9 ) 56 A0
R B BROR D e T LR S R SR B, AR
VR A A A 2 5 P I D L L 3ot o e O A R 5 3
R B A A 4 B A4 TR I B
B2 PRSP AL/ I 5 TR 2R e AR 5 T A1y 3
S — W 2 OB TP A BRI TR AL, S & R
SR G BT R R R R R AR 2 e 5 R
AT A U 43 A S B IR %

Wik H 11 :2012-02-21; &[] B 1 :2012-04-28
HATH B R B RFREHE4 (No. 61139001, No. 61172108 )

IETERE GRS K — BB A9 IR BT ¥k, BR TGl R IR 2
DEIE, ol FH JC 32 A2 45 (UT) Al LI OX 3R 28 PR A6 R R A B A
R T AR R A 2 R AR IR 2 IR P R TE R
IR B, X TR TR TR R B AN R LU B A AL
FURWL TS b — AU P B O R
LR i CFR R 1) AT AR H AR RS 5 R
L PR R Tl T B R S S R G AL i, JF
DU X5 38 A AT SR S B 1ok R T
SRAEBAX R HEAT HOR . 2oR 40 R 2R, %07
ERERF R LA R . 5 R R 2 U B S ot Ik A L, &
GERAR LA i 0 P B8 R D A 1 SR B
TFEGRAERL T8 e HER 1, SCHh B kL 7 ik e e
R R G AR T U U A R R T U D



%1 M Bl PR R RSN SR TR B AS AR R R BRI 149

i B MR AR A HLR S AR 1 J5 IR B Ay 22 64T
AT L TS AT DR AR S I, IR A
K FH TG IR 2 8 T 35 7 R R B I B A A, R X
FRGARAS 5 50 MR 58 85 B eR 00 v 0T R i Sk AR
UE I SRR AR ZS 18] 73 R et RS AR i AR e MRS AR
a2V ) th R 2R S B AN T T AR 2tk i kL
DB AL T, G A A T e IR A AR A R A Ak P
HPE A TR B
JE AL X DA bR 8 B A SR IR AT, FRAT]
R ESR E ORLFUR  S R R T S A A B T TR R
P B AL TR B 5 4 kL T D8 I Ak F 4T
T TG 30 67 - Y08 Y9 1 2 A 1 Y0 38 S 3 ol % s 1
AT R/RZUER A TR K TR S FIETAE
2B S AL TR BE 0 3L Al b, AR SCHE H —Fh R R = B U
SRR A S A AR R R T R IR AR T
U (MPF) RE X 22 Gube U bR 285 07 7 o 2 vk i WL
D A8 Ry A 2 A% B0, #6718 It 58 52 2% B i i
b TR RE R SR B R I A RS B L X R R A A
[ B AR AL Sl T4 Tz L AR
SER PRI U8 I X AR A S e AT IR A 1, B TR
i MR AR A, 35T SR A R OR 2 uB Ik — 2P g
P AR SO i B8 1 B B A AR FE R AT A b 0 A
HINZRGERT RSB A THRE TR, B e hi e
95 T A (CRB) i i 72
MPF 535 AR AE T
(1)75 A2 3 M 75 1) 52 M), R ) 2 S AT A W8 b 2 A
T R R IR PR S B BRI A 145 R 2 th Ik
TR0 AR SC BRI AE R 8 ) el R R R =8
W IEAT FRAR B, DAY AT DA SC B A TR0, 32 RS
(2) 5 RR SR AL LG, A7 T3S H T3
SRAEL ML R G BIRY I H L T HIE H bR AR & 1 e 5
O3 WA A AR AN TR T e FE R R A LA
FAEIE YIRS R ECR R 208 A2 L1k
2 RENTFIRKEEE(MPF)
TR Z AR MEAN T R] 8] D as b - U8 9 7 1k K i
TR, AR ST S T RS 25 AR AL AT R0 oy
X, =Ax,_| +u,_, (1)
y, = h(x,) + v, (2)
Hr x, ER" RN n BT 2] m e RS M & y,
N n BEZDIIE, A C R " R D ARSI
M, h ()RR BT x, MRS AL R 2L, 52 PR
FRORR A [] 4 I LA R B P AR AT R K, w, 5w, 4300
FENAIEA O 1 R 0 A0 A RS I 7 LI e 7 L 2

Ef unu“ = QankvE{ U,,Uk} = 628:1k’ Von,k Hrp 0 MRS
MRS P 22 o LN M S Ty 22 (R BEIRAS e
LI M 75 R kST
FATH B Ar sl I F 5y, SEIXTIR A x,,
B Ad . AR DL k3 B8, I B HE R p (X001 v0.0)
B TXPRES %o, ST T (E B SR TR ME E %
PR3 LB 2R 3R 5 U8 U Bk oA i DR ) A 4 it
TAEBM I, H o fE— A s W E S ()
REESRAG— 2 B BOREAS 551y, 1 ORI RT3 )5 B A
R I BB E B EAE
i _ p(xi):n | yo;n)
(.1 yo.0)
Z_lp(y"lfc;)p(fillx;")i:1,---,N 3)
(x5 1y, s X0, 1)
RATHE SCEC MBI R A p (xo) BHEFT RAER
190 F, 8K i 38 Ao HE % o0 A
7( x5y, s X0, 1) = p(Xi1 X)) (4)
PR 1 BT, 3 B g bR A MR 75 RN 8 B 43 A
sl

wy

p(xilxi_ ) =1(Ax,_,, Q) (5)
I L i (3) TRA T AT LA SR T 19 T3 T
wh=wh_yp(y, | xh) (6)
BCLBLAR BT I e 2 )
p(y,lxh) = a(h(x}), %) (7)
24171k
wh= ) 27w (8)
T RRE RES x, HE/INE 7l (MMSE) 7T 677
D YR (9)

ESPUMUIE 2R N VAR B Wep( | R VR BV S g e S 2
ik BE 2 BI5E  % BEXPARAS x, (0 Adi T 2

xn=Axn71+unfl (10)
H HELTF R FUEDE 19 MMSE £ 11 xYMSE 15 % 2 [a] 3 &
*SE_ % te, (11)

XHL e, AT LMB B S (LA 15 MMSE il 2 [ i1 i
2%, R M IME A 0, 7 22350 @ /0 0 A . i
FTRA0) FAAD BT e, AT LE R RS
TR AR X, A

P, 1=AP,_, 1A'+ Q (12)

K, =P,, (®+P,, )" (13)
P, =(I-K)P,,,_, (14)

%, =%+ K (M -5, ) (15)

Hrp Py, RERAG TRV T 250, K, I RIRE
Wi, P, e Al TR 22 T 22 . AR T I R
oA RN 2] op Aid 74C+ ) L B



150 G A 4 2013 4F
plx)=7Aa.b) o) -0 SRR (- b)) ()

bt @, bERY SRMIFERI SIS T AL e 4
R BCHL log(+) F% HARKHAE A 5 A R W S HGE 5
L (b-a)(boa)t B SO A = 2/0x0 X" K (19) P B SERE J,
Xo="H sPoo=""5 1 U1 g, i AR AR MG p(xo) TR 0 =0

ARSI TR A R IR IR R ] RS H AN Ak 1.
X1 RENFRE(MPF)EEZSR

L. VIR FESEIME TR A p (o) REEAFEDRLIF (X1
2.Forn=1,2,

3. MBS xR T R 88 X,

4. ARIER(6) FHEEMANE, B w),

5. MR @) XAEHAATIH—L, 1535w,

6. APRIFIFATERAE,
7
8
9

AR (9) RAFRTIRAS x, B9 MMSE fiit x WS¢,
o AREE )RR IAG TR 2E U T M P,y
- ARER(3)H R R/R A K,,
10. ARIEX O BE WA THRE I 25 P,
1. IR 5 BEPRTE x, RARAGT x,.
12.End n

3 BEiXlkeEat
3.1 RETH
AT TR A R U8 B A XR S x, A
TS T B ARAG T AH 2, R F4H N < B, Hiig
P B0 AL T Y — R ARl Sy X i B S 7 AR
REJT AT A B b o8, AT Z ik At 2 51
TR ZA T (MSE) F R 7% 1
Xob T [ 58 2 B0 JC A Ak [a) L, o] D38 o e 4 S8
57 NS ASRN 7 22T A, 6 DL A AR R i, HRfR
DRGSR AT LA & — PP BEPL 72, B A7 22
TSR R OB 38 25 F B (PCRB) $k 45 S A It
FAVA B X x, M E I S 655 N A
A I, 2R n B2 m x m 4k Fisher 15 5 46 1 1)
I, AT DR I 25 38 iR 22 A 2
El(x,=a)(x, - x)" ] =J! (18)
X F AR L 0 U [m) AT, L Se 36 55 T A AT DL A 3 4
7 w2 R
Jn:D%LZ_I—D%,l_l(.],,_l+D1nl-1)71D11,2-1 (19)
g5 (7), TR (19) R 430 7 1 2k Xl
D, = E[ - Aj-log(p(x,1x,.1))]=A407'A"  (20)
D= E[ - A log(p(x,lx,.))]= - AQ™" (21)
D%IIJ = (Dlnz—l)T (22>
D7 = E[ - Arlog(p(x,lx, )]
+ E[ - A;:~log(p(y,L lx,))]

IR R T, Ik A
Jo= Piio (24)
3.2 HEERE
TEK — 5, AT R A bL 1 B P S s i 3 A
TR PE VAT A0 MT  RIEEE 1,0 F n B2, AT 8 S5 5
H eiveaves M ey TRy 2] o3 A BERLEL L o 0 A
BEATLER T8 = ST ARLAR BRI LA SOk T SRR 1 R o
xRS 1 PSS L AT N AR A 4 A
KL 75 BTN mey N5 3 47X R F 5 B 7 B
B mey N BB A AT AR, T R (o5 +
1) N5 S ATA S VEA G #AT 0 — Ak, T 28 N IREEEL
Fe ks B 6 AT HRAEF LTI me, V.25 7 175K B
AN TR ZEAG T2 mN IR 56 8 AT A e
TR ZEU T ZZ AR A, TR AR AC R ™,
P, 1,  ERVHIATER™ TR DTRR , I 2m’ I
SHORE S 9 TR R R S AR, L T B B Y
TR R m IR AT B R m,
DH BT R 2m® . 55 10 471G B Al TR 22 U oy
ZHBETER AN m’ 5 5 1 AT EPIREE X,
AR T 2 m® R ST . R B AR 0] Jor 42t AT R
TP LT 2 B RoR ol
C(m,N)=(cym+ com+ cqm+ c3+ m+2)N+5m’+m
(25)
TEVA bas B A% vh 2 ms SeEomis a5 . i =(25) 7]
LT 0 B2, AR SO 5 bR R T R M
o, TEIFR R A B FOF R BT, #4958 AN).
4 ZRHE
AR ST R TR A D I B R — A Dy
S E AT S BCTAE 5 IR T vk FRATT 25 BT &
FETT O A R 1 S AT S o R 0 2 B A ), O
EShRAERL T U (SPF) LA K i - R 2 0f % (EKF) 33125
HEATXT LG A NS 5
¥ = aueos(2mfn + @,) + v, (26)
FH AR f= IKHz SR AT =107 HEH
SRR o, ML @, AR FZSEL, v, IRIIIE R 0,
J2Eh o WA, B 6% = 100 %R HI S HOE A, 15
PRSI BA

2

_ a
{an_anl+ Up -1

Pu= Qa1 ¥ Uy 27
n n-1 n—-1



5 5

2

L

il — PR 2R R IR AL T UE AN AS & AR BRI A

151

FAPHE RS EERR N x, = [y, 0, )" W H L (10)
FIHLRZSHERE A = [1,0;0, 1], BEE RS MR By 240855
Q=[10"%,0;0,10"*]. ZHM EHLME N x, = [8,2n/3]",
o i RS B0n] A e AU (5 S A A B A A
X BRI S A ML S B0 0 B 21 3 5] 50 4
WE R HSEUR AR SR 53 A 2 xo ~ 22([0,0]7, 15,
21 |") , RIR S UG IR RS U 225 R @ = (10,05
0,5], FFZEtaIh T =0.4s, KL F50E N =400. WAL EA
FEERUEI, DL S HOC BROME. X BLAA H — R S0 50
HIS B TT45 5, % MPF.SPF L}z EKF #E47X%] e, a0 1
JER . BATRT LB B, 3% = Fh 557 X5 RE A% 7 0 b i 54 3
HFRSEY S , {32 SPF Fll EKF B 104l 45 SRR
fghese , AR (E 1R PR8N, T MPF J& X} SPF B3k 1 i
— AR LA R ] 5 RS

BT ok, FRATIEAT M = 100 YR ~7 5256, w] DL 75 3]
MPF 5503 1 3 — Ak 35 757 iR 15 2% (NMSRE) 27

oSN (k- R)YM(28)

fEE—Td 1R (19) ~ () G BRI R £ T
L7 5 . M AT L2 56 b g ELA fn) R o 2K (23) 45 )
D% TR B 12453 Fisher 255 T, , 210

AL AR B RE o, SAEDE @, AR ZE T R R
e:cms,(m): /[J;]]“”""),m: %1,2§ (29)

BFSE MPF 3525 B PERE , B H 5 SPFLPCRB L) J¢
EKF JEA7T%F EE, W 2 B . ml DL 31 6 35 R R 25 500
O, SPF 5 EKF 53k W B2 12 22 T AL, 1 MPF 533k
REMEIRAT AR A A5 TR 22 . X HL 75 Z UL A A /&, PCRB
F4E S AR AR AR e AR R an o () At (2) , H H BB N
SPF B L AYIR2: T AL MPF B35 2 7 SPF e hik L E A7 A9
FRRUE W, HE— A5 1 B M 75 1% 52 ), PR G iR 25 N T
SPF 1 PCRB LA J EKF. 7E5R ik B a2 AT, F e 2
BT g BE FAH AL AR TR 2 BIRE S R 3] 0.21 1
0.03.

SRIG BN [ MR S 5 22 F IR B TA A TR 22 19
AR TE BN MRS T 22 R X SR RRUE JE B A TR
ZBEYEIF AT M = 100 RS2 525, 3% B A8 & 2
TR S 2R IS 1000 A4S SR T B T35, VB M Al 1
YA, Gt ES RN 3 s . T VA Y BEE Sy 25
PRGN, = FP AR A Al i 22 Y Bl 22 3 . MPF 532 B
W EE LG SPF I EKF X AP L Al TR 2 2/ MR £

s
<

—— MPF —&— EKF

R BE 8 7 MR 22

500 1000 1500 2000 2500 3000 3500 4000 = 500 1000 1500 2000 2500 3000 3500 4000 50 200 250 300
SERE SX-RE
5 K R
W e
T CRB - SPF K10
% —— MPF EKF m W
1 o e v R | T CRB —— SPF
el b
ML . L . LR < . : . . n " ; r & 1 ! ! ! !
0 500 1000 1500 2000 2500 3000 3500 4000 = 500 1000 1500 2000 2500 3000 3500 4000 B 0 50 100 150 200 250 300
KAE KAE T
Bl1 MPF. SPF5EKFUEB: &N B2 fiHREXH B3 iR ZEBE R T E R 2%

G A M AEA DR 3RS 0 R, MPF Fil SPF 45
A TR ZEXTE, il 4 Frs . RATE X R F B A [
HUE, 4 BIHEAT M = 100 YA S7 S50, 5%k 1 25 SR
YIE . 0T LLE B, A2 MPF iR J2& SPF, % AH(E 45 1K
JEE B i R AR TR B ARk T B D B PR

B 0.8 —

® = MPF

= 0o 1 SPF

i 0.4r M = =

2 02f

M 0 L I II l__

= 20 50 100 200 500

BT HE

Hy 02 B MPF

o5t _ _ 1 SPF

5% —

iR 0

Ro.05)

=l |

g 0 ' -
20 50 100 200 500

BT R
B4 RTHENELKZR

D7 PR RE LU , 2L 40 B i £, MPF 533k
Ml TR 2 B AT SPF 3%, O B YR T4k 100
i, MPF (Al T HPERE AT UK RIS IRES . 22 B 5 BT
SRV BAETAGBEAF R, 6% IV = 200 1 9 A SCH %
U SEL TAE /@

5 HFRIE

AR A 8 5 TR AR A RO P A S P — A
7 1) ARG i R AR R I, 2 8BRS T5 R A A 1 i
WL 75 2 T AR LA A [ L. A SCIE R AT XX AR E
&t — o 8 A A IR Pk T R R T B
RORSUEPA VLIS 5 E R . B SR AR T 38 O IR
AT RN T, R R R Sk B AT AR i A
it TR, A o B 1B A T I R R Ll
RIS 5 R A B T R T AL LS, A
SCERE A TR 22 5 AR AL T 98 B A A IR 22 L AL



152 H +

2 2013 4f:

KT N LA LY &R IR S 08 WA Al R 22 BT X
P, SRR T R S 1R A A T A RS B
BRAEBARART W L D0, 73 RE IS 2 BB AR i A 11
ZE5L, I ELXPRL B 1 2R BRI, T S R B S
HERL T JE I IR AR 2 A SRR ATz 1E TR S A
B e [ 5 R S B TS TR T AR SO 0 A S
PR AR ST A ey 0 IR A A Y Al L R R Y T AT L
AR RO ST SR AT IRA I DT

%30k

[1] F Daum. Nonlinear filters beyond the Kalman filter [ J].IEEE
A&E Systems Magazine ,2005,20(8) :57 — 69.

(2] X684, & 55 1 TR UL 2 A AR
TUEPE L [T] 72412, 2010,38(2) : 301 - 306.

X Liu,Z Hu, Y Jin, Y Yang. A novel multiple model particle
algorithms based on particle optimization [J]. Acta Electronica
Sinica, 2010,38(2) :301 — 306. (in Chinese)

[3] J Kim,S S Vaddi, P K Menon, E J Ohlmeyer . Comparison be-
tween nonlinear filtering techniques for spiraling ballistic missile
state estimation [ J] . IEEE Transactions on Aerospace and Elec-
tronic Systems,2012,48(1):313 - 328.

[4] R E Kalman. A new approach to linear filtering and prediction
problems [ J] . Transactions of the AMSE Journal of Basic En-
gincering, 1960,82:35 — 45.

[5] S Schmidt. “ Applications of State-Space Methods to Navigation

Problems” in Advances in Control Systems [ M] . Edited by C T

Leondes. New York: Academic, 1966.294 — 340.

XIS, B, EER, FEE. mEER S EE

BRREN A 5 E AR IS Sh BRI R Tk [T]. B TR,

2011,39(9) :2207 - 2211.

Y Liu,et al. Seeker measurement error suppressing using preci-

(6

—

sion speed information of inertial navigation system [J]. Acta
Electronica Sinica,2011,39(9) :2207 — 2211. (in Chinese)

[7] S J Julier,J K Uhlmann. Unscented filtering and nonlinear esti-
mation [J] . Proceedings of IEEE,2004,92(3) :401 — 422.

[8] T Ghirmai, M F Bugallo, ] Miguez, P M Dijuric. A sequential
Monte Carlo method for adaptive blind timeing estimation and
data detection [J]. IEEE Transactions on Signal Processing,
2005,53(8) : 2855 — 2865.

(9] RINGE, BIELE M i . BE TR F IR I W 9870 15 5 I a6
D7 THLI]. T 24R,2011,39(6) 11353 - 1357
S Wu, G Liao,Z Yang. Direction of arrival estimation of wide-
band signal based on particle filters [J]. Acta Electronica Sini-
ca,2011,39(6) : 1353 - 1357. (in Chinese)

[10] J Scharcanski, A B Oliveira, P G Cavalcanti, Y Yari. A parti-
cle-filtering approach for vehicular tracking adaptive to occlu-
sions [J].IEEE Transactions on Vehicular Technology,2011,
60(2) :381 - 389.

[11] J H Kotecha, P M Dijur ¢. Gaussian particle filtering [ J] . IEEE

Transactions on Signal Processing, 2003, 51 (10): 2592 —

2601.

R Zhan, Q Xin, ] Wan. Modified unscented particle filter for

nonlinear Bayesian tracking [ J] . Journal of Systems Engineer-

ing and Electronics,2008,19(1):7 - 14.

[13] T Schén, F Gustafsson, P Nordlund. Marginalized particle fil-
ters for mixed linear/nonlinear state-space models [ J] . IEEE
Transactions on Signal Processing 2005,53(7) :2279 — 2289.

[14] L Zuo, R Niu, P K Varshney. Conditional posterior Cramér-
Rao lower bounds for nonlinear sequential Bayesian estimation
[J].IEEE Transactions on Signal Processing,2011,59(1):1
- 14.

[12

[

EEEN

B ot B .19834E 5 H A, iL T R#E
N 2006 4F K% 2858 K5 B L& ik L
g O A BT R T S R
TARE I ALE e, BT 10 A E S
JSLEH

ERRZE J).19544F 8 H bk VLI
Pl R B TR TR R S LRSI
B2 LA R EEAFAE S {F B AL BT Y
PR GO TAE AR NS AR TS 280k R
W 180 i, B ARE KA TR A HAR 4R
SFL PR .

E-mail : qiutsh@dlut. edu. cn

ERE B 1960 AR AT AL WL, BOREE R LR
U, 5] 2 TRk FiL M0 v o R A Sl 6 R, 2325 7 i Dy TEk FL
s B o 4

FHFE L1063 F UL P LI S B
SO - S, SRR T TR B 5 AR
RIS



