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Improved cubature Kalman filters with colored measurement noise

WANG Si-sif, QI Guo-qing
(College of Information Science and Technology, Dalian Maritime University, Dalian Liaoning 116026, China)

Abstract: To solve the estimation accuracy degradation of standard cubature Kalman filter with colored measurement
noise, an improved cubature Kalman filter and its square root form are presented in the paper. Firstly, the first-order Markov
model is used to whiten colored measurement noise in nonlinear discrete stochastic system, and then the nonlinear discrete
stochastic system with colored measurement noise is transformed into a nonlinear time-delay system with normal white
noise. Secondly, the frame of recursive Bayesian filter in Gaussian domain is derived based on the whitened nonlinear
time-delay system. Finally, third-degree Spherical-Radial cubature rule is applied in above frame to deduce the improved
Cubature Kalman filter and its square root form. The maneuvering target tracking simulation results demonstrate the
improved cubature Kalman filters have the same accuracy as standard ones in the system with normal white Gaussian

noise, and can achieve better accuracy and robustness when the measurement noise is colored.
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1 5|3 (Introduction)

KA F KB JE P 2% (cubature Kalman filter,
CKF)#&20094-42 H (1) — P BRI il e imy 4E AR 2tk
DAGTE ) B RS BB 2% . B R R B 7EARRNIE
HEMATIE T, CKF HyE T 3R LR 7 I8 25 (parti-
cle filter, PF) FJGHE-R /R 2 JE 4% (unscented Kalman
filter, UKF)SF IR £ M Ak v+ 07 ¥ 58 iy () DB RE L.
I, CKFENLZN B AR ERER SR 35 AVES I N A .
YRENUFE{ 7 J R RO PRI, SRR A F
YMEEME 5.

E[Tk] = 07 (1)
E[n,7}'] = My
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PUTF 32K, 25 12000 R G0 75 I GevH e T Bk 1
WHRIHELR IR T VA S & TE S Fh AR 2o D83k 07 v,
BIAILE W. L2538 o H L S8 50322, M 08t
G BRG RGN, 220K &P 8IS MR FI TR
LRMEVEBE VA B, SEN R S T SRR AR
BISH, GiLi WA SRR RIS A N T A B 5 4
PR AER R R G52, XSS T IR H &N UKF
RIS SRR F A (R P AT A B R e 7S
Ja, FATIELR RN, Bl Refs . E/NEEFH—BY
LRBERA g A, 48 H T H AR S &4 T
FIUKFRLEI41],

H BT T 15X e 7 44 R B CKF R Y
AP0 NG A DL 2. T At AR AR M 1 T 7 4 T T e
CKFEVEMMIR LB R T LR S 1 2822805
T EBEE K Sage-Husatl K J5 A5 EH 25 5 ECKFH
EAREE A, FELRAG T FME IE A UERA B AR S0 1 e 75 (R 48
THRFHEDS); 50 IS A5IE I 237 B D7 22 (1) 7 T AR R
AR R BB 7 ZHFE 5N B 1E N FE T B &M
PRI 28 1 PR 2R G M 75 0 A AE AR R R B B I
MUY 2 B n 7 R R M P G T AE G, BT
B Z5 Tt E it R Z K, Ge Q.
B.5F At O B T 2, MR ECKFEEHAL
FFAHOCHE P (A RS BB AR, Chandra%s 4 &b
PRAE R TR R S T ARZR M RS R 1 A, AR
CKF5| N AR M H BB AR HEZE, 38 Hh A AR H BB
A X CKFSVE M RE S A T, (HEEA |
2 OA MM IER EARTECKFHE LRIV, JFR
T T DL A B A B, ZEAS R B AERR
YHE 1 7 o CK IR BRI R

DR A SR R AR HECK P VE I HE S A2, S
FRRPTE B BN R I 7S AR T S T A ek
HECKFEE. ASLFEEMS WAL : 28 1355
SEA RN RS AT ARG B EE LR R R BN
BRI R &S5 F28aFH— S
IRBIHRA g o AR A o B W e 75 4 1 T I IR 2R
PE B EURENL R G A A A M S 41 T IR 2tk
I B AR G, 530 40 70 e g S I v R A )
DU S g8 HESE. 25435053 FH 3 B Spherical-Radial #
T, 4 Pt 3 6 DL S HE SR 3 Ab A (el e 7
A T SO CKFRELE AR TE K. S50 4 AL
A BRI 44T B Sl CKE &R iR B
AN SCHR (1132 H PR AECKE . AR ifE~F 77 #CKFLEL
g B b BRI P BT M RE LR, FR AT i B4 R,
B H R4S,

2 [\l (Problem formulation)
2.1 ZREHR(System description)

FIEIT AR B RN LR 4

{xk = f(xr—1) + Vp_1, 2

2 = h(xk) + Wi,
Hr: x, eR™ A L IRRFEMRERERE; £(0)
Fh(-) 5 AR REREFIEW R 2, € R
KW v, AL ST RS TR SRS,
HIIEANTT 2= 2
E(vi_1) = qr—1, cov(vp—1) = Qp_1, 3)
w A B ENME S FF, v —B SR B 7 5 6
R [2-3.10,14-15]
Wi = G k—1Wr—1 + &r—1, 4
HA KRR
-1 = exp(—=FT), 0 < ¢pp—1 < 1. )
KGO B A AT E], T A KAER 8] [ g, X 4)H
SN Sv  AHEXPE S AMEFY], Hi £
Ry
1
Ry = cov(&_1) = %ﬂ — G p-)Tes (6

o X MBS B RBLERIE AR AR A € (1)
W5 Z . MR Rz Hor, wy EAMR, BHY
{EAH N R ZE 5 250

E(xo) = Zojo, cov(zg) = Pyjo- 7

2.2 045347 (Problem analysis)

9 PRAIE B M 7 R 2% Ry R S R 41, FE DRI 2 B
WIRTR AN RN w,. HPREE A
Q) RGN 75 (1) 5 ZE 5B R 0 R, fEyE ek
o, PR A e B e S A FE 0 A B v A W
VR 4. B G T W 1) & 2y, =00 RR R
h() AR wy, KRG Q) P EN T FEEALBCET)
= TFEB):

zZi+1 = h(f(xr) + vi) — ppr1h(xr) +
Or1,12k + &k, ®)
HARE AR () AIELME R, WA HY RRIR 2085
PN, 2R R RIERA(f () +
vy) ~ Hy o (f(xy) + o) Mh(x) =~ Hyxg, T
TR (8) e Ay

zZp1 = Hy 1 (F(xr) +vi) — G o Hi1s, +

Ort+1,62k + Eks 9
Oh(x .
s H = )y
Lh+1

Zy = Zk+1 — ¢k+1,kzk7
w, = Hj v, + &5, (10)
h*(xy) = Hyo f(xr) — G Hi g1y
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zZ, = h*(xzy) + wj. (11)
MRIEIN(L), ATARB RIS wy IAHE L 7220504
Elw;] = Hy11q4,
{ E[(wy, — Hk+1<1k)(“-’; - Hj+l‘1j)T] =
H . Elvw/|H  + R, — H 1q:q; H, |,
(12)

wi SRS FEME v, K E P Z R Bk
Elvp(w; — Hj;1q;)"] =
E[vkva}H-T+1 — qkq;-fH]TH. (13)

J
3 (12)—(13) T & T w; FIIEA R0, T ZBRT
R v, Blibw A MRS, B S RBgEv,
FHIR. AT RS (2), AR FHARAERNIIS T, /B 1k
RSN LA RE RV, BB S B2
PR AR, JE SR BT 5 (1) A s
H.
BRI X FR 4E(2), SR FH AR S I 3G ) A AT AT,
T BRI A4 732, AT e R RFCKF L ST 73
BHEI R T, SRAGH G 3 B2 S &4
T 8 B A R DR RS E ) 2 W R S A TR
CKF#:(CKF with colored measurement noise, CKF-
CMN) A SCERF T ) .
3 BB K A4 (Colored noise whiten-
ing method)
AT N SCHR [15 1A 5o SR 34 R SE A
MRS E L. iRERQ @) E
z; = h(zy) — rprh(xr1) + &1, (14)
Hzy =z — p o1 ze 1 M ANA EENMES S
3B ) B L UCRFE 2 7 2. ¥ R A Q) 1) R
AR, H AN
Vi = qr + Mk, (15)
Horb p A 5 E AR B) BT B A R, Heov(py)
= Q. TERARZQ)FHAARE A E TR
PR RS
{ xp = f(®p_1) + Q1 + Hi—1, (16)
zp = h(xy) — dpp—1h(Tr_1) + &k,
HAYILEIRE o 55X N B FEF =00 75 HME o,
S BEAMR. HERARZQENMEFINHNZ, = {z,
Za, -, 2z b, WIKREEI R A 5 T B FE R M R G
(16) RN EFH Z; = {27,235, , 21} = {z1,
Zo— o121, 2k — Prr—12k—1 ) B, RGEQ)H
CKF-CMNEER I ) @t o T R G (16)F &
THE B Z; I CKFEIE A .

(Bayesian filtering for nonlinear time-delay
system in Gaussian domain)
AR5 STHIR (116 75 ¥, 3/ Spherical-Radial & #3 #E
VO RSP, 5 S 5 H 2 (L6)F I 1 v ST i R 8 O AR
e SRR R (25| Z; ) SERmER
FEp(ak| Z;_ ) IR oA, WA 5 fe S AR 25 L
p(xy| Z2) BRI , B
p(wk71|Z]:_1) :N(mk—ls «’ﬁkfukfl, Pk71|k71)>
p(xk’ZZ,l) = N(fpk; :i:k|k—17 Pk|k—1>7
P(z|Z-1) = N (2 250, P
p(wi| Z;) = N (@i Ty, Prgr),

. ),
koklk—1

(17)

Hrep: N (1, m, P) RN B R, AP E
AL WEIBE Ay, SN 7 220 P. R YEIEZe P
HRG(16) B SRR, BT A SR SEL R A RS
FR) R ST IR A AR 7 A SRR Pl I DL R PR s
R

1) IS TR]BEHT.

itk — 1N ZIRIBE R 3 i p (1| Z5_ ) K-
B 5 ZE F1¥4E 34 B 41, R #E Chapman-Komolgorov&:
AT 15 2 & I 20 BORS TR 25— L HADTT £
Py IR RIEAH

Zyp = B[z Z;_ | =

fR f(®r1) X

N(xp—1;Zp-15-1, Pr-1jp-1)d®r_1+qr—1, (18)

Pk:\kfl =

Bl(@r — ipe—1)(®r — Bap—1) ' [ Z5_1] =

oo F@e) 1 (@) X

N($k71; £k71|k71a Pk:71|k71)d37k71 -

(iﬁk\k—1 - Qk—l)(imk—l - Qk—l)T + Qi1 (19)
FERG6)T, Bz Rx, M, FRE, A TET
faj 4t f5 SETH SRR R, PR ) E AT 4E, 1
E—AH PR R W (20) s

z = [ Tx ] . (20)

Lr—1

2) FREH.
HRAE R G5 (16) LI ARS8 (17), FTATUIRI
fi2;,  BOERERQL):

2Z|k—1 =Elz;|Z;_] =

fRnI h(zy) x N(xk; Tijp—1, Prjp—1)dx), —
Pr k-1 fan h(x,_,) x
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N(xp—1; Zp—1j5—1, Pr—1jp—1)der_1, (21)
EFIERI AT 2 Pey g2 H
Pz;,k“@fl =
E[(z; — Zi-1) % (20 = Zi-1) "1 Z520)- (22)
= F R G (16) &2 W & UL AE R (25) = h(zy,) —
Orr—1h(zr_1), WIRHER (14) 7] 15
= R (x}) + &, (23)

A
zj, — 2;|k71 =

h'(xy) — B[R ()| Z; (] + &1 24)

P AR B 8 (22)— 24) 78 0 1000 B U 0 B By 2
P i1 BV RIEA I (25) Fm:
Py =
E[R/(z) (R (x}))" | Z;_,] —
Zipea (Bipen) "+ Ricr (25)
B TR (xf) T+ F GRS W B M, A TE
AERG A AR, TR 25 R E R () IR
BRI A (26)—(29):
B[R/ (z}) (R (2))" | Z; 1] =
E[h(zy)h(zi)"|Z; ] +
¢k r1Blh(zp ) h(ze 1)t 2] -
Grp—1E[h(xp)h(ze1)" +
h(zy—1)h(z) | Z; ], (26)
Hrp:
Elh(z)h(z) | Z;_,] =
fan h(mk)h(mk)TN(mk; iﬁk|k—1, Pk\k—l)dwky
(27)
Elh(zy1)h(ze1)"1Z;_,] =
jan h(x,_1)h(x,_1)" x
N(xp—1; Zp—1jk—1, Po—1jp—1)dxs_1, (28)
E[h(z)h(zi-1)" + h(zi-1)h(z) " Z; ] =
| (@)@, )" + h(@e)h(@)] x
N(xkfl; ikfl\kfly Pk71|k71)dwk71- (29)
HT xp &1 EAMER, HER &), = @), — Tijp—1, 2
By W g R 2 10 B b 7 2

Pmkz Jk|k— 1-

J— *

Pmkz,:,lﬂkfl =
Bz (2)" 12 ] =
Bl (b (1)) Z5 ] = Tan-1 (Z0)
(30)

Py, o ki1 WEE R () IR, FIHLTR A RE
KR (26)— 29 ETF, =31 —(33)Fin:

Elz b/ (x7)"|Z;_,] =

Elzy(h(z))"|Z;_1] -

D1 Bl(f (@r—1)+qu—1) (h(2i_1)) " Z5_ ],
(31)

Elzy(h(x)) " Z;_ 1] =

J"RM, xip(h(xr) "N (@ Erjp—1, Prpg—1)day,
(32)

E[(f(xr_1) + qe_1)h(zr_1)|Z;_ ] =

fmnz (f(@r-1) + qur) (i) " X

N(@p—1; Th—1)5-1, Pre1jp—1)dTs_1. (33)

TENE B EINME 2 2 )5, X (18)—(19)(21)(25)
—(33), A R34 —GSHK IR B % R &k
THEE 1 A0S N KIRZE DTS ZE Py

Tyje = Erjp-1 + K (27 — 251), 34)
Pk|k = Pk-|k—1 - Ksz;;,Mk—lKkT,

Horh B 25
Kk = Packz,:,k\k 1P rklk—1 (35)

ﬁ(lS)—(SS)mEE%éﬁ(lé)E@mﬂﬁﬁEE’JUlﬂ+%ﬁ?ﬁ§ﬂ§z%§
MEZE, R (Rt 7 41 T = ok v 2% . BRI CKP-
CMNFIARAECKIFHR 2 T %5F N i U 8 o 2 o P 3 B
Spherical-Radial ZFRAENIE 2], Fr AR (18)—(35)
53cwk (1] A 0 T s st Ay, BRI T8 2x
PRI A X ).

HOENE S A — L% A5tk
B 221 52 0 e 75 3 o PO R ) 6 4 DA A O R B b g
k — 1S Z) 28 G2 R 25 70 2 I Xt e i 220 £ 225 00 i 4
R/ (e, ) AT B IE 25 IO RS, i M (e s 41 T
(AR B 2R 0 1 e BT DB U 2 L B AR DA B B
B AR ook TN W 2y, TN B B O =
Pz;;,k|kf1$ﬂXJ”L‘7WfLWJ'7‘:7§sz;,k\kq FISREX L, FEiE
X3S 4R % W kB 20 RS Al THEE A
NARZE W IT 2 P,

2 g p—1 = OB, ARHE K (4)n] 0, b By 5 0 e 75
wi A ERER, R3S HINIERERIE R (2D —33)AT
W, & XS AR R B D -1 IFR ST DA 2338 40,
PR ER(21)—(33) AR AN SCHR (1] ARvfE e s 41 T
e A A R se AR . DR 3 T X B A
I8 % 2% I CKF-CMN 5 R #ECKFAE B 75 454
VEBRE P N S AAE R, 5 T B AR SR
HiZ4E e,

X bpp—1 7 OB, #RYE (@) ] %0, b s 52 0 e
wi AH M. BEEAH KRB Or 1 IBER, BN
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TR A EOENGEFET SRR R 20N 5

A wy, BIAH S R Rl 2 38 5, 3 AH 5 ) 38 e i
b p—1 15 38 B LI 20 1 2 I 26 B () A2 UME 2
b H AT AR L N R S IR AR AR R R
T 75 R B e 7 1) O R P R T, R LR AR )
FAFRMEARIAERT R GRS B 1,1, FIRS N T TT 22 Py HIAG
TE b TARAE 75 45T B AR St i BB A AEAS
HATRE S TG ATER F, e RN S &4 T8
EORFF I A Gt B /N 7 22 Ak VRS B2 DRI
IR 4R, CKF-CMN FIJEIBORE BE AL T AR v
CKEF, 5T B L5 MRSk i 4518,
5 HEENMSZM4 T CKF & (Cubat-
ure Kalman filter with colored measurement
noise)

5.1 Sk & #E W) 1 4 22 #e(Cubatre rule and

integral transformation)

SCHR (1] ICKFR L R FE T B i s AR
3074 v R HE 28, AR 53 & Spherical-Radial 5K 25 F1 1
W, 7= Az 2n AN SEAUE IR 15 { i, A, PRIBIEARE R
AR 7. B, ARkt o B T T R R
FRIRR 73 SR AR 1) FER Al AR R SRR ) . RLARd
A 6)FR:

N=|, f@ ) G6)

Hr I(f) AR, f(x )%ﬂfaﬁjﬁ, PSPV
. B {w;, A, P EBUERYE T AT

{wizllm, i=1,2, -

N(x; OId.’ENZ’wZ (A

,m, m=2n,

A; = Vmi2[l);, ©7
Horb: AABER IR, w 0 NALE, noh RGOIRS
R4, (1] € R"HERE T, Bln = 22041, [1);
TG AERE TSR FTTER:

1 0 -1 0
o) C) () (5)) o
52 F & W %S % T i CKF (Cubature
Kalman filter with colored measurement noise)
R4 20(18)—(19)(21)(25)—(35), ] HH 3 J& Spheri-
cal-Radial#E 0, FWR A ST BOFRZR I R G =
Jr eI A4 e Ak CKF-CMIN 1. CKF-CMINAL {2
RT3 Ay s TV ST« B SR YA
1) ISFTA]SE 3T
U 5T IR 2 1) B AT AR 2E W T 22
Py 1 7330 R Frs:
iL’k|k 1= l Zsz\k 1)

1 m T

Py, = — Z X i (X ) —

L1, 15535\;9 1+ Qi1 (39)
PAER G X B Rk — IR ZIFRZ DT
Z=133:
Py 1ji-1 = Sk 1p-1(Sk-1je-1) "
{ Xik—1k—1 = Se—1jp—14i + Zp_1jp-1,
X ppo1 = F( X kak—1) + Qe
(40)
Hobk — INZI 75 2 P11 3B AR A TR 51
Wk o el BT A R T 1.

2) EIEEHT.

I A (34) — B5)THAIE B G 2t Ky, SE TR
ZIRAS 0 B &y, MR ZE T T 22 Pryjpo. ForP TR EIAE
51, WTFRFR
Pij—1 = Skpp—1(Skpp—1) ",

X kjk—1 = Skji—1A; + Tijp—1,
Z 11 = M Xikp—1) — Ok 1 A( X k15-1),

1 m
*
22 Lk
i=1

2%
z = —

klk—1
| m

(41)
(A1) T I 220 TR 5 22 0 7 2 Py MR R RE
SRR ISR MR & 2 B MF T I,
RESHTBIMIRENTTZ Py jy—1 W@ P75
P p-1 =
B[R/ (xf) (R (x7)) | Z5:_,] -
Zier (Bipo)T + R, (42)

y
|

B[R/ (z}) (R (7)) 2} )] =
% El h(Xikp-1)R(Xigp-1)" +

B
% > h( X gm1i-1) R( X jap—1) ™ —
=1

¢k k-1

Zh

Tre) R( X koapp—1) " —

¢’“£*1 S (X ) R(X )T @3)
=1

it(35)#%ﬁﬂﬂ%ﬁiﬂﬂﬁ%ﬁ%&kz;,kw_l%J

Pmkz klk—1 —
% Z Xz',k\kth(Xi,mkq) -
¢kk 1
Z Xz Jklk—1 (Xi,k—llk—l) -
wkw—l(szl)T- (44)
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53 AGEENMESZHFTHFERR CKF (Square
root cubature Kalman filter with colored mea-
surement noise)

T BE— 53R M CKF-CMNEL v 1 $i (i A e ok,
SR IR e T B e P O AR SR AR R /R 2 BB 2% (squ-
are root cubature Kalman filter, SCKF)&. % ft, #CKF
SRV R C B WU e 7 A R Bk~ T R SR A
IR B R 25 (SCKF with colored measurement noise,
SCKF-CMN) 5.

HRHESCHR (117 SCKFH#E S A2 4, SCKF 5 CKF
THHE R AS IR X BE T SC KRR e R A 33 P 2 Tt
MG TR Z W7 22 H~F 7 AR B 1R . SCKEH Il
TIZERI R EA T a0 E B

T 1 AEE—NXTRRIIE e 56 M PAR AT 52
IR =5

P=Ss", (45)

HAF =AMEFES PRSP il EEEU T 1)
QRAMAH _F = FAFENE RIC T B,

i PE,1 HE BRRU = [C V], XU
1TQRAMi#:

HUT = QR, Hh: QN IERHFE, RA E=4
5ERE, MATARU = RTQ™.

SB|2 oM

T c*
P=UU"=[C V] [VT] . (46)
B3 53
P=UU"=R'Q"QR=R"R=SS". 47
EFEHIE.
H N HE =T FSCKF-CMNR 6 #Eid
FEFRIFES AP, W R FR:
1) B[] 55
@© R K 39)—@0) v &, TR & AR A
X AT BEUPRS g1
@ FRHEE L, TR ZE Y T E M AR R
FEFEBEAT QR . ARHE X (19) 050 (40) T 401: 45 ¥ T
MRRZE 7 2

Py = X:\k—l(xzw—l)T’ (48)
Hrp
X2|k71 =
X s — B Xy — B
\/m 1klk—1 | 2,k|k—1 |
X;,k|k_1 — Tpjk1 mSQ,k—l]y (49)

Hof R T 2Qu 1 = Sq i 1S3, TS

ST Py BT HRRE T Sy b
Skie-1 = [Tria((xiyn—1) )" (50)
HrTria(-) BsEREQR M, HAFRI E=FMFERE.
2) IR
© K@D TR KX e, TR E B 25
BUSZE 0 LRI,
@ WRHEX(51)—(53), fli vhHr B JI7 Z 5B 1)
ﬁﬁ?sz;,k\k—l-
AT, BTy = Xk, R
NN YIP =iy Y]
Pz*k,k|k71 = C;|k71(C;§|k71)Ta (51
Hrp
C;\kq =
L[Z* % Z* 5%
Jm Lklk—1 = ®klk—1 Z2,klk-1 — Rklk—1
 Zn k1 — 2k VmSgrioa], (52)
HrhBNEETTZER, . = Sp 1Sk ,_1. MFTE
FTHE P i PP HRE T
Sai wir—1 = [Tria((Crpmr) DI (53)

® '—?Sz;,k\k_liﬁ(%fu, EXXZk‘k_l ~ X k-1
muﬂ?%Pmkz;,k\k—lyg

Py zr k-1 = Xk|k71CE\k_1, (54)
Hrp:
Xklk—1 =
L[X1 k=1 — Trjk—1 Xogk—1 —
Jm :
Tpp—1 - Xngl—1 — Thjk—1), (55)
Crlk—1 =
Az A Zii —
m Pkt T Eh1 £k
Zih-1 7 Lokt — Eije—tl- (56)

@ JEPIEE A
K, = (Packz;,kw—l/s’gz}k\k71)/Sz,:,k|k—1- (57)
© KA FOWIAEL 2, JE VI 25 K, Tl &
fE25 AR 1 BT AE D, 3K GHE
REF BT,
® FEHREMNITZRIFITRE T Sy
Sk =
[Tria([Xk\k—l — K. Crjr—1 KkSR,k—1]T)]T~
(58)
B LA SRR, 5SCKFEEATL, |
THE RN /ERH, SCKF-CMNH.: 5 SCKFA
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TR A EOENGEFET SRR R 20N 7

¥ B9 DX 8 AE B 0 S . RSB X o
X kb1, FT LASCKF-CMNZE v FISCKFEL 12 1 X 5]
AR, FERGNZBWNAERRZ ), BT RN AR
AL b — A2 B R A A AH DG . BT SCKF-
CMNSE LM T b B, By DAZE S8 3RS B b SCKF-
CMNHVEN %~ 7T CKF-CMN.

6 F{E{FE (Numerical simulations)

6.1 {HEALAE(Simulation model)

# CKF-CMN, SCKF-CMN, CKF, SCKF % % 4y
AN T AN ES 5T R — NS L
) B AR ER R 100 8, T b DA o 40 B925 1 BR B A
FEFIE R,

THEEULT, W IS A T AR A, HARTE
TR THI 4% U 8 B [l PE AT 3 ) L)) e I =
RN, RG I ERRI=(59):

T, =
i sin($27) 1 —cos(£27) .|
1 I\t (=P
7 0 ~(—F(» )
0 cos(2T) 0  —sin(27)
0 1 — cos(£27) . sin(027) L1t
2 2
0 sin(027) 0 cos(£27)
Vk—1, (59

H: BARHRE & xp = (2, Tr, Ui, O) 5 2 M
Y93 A R R My 77 1) b H AR AL R, T, Ay, ) 43
MR R Ry 75 ) b B AR B3 B T4 SR B[] 8] B
TR S v A s R, LSRR
@ =[0.1 0.1 0.1 0.1]7,

. (60)
Q1 = diag{n M ,n, M},
/\*
1313 T?%2
= (61)
T2 T

HR AR 5 18Ik AL B, W45 H AR ) B B A7 AL0),.
(2

()
0.

Ty
Horpoo, A 75 R4, His ] 4 F X (4) ) 2L A,
HX N AMEEFHE,_ FISMENO, T ER,_ /2

cov(€r_1) = Ry =

diag{1600 m?, 200 m - rad®}.

K59 —-(62) %S HHh
T=1s,m =01m?-s73 2=-3(°)-s7'. (63)
WIUEIRAS BARRE W 5 22 A

VT + i
tan

Loy =

[1000m 300m -s~' 1000m Om -s~']",

Py, =

diag{100m?, 10m? - s~%,100m?, 10 m?* - s~ *}.

(64)

HR(59)(62) AT %11, 1% H bR R BR A& — iR AR LR 1)
flTH AR % B ARERERSE AR — R A E G M Al vt 17 2.
WIEEAE TR Top ~ N (0, Pojo). HIZIRESFHILH
HHEm(63)—(64) 7w, 195 B AR ESZIZ S
BT

2000
oF w -~“~~ o

Y
—2000 . G b

~

g —4000

S -6000 |-

————

-
.

8000 . T
-10000 e ® .

-12000

1 1 1 1 1
=6000 =2000 0 2000 6000 8000

x/m
Kl 1 BirESszshiuk

Fig. 1 Target true trajetory

6.2 HB43H1(Example analysis)

BN FAELEA F B 5 43 Sl 34T 1500 S
SRR PO E. MR LR LAY 77 1R 2 (mean square
error, RMSE)ff 384, J A i %Ik K7 ERMSEHI &
XUnF:

RMSE, 0., =

1 N oy 1} AN
N 21((9% — )+ (e — 90)°),

o (zg, g ) FU(ER, 91) 50 A BB R UCRAE B ARDLE N
BSE IR SR RIS BB L UCRAE B AR E
BMETHE, NSRS EIREL, S BERMSER & X
52l

WE 1 AfENESEE R

2 P HARNE L, WA LER PRI R (R BR T = 1 sh,
B EAE AR, Bl ¥ ¢y 1 = 0. RIER @),
BEI A g AR B o, IR RS E, . SR
P EAEERMSE LU 2R, a2 fE 3 fTR.

80

T T T T T T T T T
60k ——CKF - CKF-CMN i
40} _
20 -

0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
t/s

£ ERMSE / m
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JFHEFERMSE / (m + s
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K 2 33514 CKF5 CKF-CMN AL B 5i# FFRMSE Hug
Fig. 2 RMSEs in position and velocity of CKF and
CKF-CMN in Scenario 1

£ ERMSE / m
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t/s

— SCKF
-+ SCKF-CMN

1 1 1
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t/s

Kl 3 3514 SCKF 5 SCKE-CMN [ B 53 B RMSE LU
Fig. 3 RMSEs in position and velocity of SCKF and
SCKF-CMN in Scenario 1

O = N W kW
T

HERMSE / (m - s)

% 1 %%&1%CKF, SCKF, CKF-CMN, SCKF-CMN
894 B 55 1g ERMSE¥) {8 ik
Table 1 RMSE means in position and velocity of
CKF, SCKF, CKF-CMN and
SCKF-CMN in Scenario 1

fIERMSE  #HERMSE
YHE/m ﬁ‘]ﬁ/(m . sfl)
CKF 31.3687 2.4062
CKF-CMN 31.3687 2.4062
SCKF 322231 2.3665
SCKF-CMN  32.2231 2.3665

FH P12 7] WL 7EAH R 0 E R S 1 5 R, CKF S CKF
~CMN1h AL E | 3 B RMSE/I 22 58 2 H 4. |
| 3 ] W, SCKF I SCKF-CMN 1 #t () £ & . i3 JiF
RMSEM & 2 EE. B4 ER 1T X4 EIER
RMSE#SME R Z R, FIANEAH R &I A AT = T,
CKF-CMN, SCKF-CMN 5 %t i ) CKF, SCKF [ 1
TR B 52 4 A ). LI, CKF-CMN, SCKF-CMN %
20 AR B CKF, SCKF.

g2 AERNgEE R

YA (), B 8 g5, BURFER H] )
BBT = 0.1's, AT (P 3% SORAE I R 1R B/ > 10
i, [ A B 00 75 0 B T A SR DR 18 . AN Ay
WEIT — 0, WHRIEZR(S), A8 ¢y 1~ 1, wp Bt
5 75 51 MIIRE wo A IRMAE — IEZS 2377 (K BEAL 7]
5. CKFRISCKER A (0 Fw, M i 2. &
S AT ERLE R FRMSE LU #h4k, W 4-5PR.

300

200 -

100

{7 ERMSE / m

W
(=

[\
[=]

HEERMSE / (m - s7)
o o

(=]
—
(S}
w
~
(9
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©
o

Kl 4 352" CKF5 CKF-CMN{AL & 53 B RMSE LA
Fig. 4 RMSEs in position and RMSEs in velocity of

CKF and CKF-CMN in Scenario 2
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=
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Fig. 5 RMSEs in position and RMSEs in velocity of
SCKF and SCKF-CMN in Scenario 2

A E4—57] I, l_L—'Kﬁk,k_l = 1.00F, F Mg 55 ) AH
MM 58, CKFFISCKFELE [ o7 B A0 5 PR RS 7
FEVEH T IR BY (CKFZIFEL = 4 s2Z BT, SCKFA#EL =
3.5 s A5 7 5 %f W CKF-CMN, SCKF-CMN#H 2
ANK. Bt 38 Bk 0 BE1T, CKE M1 SCKF # T & 8, 1
CKF-CMNHISCKF-CMN{. & [} EiRMSE B 5. ft
R, {HAT B FRESRS AT 7 i T CKFFISCKE. 5147
H PR B AH e, SCKE-CMN, CKF-CMN 33 fERMSE
BN, FATEE A4 m/s~5 m/s e N R4,
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TR A EOENGEFET SRR R 20N 9

% 2 3729 CKF, SCKF, CKF-CMN, SCKF-
CMN #94: & 55 1% E RMSE¥) {8 ik
Table 2 RMSE means in position and velocity of
CKF, SCKF, CKF-CMN and SCKF-CMN
in Scenario 2

fIERMSE  J#EFRMSE
BfEm  BE/(m s
CKF 97.4458 10.7794
CKF-CMN 27.2221 4.3666
SCKF 107.9743 12.5909
SCKF-CMN  27.3307 43920

FHFSCKF-CMN:RH TIE U3, BR27T I, 3%
F2H CKF-CMN . SCKE-CMN ] PR i 1tk Be g 4, {5
P SOk BV T e A /N M 7 O IR )
M.

R 3 ARAAENESES R

BT B ERERENL SN B ARERER P B o EE, B LA
BUAN [ i, o1 EL I AT 5025 1) A7 1 R ERRMSE S L
B, WER3FTAN. AR BT 3C 4 b 2 %0, SRAE B[R] ] B
T = 1 sh, SERREDIE S AHOCHEFEA e 20 BRI,
TS SR RE T R (B BB T = 1s. H3%3E 7T 40, bl
& 2 I M 75 A OC R $03 K, CKF 1 SCKF 1 47 &
RMSEXEZHIE K, Hoy p—1 FIMEBK, 2 ERMSE
BE K%, H SCKF t. CKF H L5t T ¢ 1 H
) 185 K B O BURR, f7 BRMSERS K £, kAl i,
SCKFHE: BAR BRI A S hl s s K 8, (e A A&
DN 7S AR, FEA R IR R IR IS BT, RO R A R
RZEIMN, SPRRIEBRG L. a3 M EIRIE & H,
CKF-CMN HIA7 B RMSESME /N T CKFHIA B R EF
HIRMSEXMH, iF B CKF-CMN 7E AR [F) 5 6,5 il e 7=
204 BEE S CKF AL B R RS, fHSCKE-
CMNH FRISCH AR B, 7E ¢y 1 = 0. 1HIERER
K I 2= T SCKFEVE, BHE ¢ -1 > 0.5, SCKF-
CMN AL E BRI FE AL T SCKFH.

%3 BFE3F Op k1 AR, 4FF F 09
4% E RMSE )44 tL 4% (m)
Table 3 RMSE means in position of four algorithms
for different values of ¢y, ,_; in Scenario 3

0.1 0.3 0.6 0.9
CKF 34.6927 42.8874 69.2838 171.6135
CKF-CMN 339256 40.0834 56.6447 105.6947
SCKF 35.6876 44.4119 73.0351 203.6346
SCKF-CMN 35763  44.7433 67.0735 112.3156

6.3 THEEZA5 P (Computational complexity)
ik B Y CKF-CMN F1 SCKF-CMN
BT BE. FIFIMATLAB7. U4 3% 1 f2 2 D

HIntel(R)Core(TM)i7—4500U 1.80 Ghz 4CPUAL # 75
18 G RAMMIE T WINS. 1 #:1E RZE I EHL 523,
HARIB S HIBAT — KPP CPUR TR R 4 7.
% 4 3%1-2%CKF, SCKF, CKF-CMN, SCKF-
CMNZAT— &k #-F- 35 CPU B 1A b4k
Table 4 Average CPU time in one run of CKF,
SCKF, CKF-CMN and SCKF-CMN
in Scenario 1—2

Wigls 2l

CKF 0.0241  0.0246
CKF-CMN  0.0322  0.0324
SCKF 0.0218  0.0219
SCKF-CMN  0.0232  0.0234

HF 47 W1 519, CKF-CMN 7£ #1 5% & %
Ok p—1 = OB, 5T (4 1) — (44) SREUTRH VLI 25
MRZ oy, TR U 75 25 Py s AL EL 1
T 22 Py, 2 pjo—1, VR IR R 3G IN, B LA
[ S 1] B T SCKF-CMN{UER AR Z;
HISKER_E B SCKFA ARG AR 4k, PR b o Fh S
TS FEEAR Y, FH T HE R AAEEA K. E2d
KA N 75 4 R VSN TR R BT n. CKF
~CMNAFISCKF-CMN P34 3HH I [A] 7548 K F-CKF
FISCKF&Z.

MR 4 |17 1 43 A7 ] 4013% 5% 2 o CKF-CMIN B3
SCKF-CMN#) 7] 3R 34 F #5 #ECKFAISCKF A 2 1
JEBREE, DRI PR P SO BV S B - R
FetkiR m A M A T ISR .

7 45 (Conclusions)

EF X CKFRISCKFHREAER A ENMEE T = TN
I FH 0 Jy BRI, R FFm ot i s 4 1R B AR ZR MR T
ZRGE ) 15 73 UL - 3R U8 A R — B SR AR HE T 42
H CKF-CMNAISCKF-CMNZH . H13) H ¥ R B 1
HAREFH £ E S &4 T, CKF-CMN
SCKF-CMN ¢ 3k 75 5 CKERISCKEAH [R] ) e I X5 B,
BV Z 3N, fEA G ENME AT =, CKFM
SCKFH Y3 = 22 35 KK 3G i, iy CKF-CMINF
WK B AL T CKFEE, T SCKE-CMNJE K & K
WU EE, R 2 ¢y > 0.5 0, A BE B AR T
SCKFHINL B BREFREE .
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