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Fixed-point smoothing estimation algorithm based on information entropy
criterion in non-Gaussian environment

MA Hai-ping"t, LIU Ting', ZHANG Ya-jing', FEI Min-rui?

(1. Department of Electrical Engineering, Shaoxing University, Shaoxing 312000, China; 2. School of Mechatronic
Engineering and Automation, Shanghai University, Shanghai 210053, China)

Abstract: For fixed-point smoothing estimation problems in the non-Gaussian environment, this paper proposes a
smoothing estimation algorithm based on maximum correntropy as the optimal criterion, which is called fixed-point
maximum correntropy smoother (FP-MCS). First, an alternate form of maximum correntropy Kalman filter (MCKF) is
given based on matrix transformation. Then, new states are introduced to augment the system, and online iterative
equations of the proposed FP-MCS are derived through the new MCKF form. Furthermore, state estimation error
covariances are compared before and after smoothing, and performance improvement of the proposed FP-MCS is
analyzed theoretically. Meanwhile, its computational complexity is also compared with other algorithms. Finally, an
illustrative example is presented to verify the effectiveness and superiority of the proposed FP-MCS in the non-Gaussian
mixture noise environment.

Keywords: state estimation; fixed-point smoothing; Kalman filter; maximum correntropy criterion; non-Gaussian

noise

Vol.39 No.8
Aug. 2024

0 3 &

RGURSAG T — B DR 2 5 i fE 5 kb B
AU 7 ) ATl RN RS A T B 2 A E
o R O S B, BEE R EED, 2417
PRI R A 2, W 7 AN T O e KR 38, A At a0 20t
U/ W R R A5 Ay v 10 5 e AR 4R 0 S 4R R A
B FH AN R, RS A T 7660 40 R UE e . FoU A
W3 R IRBY A g B A 2 R, R R /R 23
% (Kalman filter, KF)!®, JC7E R /K 2 JE ¥ (unscented

S HER: 2023-02-20; FF BHA: 2023-06-16.

Kalman filter, UKF)[7) 45, 13 S 318 i 5535 Je A o U e
B A A g A R Y it L R %) v B0 1 R S SR T AE R
2SI B S R EH T ke g 7S RH A VR A TR R ) A
1E, X L 20 JL Y8 VL M R 2 T ELR AL, AR 2
oAt 8 e SR AR, AL HE KL T B U (particle filter,
PE)BI, H., 890 &5 >k Ab B A v W 75, BUAS TR
LRI ORI R, A R 4R — Pl KA G R
IR 2 €Y (maximum correntropy Kalman filter, MCKF)
SRERUO) A0 SR R 28 23 R A 1S 1S

EEWA: HXBARFEEETH (61640316); WIVLAE HIAFIEEEL T H (LY19F030011).

RIERE: A

VA IFA/EH. E-mail: mahp@usx.edu.cn.



2712 # % 5

xR ¥39%

S, 0 Tk e R S AR A A 0 AR, AE KF kAR
ik PR 3 A R B AR D S AR A ) B R R
i B R oK L 1 5 R B R IR IR AR PR RE. 5% 4t
{¥) KF #H L, MCKF 2 T 5 KA 5¢ 43 1 U (maximum
correntropy criterion, MCC)!'-131 8 75 fifk i 85 Vi & 1t
FE A A v W AT T 45 31 5 L R AT SSCR R B v (R

BARRAA v 7 BRI 78 R B, a0 B BT IR,
A E PRI R BRI R AR A T
T DU AEDRE A8 2 S Ak A Al b B e A ) — 2K )
FL, 4 ] 5 DX (A] ] R [ 5 i e v A, S B
JEWHH B 2 B ENE S, R vHE 2 R . 3
SEEHAEMU MR H 22 355 et A 5 E B
AL, [FIRE & —/ME AR RN FT R STk [14] 32
H 7 — PR R R 2 TN 2 o A A T SR, AL
ZARIR ZIE AR & MR AS (R 25 3 152 oR 4,
SR Ji A0 Tk 2% A R 2 A T SR A T P T S IR ST
[IS]8EH T —Fh A T 2 U545 SRl A (1032 2 15 (] [#] 2
il JE PR Al T B, FLAE LA AE B2 A A S s v
BN ORI E S A] T PRSP, 5K 2 H0E
B —FE, N R S Al v, RS A T
SRR 32 B DA v e 75 O 5, R T ik g A 45
e U e PR R AR D B A AR I R A, SCRR
[L6]H&HH T—P H & BB W de /> 3~ il v R0,
T 3 ) 3 T 2 7 ) A i o R S I A /)N 3R e Mg
FE U T5 22 FE B AT RN 81 AR 4, IR FLR AL R SR s
FERE 5K T 7 Z2 W07 22 0 B 1) L, AR e e Fhr AL
Bk 72 B R PR UL U A DA 3 4 B0t B 4, AT 8 s 1
YRS BE. SCHR [17] 42 1 — P& 8 VA [ 5 X (A~
TEAG T SRE, UK A ISR ) o H b R 2 8 i w
IFi) 115 ) 799 i >R A1 5 B A A ST A o 1Y 1
P R A T R, 7 A5 R SE T AT AR i R
AN B PR, R AR T R G ] X (R
T 1

R SCERER A T A S BT AL AN
[F) T AN A AR AW R AR v W [EE s Al
i 8. [FJ I, B MCKF 78 s e s SR s R i )iz
B2 H, EL4E T MCKFUS, 4341 X MCKFU'), 5 5
MCKFPO, Z3 s MCKFR &5 56 -3 Al T S 7 B B
S RN AR fE T 2 #2281 R L LA MCKF
fith, 158 [ 78 LTI Al U D) R, i A d B T ik
TR B e 0T M 7S D[] 5 R A KA DI~ I At 1 (fixed-
point maximum correntropy smoother, FP-MCS) 5%,
FEER G b o HE R o SR A B R T, S e
JE L B 56 IE AT P H FP-MCS A 250 A i 1%

LR A TSR, 5 T B AN SC L, OF A 5
IR BN HAb 1l 755

1 JEE#R
11 EESEEEt

2SO 9 1 7 P T A TR FR A
%0 5 2 B 2 01, SRR A A VRS B f B (B B R R
WIS AL I, e H R ZER %k € [j+ 1, N] FIRAIR
By AT & A 0, 058 o PR T2 R I 2
3§ Z BTHI T A, WIFR 2 RSB R ASAlit; R iE
ALFERS 21 1 IR, WFR 2 A5 B RS . 1A
[ 5 P TR S L B S ke = I, o
Gy BTN R R 2 T I Mk = N
I, He At v A S5 T 20 N R 2 i A e AR,
FELI %152 T N — AR R TP A i

j4 j3 j-2 j-1 j - k - N
S SN S 5
Xz X )Ac;f] X Xk Xyl
[ S P
E1 BlERFEEtrEE

12 BAHEREEN
TE B 1F FP-MCS & vk 2 /i, & 4 E ok T fig
MCCHM-121 2 [BBEHL AR & X Y, BE A 40 A bR B0h
Fxy (z,y), AR € S~
V(X,Y) = E[s(z,9)] = [ 5@, y)dFxy (). (1)
o B[ o B IS 8 w(, )RR A,
AR IR A% eR 2, B ,
Kay) =Go)=ep (= 55), @
e=x—1y,Ho >0 NZREGHE.
Xt 20 (2) 1) = 307 4% bR 2L Taylor B T, FEAR A (1)
155

o0

VX, Y)=>

n=0

B0 Q) AT AN, AR V A2 X — Y BT A B AR [0
BUR, HoA & B HAE S, Rk, 76 I e B e s 2R 55
N, GG R ) g N8 T R ZE E U AR L, B
KA IS E I AT LA Rcth 28 R4t fe.
1.3 #RAEMCKF
SN 2R M E LN ) R 4

T = Fr_1Tp—1 + wg—1,

Yr = Hpxp + vg. “4)
Hrf:z, € R flly, € R™ 5N RGAEN Z k (1)
n AEIRAS 1A B A 4E S (7] &2, By 0 H 20 8 2
TR 22 G0 IR 25 B % R0 e AR 2 U R B, w1 A vy, 23 )

-1)" 2n
OB - @



%8 H

Lt S OR T A TR &R 69 2 &kt Bk 2713

AR E A ST LS5 M8 S 2R o R e R e R
T ZHES AN Qr1 = Ewy_wy | JRIR, =
Elvgv}]. B 3CHR [10,20] 7] %0, A5 i MCKEF (¥ 33 4 %
pra w1

Sela AT

Ty, = Fr1d;_q,

P = Fe P F )+ Qroa. ®)
JE AT

B =&y + Ky — Hidy)),
Kp=((P;)"" + HFC,R;"H,) "HC R} ",
Cr = diag[Go(llyrm — HiaZy lpp )
GU(”ykm - Hkmff;||R;7}lm)]a
Pl =(I—-KHy)P; (I — KpHy)" + Ky Ry (Ky)".
(6)
Hg, € RPMz) € R4 HINIRAS W B AL Z)
k BRI AN S I AG T, P AP 43 5l okt 2 1) S 56 A
JE R AG VR ZE W T 25, Ky, € R™™ JYMCKF 3
TR, Cp € R™>™ Ayl O I 1Y & FE R B o )
BATCRATLLEL X Q) HHEAR,MSe = || ||la
TR AN —EHL, o A P e SURRZ BR80T 58, Hyj
NFERE Hy B35 GAT, Rij; X FFERE Ry, 55 5 o
2. MCKF I f 7 T 24 5 WUE B ok e i 7 BR
S AR TP, FEASFE i A T RIS S RE.
2 [ R TEIR A TT
KA S-S 5 — P MCKF A JE 2, 24 J5 LA
IE SR HE S AT T B FP-MCS ~F-ii Al ik,
2.1 MCKFHIS—MHR
7E 1.3 75560 b, #3372 U MCKF ¥4 35 5 0 Ly
Ly =K, =
FL((P7)™ ' + HLCLR, " Hy) " HLICLR; .
(7
A8 FH 6 o 301 s P
(A+BCD)™ ! =
A' —AT'B(CT'+ DAT'B)'DATY, (8)
IFEE
(P;) ' = A, HICy — B, R;,' = C, H, — D,
©)]
= (7) RERS EH S N
Ly = F.(P; — P, H{Cy(Ry+
Hy Py HICy) " Hy Py )HECLR Y. (10)

8 FH oA PO 30 B SR AR, IR B
Ri. — A, Ry — B, R,' — C, HyP, H'C}, — D,
(11
X (10) ettt — S w R
Ly = Fy Py HICw(Ry + H P HECR) ™ (12)
¥ (6) PRI 1T 2 AR G) TR 1 3 2, ,, 13
|
Gpa = Frdy + FuKy(y, — Hedy) =
Fro@y + Li(ye — HeZy ). (13)
BE— = (6) IR B 2 T K, RN ER 4 5L P A8 Y46
Wi 301 5 B -5 91 1R SR, 159 3]
Pt =P, — P, H.(Ry + H.P, H.Cy) 'CxH, Py .
(14)
¥ B PEARANRIXGS) P25 P, FT RS
|
Plc_Jrl
454 (10)2(12) (13) F1(15), 153 MCKF §)58 —fh %
LYW R L
B = Fo®y + Li(yr — Hpy),
Ly = Fy(P, — P, HLCy(Ri+
HyP, HICy) "Hy P HLCw R, =
Fy.P; H{Cy(Ry, + Hy Py HLCy) ™,

= F. P, (Fy — Ly Hy,)" + Q. (15)

Cr, = diag[Gy (|lyrr — Hkli‘,;”R;lll), cee
GU(Hykm - Hkmf%l;||R;7}lm)]a
P, = F.P; (Fy — LiHy)" + Q. (16)

1T RS R 5 — B MCKF ik
T, AR NG T RS TR I8 Al TR 2
75 # AR AR I 5 hR#E MCKF —BE, B % 3 13 28 e 3k
RETE RS THRNR Z 87 2.
2.2 FP-MCSHIHES

N T HES FP-MCS P fili vh 5%, B 5 e SUHi i)
AL ! FERZ VIR 2, = oy, KB T 72
Wiy, =, (ke [j+1,N]). ETL g T
Ak > jAFE ), = x;.

BEBOIRAS o, 340 F 50 (4) Frathid 1 7 #2452
W RGN

Ty, Frp1 Of [zp—1 1
, - , + Wg—1,
xy, 0 I||xp_y 0
Ty
yr = [Hyp 0] + v (17)
L,




2714 = # 5 X R %39%
HOE I F A 422 2 W 77 2 1T DS A Peoi ()]
Bl ]«xk@kﬂ(xj@,m)]: Fhet e
Lj = Tjk Fi, 0 P (Ek)T ( F];r 0 B
> I | HT 0
s ‘ [ T ) + | ] 23)
Forp: 2 0 WIRAS oy 7TEBF Z kR 1 FP-MCS “F- 1 Al 0 00

b, I, 08 2 - 8 A T R 22 T 7 22, Py R TR
MCKF (¥4 T 22 P 75 22, 20 9 & 22180 15 L)
TiE R, Bk = jIAFE DL = PAY; = P
VER, N7 ERIE, R AR W0 07 2200 AR <=7
B 5 BRI THE.
ARG 2 (16) HH A0S 1T, 31 R MPRA A

AT

)

xj,k

[fczﬂ ] _
T
m (e = [H 0 tﬁ“} ). 9

k j’k
Hodr: L, A3 (16) HF ) MCKF 3 25 50 B, A, € SUA
FP-MCS #2345, _FaUH L T FER RN

{iﬁﬂ = I3y, + Li(yr — Hpdy,),

EF, 0
0 I

(20)
T g1 = Ty + Ay — Hi®y)-

AR 3 (16) (155 2 00, 38 AR G 3 28 7] LB R
Zvs

[Le M]" =
F, 0], [P (z)T] [P (Z0)7] [ET
k (k(k)_k(k) F oux
0 I e I, Xy I 0
P, ()] [HT 71
(Rk+[Hk o | " (Z)7] | H ck) X
s, I, || o
P, (5.)\ [HT
H, 0| " ( ’“)])l | CLR 1)
Xy I

Xf b REIT AR AN LR
Ly = Fy(P, — PoH.Cy(Rp+
Hy P H[Cy) "Hy P, )HLCy R, =
Fy Py HCy(Ry, + Hi, P H.Cy) ™",
e = (D — S HECp(Ry+
HyP HICy) "HyP)HICLR ' =
YW HICL(Ry, + H Py HLCy) ™t (22)

B8RPG (16) 55 4 00,13 2138 RS0 A
THRZ T Z RSN

¥ ERRIF, 7T UL 4N T R R RN
Pey1 = FiPy(Fr, — L Hy)" + Qy,
D1 = Zp(Fy — LiHy)',
(D))" = F((Z0)" = PeH (M),
Iy = II, — S HE ()T (24)

Horp (D))" N D W BB, R T A A
I, {H 25 G P A Ly, P8 2 1) T LASE AR B4 k.
25 b, K (19)~ (24) 45t 1 7 ¥ Al v B9 FP-
MCS HJHHE- T 18, B AP AR an 5k 1 .
B 1B AR R R T B
step 1: 32473 (16) JiTHili ik i MCKF 53k, 32N 21 j 11 2 F1 P;.
step2: ML EH, 4 X, = P;, I, = Py, @5, = &5 .
step3: W Fhk=5+1,..., N, AT U0 A
1) A4 (16) 55 3 10, THFAH GG 25 Co;
2) 145K (20), iHHFP-MCS HPR Al it &, A2, s
3) R4E K (22), TH FP-MCS 386 25 45 5% Ly, A1 A
4) 530 (24), 15 FP-MCS HIAG HHRZ W IT 2 Preg1~ Zigr M
Myyr.
2.3 FP-MCSHIMERED I
X F A SCHE H 1 FP-MCS 5732, R AH 9 I 186 25 5
W O 2k 2K (16) 58 3 TUAT 01, A% BR80T B8 o A2 S Wi
TR R SRS R KRN Gy ((|yky —
Hyjdy g ) = exp(=llye; — Hejdy || g2 /20%) M,
25 IRy A Kl 7 B R e o (B, 3
B8y = yny — Hegdy YK, WERIEHS o (HAZ /D,
K Gl (g |1 ) PO RaT T 0, 367 C Y26 5 4
TLER T, O\ T 5, 2 e 7 A S5 0
FP-MCS 53 BRI 52 . B ik, A 0T Sk i, o (B /N
I, FP-MCS 5320 AF e e A 40 R S8 10 & e 1L
U, 53— 71, 24 o fHAZ K, FP-MCS 5.9 14 e Fs 5 42
I Kalman P38 fily 11 55092, 1% 72 B TR LT e 2.
EI1 MR a5 55 B O bR ek B e
o — oo I, [ 5E A s KA N~ I8 A v SRR R R b
N E E A Kalman Fig il iH 505,
W XMoo — colth, HCOME X5, C — I,
W HARN BN FP-MCS HEIEAR A (19) ~ (24) H, B
AL 153 [E 5E 4 Kalman P &1 53k, O
FEN R FP-MCS BAE SR A T Al 771 ok




%8 H

Lt S OR T A TR &R 69 2 &kt Bk 2715

M R et AR SR Al F R 22 B J7 224 R 1 R A
ERAR. B /N REL P AT 5 R @ TERT
2§ WPIRZSAG TR 22 U 07 ZAAES Z1) k 8- 1 Al 1
AT 2. Mk R UL P R I e P 2
Ak — A= EEE. R, FP-MCS 55158 2 1)
RESUEE P 7R N

k
Py =My = 1II; — (HJ‘ - ZEI‘HZT(M)T) =
=

k
S OSHT M) (25)
=]

B 22) FRIN AN B 75 H)
P; — Il =

k
Z SHI(R,(C)™r + H;PH) Y (X HDT.  (26)
=]

Rk, XTI AR R 45, HAER %1 5 ik 3 Fa
5, )
P~ =P X

J [

WK (26) 7T LATEI AL A

=2, 27

Py — Iy =
k

Y THYR(C)™'+HPH") Y (ZH")T.  (28)
i=j

2 R (28) mn, & AT 1 A A IF 52 R,
A7 1 (Pj — Ijy1) > 0, Bl MT4q < P],ﬁﬂ?y{%{ﬁ
TH5 7% FP-MCS (1) 14 fig & 2 L T MCKF. 3t — 25,
1F 52 R B 22 AR 0, K ROK, BV 7S 381 1 0 A0 ek 2
Sl 1R FP-MCS 11 i o i i 47

A3 3 (28) ] Fn, Tl 1F % FP-MCS
Mt BE Ot S S B R A ME C H o T HAE S
W RO T o, FRREDE T o A O3k ST i A 1 1
REM OGN 7. HE—20, 4 C = Ti, sk kg
2[R T [E %€ 25 Kalman g 51 5Bk,

2.4 FP-MCSHIHEERE N

AN VN CIMER e - 7N B/ i = R U = R
THRRE B ARHE 515 1, A SC AT HE (1 FP-MCS K L
BEE PR EARE R R R E R FUR,
FH (16 -2) R (16) 5 ¢ Tl

®1 FP-MCSERBMEIHTEAMNITESRE

0k JitE J b a5
o A JI1F N A A Biid, SRR o g
(16-1) Erpy 2n® +4dnm —n 0
MCKEF (16-2) Ly 2n2 4+ 2m3 + 4n’m + 6m?n — n? — m? —dnm O(m?)
(16-3) Ch 2nm +m m
(16-4) Py 4n® + 2n%m — 2n? 0
(16-3) Ck 2nm +m m
(20-1) Erpy 2n® + 4mn —n 0
(20-2) & i dnm 0
FP-MCS (22-1) Ly, 2n3 + 8m?n + 4n’m — n? — 5nm Oo(m?)
(22-2) Ak 8m?n + 4n*m — 5nm O(m?®)
(24-2) i1 2n® + 2n°m — n? 0
(24-4) My an?*m — nm 0
(20-1) Erpq 2n® 4+ 4mn —n
(20-2) & hi dnm 0
XS (22-1) L 2n® + 4m?n 4+ 4n?m — n? — 3nm o(m?
(22-2) Ak 4mZn + 4n’m — 3nm O(m?®)
(24-2) i1 2n® + 2n’m — n? 0
(24-4) FIPES) an?*m — nm

HR A 22 1 /] BL 23 0l 15 31 B2 KA 9% 5 Kalman JiE
e (MCKF) A S fr $2 FP-MCS ~F 3 Al 11 52
F Kalman 38 1 11 5% (KS) SR T BB 4 8.
L 2.1 15 TR 55 — i % U MCKF R i & 2 (16-1) ~
(16-4), B H AR T A

Smckr = 6n° + 2m? + 6n’m — n? + 6m*n—

m? 4+ 2nm —n +2m+O0(m?).  (29)

AL FP-MCS 11 i i 532 /& £ MCKF 2%

flt 3G 70l R AR, AR SRR 1 R, X T
N Z) N, 55 P Al T ERAE AT N UG BRI T R
R FE R T MCKF [T R B, SR
Sepmcs = (4N + 6)n® + 2m® + (14N + 6)n’*m—
n? + (16N + 6)m?*n — m? +m—
(3N — 2)nm + (2N +1)O(m?).  (30)
Kalman “F3§ {if 71 5012 42 FP-MCS “FIg i 71 5%
FEC = T RPRPRTE 2, HPI Al TH TR R 2R g



2716 # % 5

xR ¥39%

AAR, & A
Sks = (4N + 6)n® + 2m? + (14N + 6)n’*m—
n? 4+ (8N + 6)m?n — m?* — (1 + N)n+
(2+ N)nm +m+ (2N +1)O(m?).  (31)
3 SERER
AR5 3 I 30T SE B B3R L ) FP-MCS 5%
A RAE AR AT 3.
2 JEHEA I LA T ) 2]

T =
10At 0 0
01 0 At n .
The Uk—1 + Wy—1,

001 o "' |atsing| St
00 0 1 Atcost

1000 N (32)
= Tp + vg.
Yk 0100 k k

Hot: At = 1s ABEACRAEI ], 0 = 71/6 9% $s
A, we NOEIRIE . RS R B RTINS R R
TEAR A AL bR L L, JA P S 0 3R R X I R, I AR
P 7 1 B 000 P 75 42 g Mk e B B PRV 5 20, AR
wg—1 ~ 0.9N(0,0.01) + 0.1N(0, 1) + outliers(IV, t),
vk ~ 0.8N(0,0.01) + 0.2N (0, 10) + outliers(N, t).

Hor: outliers(IV, t) Fos £ ¢ I Z1 7 A2 B MK b 23 A
N(1,100) fIHCRIE 53X B ¢ BUE 50 x rand(1, 10), BP

FERFZI [0, 50] P BENLF2E 10 MR A% 4l H R G
LIPS E N

To=320=[1 1 0 0", Py = diag([4,4,3,3]).
wE BN NE = 100, T FiE5 = 900K
R K24 H T 100 IR E R RIS 7T, A SCHH )
FP-MCS “F- 1 fiti i+ 5032 . Kalman “F¥§ £ 59% (KS)
B3 Al TH B2 (PS) e K AH 2808 Kalman P8 3% 5
% (MCKF). Kalman i€ % 515 (KF) fUki 7€ 9 Hik
(PF) 7£ T~V I 2 Flr 3R 45 1k 1135 77 1% % (mean square
error, MSE). M\ % 2 7] DL 2| FP-MCS V15 fili 11 52
TERREUTE T o = 1, HPIE P REf i o (D,
FP-MCS ~F- fiti 1 S I VE R GF, (H 4 /N 31— 58
fELIST, ST 1t R R AR e 3, SO T A8 25 MU, M o fH AR
KIS, 1 RE AR X A8 22, H R B 42T Kalman P 7 fli 1
R, ATRER N /N ) o B AE DA PR W ST Bt
B, T K 1) o B 1815 FP-MCS i3 A i 52:E e
Kalman “FIg i 1F 5k 1280 45 R 5 7 ik B i
PR S5 R KR ORFF— 3. it — 20 fE M A T, FP-
MCS 145 il TH 5592 B 1 B AL T s KOAH 26 J8 Kalman
R EE, HAEE 41 o {8 T, Fe e Z A0 TR 1
T A VSRR B X e g I o fE )k
FEXF FP-MCS P fifi v S 1 R Sz ma AR K, A b
T 0T A SO AT K VR G v B R S 326 43R 0
/N o B B R T R GRS A, BRI U 7 e
T 3 2 ) S T A.

*2 AEEZEEIESHES THMSEE

MSE
IS 1) /s
z(1) z(2) z(3) z(4)
KS 1.6136 1.7879 1.026 1 1.0742 8.41
PS 0.7415 13573 0.8319 0.8124 16.24
FP-MCS (o = 0.5) 0.6818 1.2380 0.8127 0.7353 10.98
SR FP-MCS (o = 1) 0.3649 0.920 1 0.6447 0.6158 10.92
FP-MCS (¢ = 3) 12217 1.5426 0.8719 0.878 1 10.83
FP-MCS (0 = 5) 1.5824 1.7674 0.9816 1.0482 10.70
FP-MCS (o = 10) 1.6379 1.7913 1.0225 1.0713 10.58
KF 1.9482 2.0496 1.3474 1.3843 417
PF 1.0415 1.6232 1.1023 1.0572 8.25
MCKF (o = 0.5) 0.8386 1.4327 1.028 1 0.9602 6.87
TEWFE MCKF (o = 1) 0.5425 1.0795 0.8208 0.8558 6.58
MCKF (o = 3) 1.5613 1.8302 1.1756 1.1914 6.39
MCKF (o = 5) 1.8554 2.0299 1.2802 13593 6.23
MCKF (o = 10) 1.9371 2.0772 1.3188 1.3912 6.14

R 2IEF)H T A [F S 38 4T B 8], SF 0 SR
KS. PSF1FP-MCS HJI& 47 B 6] ZL K T 38 % 575 KF
PF F1 MCKF, ixX /& (R 5 22 58 22 1) & {8 52 F 317
T Al T B3 S, IR T B RIS AT I (A [RIEE,

T 75 EHEO DS 3 25 45 FE, FP-MCS #1 MCKF 12
AT IS 1) B g K T 6 B B KS A1 K. 5 Ah st 7] — 5
1%, 685 o (HH K, FLI2 47 B [ og /b, TR R,
X RNAN ] o 18 1 S0 03925 3 47 B [ B2 i 4R



%8 H L S AR T A T5 RN 69 2 SR ik 2717
ANCREELERIGAE T WA R R T ITER BT RRE, A R A AT R T A AR,
(GL0Ez R34 M T FP-MCS 5% 3k 45 10 1 g oot

BI245H T 100 IREFF RISV E T, AR SCIEH
FP-MCS “F- ¥ i 11 5% . Kalman “F- ¥ il 11 595 F0kL
TV T ER A T O 1R 2, B PR AR T R
FF P Al o h 0 = DA A AR RT DU B S A
FRM R A 2 R Gk T AR T I, 7R AR R 0 7
5 %I, FP-MCS 595 1) o {E /), P R g, (2 24 3 5
K /MER, TR R R AR U, U T AR 2 MR,
o (BB K, P % 49T Kalman “F ¥ Al v 5205 it — 45
RN, TE T8 AT, PEREAT — 2 B 3, 1B 2 P I )
I B, =k B T 2 (K B A A TP A T, kB

— KS

PS
—o- FP-MCS(¢=0.5)
—— FP-MCS(c=1)
44444 FP-MCS(0=3)
—-- FP-MCS(c=5)
— - FP-MCS(=10)

MSE

(a) R x(1)FIMSE

—— KS —o- FP-MCS(c=0.5)
PS —— FP-MCS(c=1)
44444 FP-MCS(c=3)

—-- FP-MCS(6=5)
— - FP-MCS(6=10)
U == ===

MSE

0 20 40 60 80 100
(b) RZFEx(2) IMSE

—— KS —o- FP-MCS(5=0.5)
PS —— FP-MCS(s=1)
44444 FP-MCS(5=3)
—-- FP-MCS(c=5)
— - FP-MCS(c=10)

3.5

2.5

MSE

(¢) R x(3)HIMSE

— KS

PS
—o- FP-MCS(5=0.5)
—— FP-MCS(c=1)
44444 FP-MCS(c=3)
—-- FP-MCS(c=5)
— - FP-MCS(s=10)

MSE

(d) RZx(4) FIMSE
& 2 FP-MCSEAAEAR o ETHHITEREIRE

(improvement percent, IP), H i1 B RIA AN

IP= Tr(f")l{r(Pi-Y)kH)
Forb Te(-) NARESALTHR ZE W7 ZE /3. NFR 3 7T LA
& 2, 5 IS P A 45 R — 20 T AN E R e
B 58 o, P S B B VE RE U T AS (R, 78— € V5 H
W, o BBV, 1 RE SSCBE ARG S35 (H 2 F/N B — g i
fELIF, SOk i 38 2B IR . AR U, FP-MCS BV AE
ANTE o {8 ATk BE it A EELAL T Kalman ~F- ¥ fh
THEE. S AN, B 3 45 T FP-MCS 5% fl Kalman T
WA EE R PR R SO I AR, TR GIESE T B &L,

&3 FP-MCS iRl BEIAFRIGAI M RERUIHES

x 100 %, (33)

I PEfg st /%
KS 38.15
PS 4271
FP-MCS (¢ = 0.5) 45.42
FP-MCS (¢ = 1) 50.24
FP-MCS (¢ = 3) 39.27
FP-MCS (o = 5) 38.82
FP-MCS (o0 = 10) 38.54
60
c\e »H-Q-O-O-O—O-O—O-O-O-OO—O-(
~ 40} 9/° - S
§ ; — KS
; PS
99 /) —o- FP-MCS(5=0.5)
w20t —— FP-MCS(c=1)
2 FP-MCS(o=3)
—-- FP-MCS(c=5)
0 . . — - FP-MCS(0=10)
0 20 40 60 80 100

T
3 FP-MCSEZEEARFE o B TR REXUH

4 & ®

AL EEHFF T A Enli IR R R GRS
PG B T et 5 TR A B KA
ST A T SR AR AR e, 1 St T K
HH 5 J Kalman S35 1 55 — A ek % 38, SR 5 @i 4R
YR, 155 B 5E AT A R B R R 4, L
B 3 1055 KM 9405 Kalman 98 % 4 BER, 4 5
1] 5 5 e R 008 T T A 5209 R A R o —
S5 LTV R SR AS A V15 22 B iy 2 ik =,
3 W7 357 S5 1 e S 2R, O LA L B o A
55 i 0 % W, 5 Kalman P38 45 152 94 LG, BF
2 B ] 5 5 KA D008 TV A B Rl 08 5 0 o
Sl B R 7 () T B, 3 T 6 AR R AR OR S
Ao S LN B2 LA B4 S X



2718 #= % 5 Xk K %39%
23 ik (References) P 55, 2023, 38(2): 546-554.

’ N N (Fang B, Han B. Hybrid entropy and cross-entropy
[11  EFH, dkob, 5RER, % 5T 2 M0k o0 E 98 3

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

B &R GRS Al T 738 [7]. #3865 R 3R, 2022, 37(1):
127-134.

(Wang Z Y, Zhang S, Zhan Y C, et al. Orthotopic double
filtering based state estimation algorithm[J]. Control and
Decision, 2022, 37(1): 127-134.)

ER 5, BT, Bk, S5 5105 2O AE I A
HITR ML B AR BRI H L (7], T 541, 2019, 47(6):
1277-1284.

(Wang S L, Bi D P, Ruan H L, et al. Cognitive
radar maneuvering target tracking algorithm based on
information entropy criterion[J]. Acta Electronica Sinica,
2019, 47(6): 1277-1284.)

ZEWESS, VK LD, FEHGON, £, )& IR i Hammerstein &
S I Ot R FORAS A TF (3], e 5 R A, 2020,
37(4): 745-752.

(Li H F, Tan Y H, Dong R L, et al. Modified
Kalman filtering for Hammerstein systems with dynamic
hysteresis[J]. Control Theory & Applications, 2020,
37(4): 745-752.)

T, T MRS AR G BRI 2%
TH[I]. FEH 5ok dE, 2023, 38(1): 274-280.

(Zhang X, Ding F. State observers for bilinear state-space
systems[J]. Control and Decision, 2023, 38(1): 274-280.)
TRMK, BERAM, SR 5E. B HBE L R G A AR
W TR A T 1) — P g — Tk 0], #H) 5 PR,
1997, 12(1): 20-24.

(Zhang H S, Chai T Y, H L L. A unified algorithm
to the optimal filtering, smoothing and prediction for
the discrete stochastic linear system[J]. Control and
Decision, 1997, 12(1): 20-24.)

Kalman R E. A new approach to linear filtering and
prediction problems[J]. Journal of Basic Engineering,
1960, 82(1): 35-45.

Wang N Y, Forger D B. The level set Kalman filter for
state estimation of continuous-discrete systems[J]. IEEE
Transactions on Signal Processing, 2022, 70: 631-642.
Fisch A T M, Eckley I A, Fearnhead P. Innovative and
additive outlier robust Kalman filtering with a robust
particle filter[J]. IEEE Transactions on Signal Processing,
2021, 70: 47-56.

Dan S. Optimal state estimation: Kalman, H.,, and
nonlinear approaches[M]. Hoboken: John Wiley & Sons,
Inc., 2006.

Chen B D, Liu X, Zhao H Q, et al. Maximum correntropy
Kalman filter[J]. Automatica, 2017, 76: 70-77.

Principe J C. Information theoretic learning: Renyi’s
entropy and kernel perspectivesfM]. New York:
Springer, 2010: 26-45.

Chen B. System parameter identification: Information
criteria and algorithms[M]. The 1st edition. London:
Elsevier, 2013.

TV, UK. TR A TR 0 TR AR A A1 22 S B ().

measures of probabilistic hesitant fuzzy information[J].
Control and Decision, 2023, 38(2): 546-554.)

[14] Murata M, Kawano I, Inoue K. Degeneracy-free particle
filter: Ensemble Kalman smoother multiple distribution
estimation filter[J]. IEEE Transactions on Automatic
Control, 2022, 67(12): 6956-6961.

[15] Lv J J, Lang X L, Xu J H, et al. Continuous-time
fixed-lag  smoothing for LiDAR-inertial-camera
SLAM[J]. IEEE/ASME Transactions on Mechatronics,
2023, 28(2): 473-482.

[16] Lin X, Liang X, Li W, et al. Adaptive robust
least-squares smoothing algorithm[J]. IEEE Transactions
on Instrumentation and Measurement, 2022, 71: 1-18.

[17] Wang G Q, Zhang Y G, Wang X D. Maximum
correntropy rauch-tung-striebel smoother for nonlinear
and non-Gaussian systems[J]. IEEE Transactions on
Automatic Control, 2021, 66(3): 1270-1277.

[18] Liu X, Ren Z G, Lyu H Q, et al. Linear and nonlinear
regression-based maximum correntropy extended
Kalman filtering[J]. IEEE Transactions on Systems, Man,
and Cybernetics: Systems, 2021, 51(5): 3093-3102.

[19] Wang G, Xue R, Wang J X. A distributed maximum
correntropy Kalman filter[J]. Signal Processing, 2019,
160: 247-251.

[20] Kulikova M V. Sequential maximum correntropy
Kalman filtering[J]. Asian Journal of Control, 2020,
22(1): 25-33.

[21] Liu X, Chen B D, Zhao H Q, et al. Maximum correntropy
Kalman filter with state constraints[J]. IEEE Access,
2017, 5: 25846-25853.

[22] Fan X X, Wang G, Han J C, et al. Interacting multiple
model based on maximum correntropy Kalman filter[J].
IEEE Transactions on Circuits and Systems II: Express
Briefs, 2021, 68(8): 3017-3021.

[23] Wang G Q, Zhang Y G, Wang X D. Iterated maximum
correntropy unscented Kalman filters for non-Gaussian
systems[J]. Signal Processing, 2019, 163(C): 87-94.

[24] Fakoorian S, Mohammadi A, Azimi V, et al. Robust
Kalman-type filter for non-Gaussian noise: Performance
analysis with unknown noise covariances[J]. Journal of
Dynamic Systems, Measurement, and Control, 2019,
141(9): 091011.

fEEEA

S (1981-), 53, ¥z, 4, N ae(E Bty
el B R EIA S B REHGE S5 AL, E-mail: mahp@
usx.edu.cn;

X (1999-), 2z, Wit A, NFHRMIEH] A5 B2 2%
fiff ¢, E-mail: tingliu010@163.com;

TRAERE (1999-), L, fil LA, WSS a8 58]

2% 22 A5 78, E-mail: zhang1304379@163.com;

WL (1961—), 55, %, 1 AT, &g 2]

AL ZRACRAG T 78, E-mail: mrfei@staff.shu.edu.cn.



