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$j8*6 D 9x,F9 . XTLuA+X] , 345, 20#{ O« MZhGy?+,” [~ )34iW &= 3+5 345 20
#HWTE*6A&.DO"E2@T , | "4y C " 11D% A+X3+5 PYAR  [6~11] 6< 61&4i W E h3+5 (PWCS) k?+_6
4i W3+5 X 0'4 &LS$ pF 1j4i W E h3+5 ' T>F>| 204{ O Tz éM,.DO! [12~14] * °4OMN1y &% *q
0y *% ANB «é Le, (© % 1Y%(© + AGY,” 20#{ O Ey é# B é# 7-X%# >}7--;" 20#{ O
51 .6<*%)7-20.LeF>|w216@, 20#{Oé# =ICt %+ .. %#5 | [14,16~18] ~ MZ4i W3+5 ]°°
“+X~ (Lie) , 'FP 20W.Le TE é# (19200 ™ D %# (extended Kalman filter, EKF) ,"4i W F
L6 ".Lej*.p , BMZ4iW3+5 % # >,'5 1Gy " @F 1,/4iW & 3+5 > A+X PWCS | M#F >| 20
HOYs 20{W, TE | Flyé# )%MZ4iWE3|, - Jx+OE3W, B 21 *3,p6 ..*6A8&, 20 W.
Le 'FP é# 6 ~, *6A& A+X " 20#{ O, AN1C ] . Y+X ~, [*6A& 'FP *MZ4i W3+5,” 20#{ OAN1C.Le
f>'r. Le, ' & , Y+X & Ey 20#{0O R0 v B é#"N 63 63<e X 20#{ O, ANIC. Le] , DAN
1CGYZW 1”965 *TY+X VY% # ] Z?20#{. Le, AN1C é# ,ANIC*Z(ae 1. Le, 'f>FIJE+ TZ Z. Le
FP* 20#{O,ANIC.Le , %)3+5, 20#{OF>|6 A P22 |"I"{F | ) [25] 6% #*6Aé], {U5%
5% ;4| (Cramer-Rao lower bound, CRLB) > 20#{O-(5 8 , *TMZ4iW D s?0#{=8 F) Kalman % # ~ ,
IAR>TB é# >Ds0?2%#, 20#{Oé# §9083W . )N [26] E«{U5%5% ;+| «AN1C €0 ‘D,
% # 3+5 (e 1 6GY,” 20#{ O , | DFJE+ Sage-Husa ° _ * X4i "ANE=0; § . +a ¥ { U5%5% ;+|, ANLIC# G
E+0; 8 YGY#HS , !"3+5(@ 16Gy 20#{OB E3W , DXILuA+X] # AR "XO0ly$§ % #
~ AN2i O+a3+5 (a2 1 6GY,” 20#{OAE |, k?xjy 3P _§ ¥%=21.7"3+5 Q» (27~29] )~ [30] *
1J,)" X8 «é =iG} BYAIANOZ + € [ +XeyF =6.2Q»;, 'D,%#, 0,0 [32~36]
v_!1Z@ a=21.2Q»:3+5 ?20#{ 0, 0;0"r@ L NE )N [37] iZOWIT AN é# 1+6 , 6Gy
#{S *QjQ R 8Q» (Gaussian mixture model, GMM), | #X EM 1C# « AN GMM, 6 , Y+X'D
Y% # 0. GMM ]=<Q RjO,yAW A)AiW Q» MZQ RGY#{§ . )N [38] GH+XEM 1C# Ab
[14*6 ~128 ™ /Gy 2 ,FIJEXF [1sPO | 1CH# XAO[ ™, Z ,'f>B3 a0 «HFGy#{
Z, MeWY, AVU E}, 212 W

J)YFLNE ,\-12'D,%# "~ O*6AéYuMZ4i W3+5 20#{ O 6 A*6Aé ,.DO'=6.2Q»;"
D,%# 20#{0,” O>" %> ANL NE . *T0y*y 208{OYs O, F)'D, % #1C# . O x
Ey! **%%# "AN1C  CRLB (FCRLB) ¥%-O1 CRLB (TCRLB), + €'Gy%# -, 0;0 Q
+a¥% = 7-0.29¢C TCRLB, !") + €F>|X4iF IAG" , 6 + € ANLNEE= Fj°’AN  TCRLB
Y4=0.28 *é . 0p,J)uz +é,086AN{} ANé#, =Ca .l **3,0WOKEé
#-(5 8 ANIC# . 0>, Y+X:F1C# AN, E=0;3 YGy#{ 3 /SAN@©W .5 8 20#{O FP,8F2 A
>y € *70/yJS 8F2A AN é#

2 L$NI F&
2.1 315 F&
63<¢ 3 -(£6&;, 08\/1 AN3+5 , XIK‘0 (Descartes) €73+] ,4y8 @ -(£EYyE>,- 7

F @18 " &L$(ae 13+5 €0; VaGy#{ €0; j [39]

x, = f(xr—1) + Wi k-1, W
zi = h(xr) + vg,
.
Wy -1 = Wi x—1 — MR, "], @)
E[ﬁ;hk_lvg} = Mk.
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§ 5AN© W 2;

[w k—1] = E[wg k1] = 0,

(Wi k1w ] = Qrr—1,

EWg k1Wjt 1] = Qre—1 — MRy, M,
E[vi] =0, E[vyvl] = Ry,

'] , Mj, JE<0;3 Y20#{S [ A<é .Le cxp - 7TX k&K 3+5(@ 1AGY . z, | k &k3+5, Gy
# , f [MZAIWPFB- ,h MZAiWGY#{- ,E+0;8 w1 _WIM&AE j Qri1,QR,-8
&G, w1 j63<+8 -(£,E+0; 8 . GY#{E v, _WIM&AE | R,/ QR-8 ¢G . XILuod
&] ,3+5 § YGy#H S SANOWO08\ _Z. Y%&

2.2 .J0-Pp

%# " AN2T O$! 3+5 (@1 Gy, 20#{W |y (~5] 11=68 JL}~ 20#{ W ¥4 20#{ O =
6.2,/3+5 Q»<g_0ZEK" 3P . miNOW O K(EM) e# X 4*6 Q » =21.7 ,8%,” 20#{ WL NE & x
19LE |, v 20#{06A%# (DOO) ..)AYE3- % # W7- .'f6<, 20H{O6A%# X * Y.Le& :
7-JFw 8 5AN©W, =iGILNE , ,85p * {U5%5% ;+| (CRLB) >TLuda~"Xx=08% . O%
# 130391 7-09x63<e %4 4*65 5AN©W, =iG} 6 & F)¥% Q%# ™ 60.ZWYs Me W8# £Gy?+ . 'f6< |

O%#, 0Zn:t=Ca_3N963<+3+5," 20#{ OL NE ,F 7-,8%X ?20#{ OE3~,345 1% # W7-
=£,'k?x1 )a9, O%n#ve 7-A)Q»0 =2168" . "\.DOIIX=62Q» &
; 20#{ 0% # ~  WLNE , L *q0/y5 8iF, O ANICH# Y 20#{ 0% # =, alt+e Lt
+¢ "ANE=+0; 8 YiGy#{3$ <é .Le , '6F E AN5 1 A+X %AN1C-O1, CRLB.!"F ,J,)3$ 5AN©W
J=IiGJAIANY0Z + € ,B + €faT%#ANIC,” CRLB >-O1 CRLB, OF0;0 , (3+5 Q»
>-01Q»,/iG}J0;O0 . 0> ,FJE+ ANANICC ', CRLB « 'FP8F2A> y € | |Y+XI" €) 20#{ O
JBGYF>|%# 1,0,/B3a | Q%# ANIC#, F2AWY AN21O .5 8F Tiyé# , £ O%# Vi 20
HOBF2A%# , \- * 1t+e=67- Q AN, 210 , o1jTQ» XM ) TLu A+X & F2 AW %R+ W
FJE+F ly=1281t+s 9xA)Q»=21.7 %~ 20#{ O, UGy AH

\ - k?+.DO'MZ4i W3+5 ;" § 5 AN(© W, “ANL NE ,)a9, ' MZ4iWQ RS "ANé# "X ; Zé
M’ 'L NE.

LNE0: 3+5 Q»,” =21.2 J ,8%(e 1 6Gy,” 20#{ O ;L} , D)a9,” 20{OQ», "~ 0;0LT Ad"
miN)a9é#7- ' AN(ee 138 FGy#{s /5AN@©W , VXM )3+5 Q»=06.2, 84 & ,F Eé# Z7-ub
63<¢3+5 Q»21.Z2W)§ AN, iy CIW7-nit il L <& 20{ O Q», 6.2W5)«8%6,A0'7 7

LNEYs ?20#{O-(£° + €X *{> ,+a¥% " XZ.,0 , "CLi )!F>|E3j6.2,ANIC
a9, O6A&#HLI 4*6<& XE+0;8 YUGY#S$ , =%~ 20Q» (©]_TYE “X-(E£W
JBA& , =<0 ANé# X ,W0;0:Jjy 20#{O8F2 A% # é#, "AN5 |

LNE9: - } 20#{ O k?++X %A0 ' Q »,” 20#H{ W , #@ a!,8%, 3 "AN210 LNE . miN
O%# @1°AN3+5 5 € «i"%# Q»>ILu3+5 {L$,'*QiG}W , V)Y~ 20#{3+5 Q»
88, ANW7-L}~A)7-E=Ca ,6< 20#{O« jy0o 'ANY% #5 1, 0Z Gy?+,” 3P . I"M0?2+
0/y5,863<e O Vs 20#{ O, % # 11+»

23 @ éi~

J,).DOI@j */ 3 ZLNE, \-6[ *1)A '@ déx
(1)J,)LNEO ,AIAN YOy *% 20#{O6 A MZ4iW § -(£3+5 UKF %# ~ . B%# "X F)
‘D, % # JFJE+AN1C Fisher Y.Le *'r C{U5%5% ;+| , YoFJE+ { 05%51 ;+| 'FP 20#{ O 6 Ajf , 0
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> 9¢CX F)'D,%#],)3+5 Q», 20#{0 . 'D+a%3 5ANOW=6.2,064 , .FfX
UKF JAN1CO¢ C T=06.2, {u5%5% ;4] . I” , A AIANY0Z 20#{ 0O, + € ,B + €k?+tyP
X3+5 Q»=0.2, 6 &; { U5%5% ;+| (CRLB) , T/y’? : TCRLB (*6A&-O1 CRLB) > FCRLB (ILu
CRLB) {L$, OF0;O .B + € )3+5, 20#{ O ¥ Q »iG}0; OF >|5,8 9 xAd " .

(2) J,)LNEY, 6 + € "ANEeFjT2«Z. § «é , AN . Y+X Ovee;0WOKIC#
(EM) Y RTS (Rauch-Tung-Striebel) £% 1C# @ EMZ4i W3+5Gy T2« Z. § «é , "ANLNE | |E $@#,
Aao7 bs#t ,AIANTOY<& ANT/YS «é [ aéx ,nE Q3 «é AN, 6.ZWYs Me W

(3)J,)LNE9 ,AIANTO/y8F2A> Yy € .58 EMIC# Y4 20#{O6A)E+0;8 YGY# S ,'5AN
(OWF >|T1&B3a , <&5 8AIAN,E=0; 20#{ O + €+1D 20#{O ¥4 20#{O8F2A> y €, 6.7
W, p6<Tj\-1C# XMZ4iW3+5 A+X], % # x1

3 0A% UA%?g#s UPBFBE F/I—J2% #

E+0;5 «¢é YGy#HS €, ...0 ANé# XGJ )" ]"4y * ,F EIC#63<e 13 {LS$,-(
EW G-(EWZ., 064 ,V_"X<&ANT/YS «é pLEW . \82k?+J, )E=0; § ViGy#H $
jQRrR63°64 , Y+XiF, O EM 1C# « AN +é JE> X 20{O0w O6A6,8;

J%#1CH , 0>@ &TIS <& <& AN&’'8F2A=Y:8% # ATANL NE
31 &.0,° UKF 1i#
? (1) p/iMZ4iW3+5,%# j 121

i)k = Tyjp—1 + Ki(zr — Zrjp—1),

Py, = Pyip—1 — K P;, K} (4)
K = P‘i’k\k—likpi_kl’
'l LKy _%# 10 L2, _(@1°ANI , Py, _(@1°ANB <€ .Le - Zip—1, Pz, Payy 1z, 6[]T-P
MZ4iW -  h(:) PY, >PYw|A8 & YAsé , AN1C é ? 027 ) [39)].

3.2 0A%?2g#e U*<Ad° 1 7

X*6#'D,%# ~]FJ hwAl Qi YaRy, G-_Ya™212". ) ,'D FJE+*6#'D,%# "C°
M, FB, e ?,*6 # { U5%57 ;+| . +a ¥ +X Sigma &EG+ g é# , E+0;E0e0+. Le VuGy#EoeO+. Le #-$O'r
C,FJE+ Y% #-(£*6A& FP ZF6"r@ , Z?0#{. Le ¥4 Z(a 1Ec=0+. Lej D!

Hk = (Pk];_lpik‘kflik)rr7 (5)
F -1 =T.5. ",
]
Tk = ChOl(Pk‘kfl), (6)
Sk—1 = chol(Py_y;—1),

FGUT, N#_ ANB +é .Le P11, Cholesky 6@, Si—1 _xP¥% ANB +é .Le Pi 11y

Cholesky 6@, !] chol >/j Cholesky 6@ . +a % { U5%5% ;+|, ANLC J# (13+5 , (ee 1Eae0+. Le Y4?0#.
Le, MZ4i WUKF 7-FJE+ F) Y% # 'FP, Z?20#{. Le Y4 Z(ee 1Ee0+.Le  , L$ OANICMZ4iW 20#{ O. Le
"6? (5) e<{u5%5%;+,ANICe?] , C

Jy=D?, - D?', (Jy_1+ D) D%, (7)
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1]
D'y =Fl, (Qrp-1)""Frp-1, (8)
D2, = _Fl;[,‘kfl(Qk,kfl)ilv (9)
Dil—l = (Dliz—l)Tv (10)
D, = Q1) + E[HL (Ry) " Hy) . (11)
X‘D,%# f3+] O + €AANT6 _i7%#ANICWEB ¥-OTwéB F>|"E3 51
>">T65°X=08$W .6<XQ»2i.2,64; , ‘D, %#"] FMSE ¥ TMSE >"#5108%, . I" |
jiTQwn#, O , XTLuA+X]6N«63<ew éB , =083W . f3 «é =Y%"iG}& , OX (o7h
" [2])
Y = Ry, + ARy,
BT g (12)
Qkr-1=Qrr—1+AQk k-1,
'T , R, "6 #GYy#{3 +é , Qri_1 [*6HE0; 3 <& . Ry jTLu% # ~THX,GY# S € ,
Lo 1TLu% # ~HXE+0;8 <€ (+X:7 u>l ), ARy, YaAQri—1 >je
X{U5%5% ;+|,>"E1?] , "XMZ4iW3+5 |5[E+0;8 «¢é Y20#{§ +é ,6<? (12) > >
18 «é =Y%"iG}& ,3+5 " X-OT1%%#ANICI . "6 Qy,_, YaRy < ? (71)~(11) ],
© 1
Jf=pf*=-pl* (5l +D[") D%, (13)
il
DY = Bl (@) P, (14)
D' = —Fl Qo)™ (15)
lei = (Dl?q)Ta (16)
D/ = Qi 1) + E[HI(RY) ™ Hy], (17)
"1, 7 f>%# “1&ANIC C°, { U5%57 ;+| (FCRLB), v3\CX:=7->7 k &k%# AN)A/S
{U5%5% ;+|,-016.2 | "6 Qrr1 YaRy " ®? (I~(11)], G
m m,22 m,21 m m,11 -1 m,12
Ji'=Dy7 — Dy (kal—"_Dkfl) D, 7, (18)
'] ,G 60?663<+5 ¢ ,-OTl
D = Fly Q1 Fer1, (19)
DY = —F Qs (20)
D" = Q. + E[H{R;'Hy], (21)
27 m>%# 7/-011 . XE € =06.2,04; , 19{05%5% ;+| "AN,” Me WL} ~ )
FOLNE, \-DO!TQ»=06.206&;'D,%# ~ 20#4{0, O AN>" L NE ..DO, hg_ " **
%TCRLB Y4FCRLB, + € ,+X >Gy 20#{O AN, +0;0 . 21 X{05%5% ;+| 'FP,” 20#{ O 6
A% # 1 +X=iG}, § «¢é gl =1y vaap, 20#{O0°AN, OE:~ . 1" [ X O6Ave;
** 3y, {U5%5% ;+|, + € FPé# iZ2°XE €& =Y7IG) 64 ,FP + €t
. (22)

ty = ’
|2 = 3], +1
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M-step

Beein Maximizing RTS,[ Reestimate the
g likelihood function "1 covariance of noise
A

) 4
P lcul
_rarameter y  Caleulate g Yes»{ UKF
initialization distribution

E-step

4 1 EM #WwOA 45351,
Figure 1 EM flow chart [35].

oW g gl g 293 gl —Jm) 1] (0,+00), F 0G 6ANLIG, _ T Z. Le {L$, ¥493

2 , £ANICPp9)AS3P | £évs £éi .F ZOGY5 *TZ Le Xs3P4x[:/ “D/g”, E3W,
> >E3W,” 2 . X |J/-Jr) /510D 1 AR t, k_* |, !D8#Aj 1,F},0F>"
6lyj 0.t EjOy + € , +X>'Gy FCRLB ¥ TCRLB {L$,  OF0;0 , !D93$j (0,1). f tx
JIC°OF 1, FCRLB % TCRLB,5 1aC°OF . f FCRLB ¥ TCRLB Y% ™~(ly & , ‘D, % # ~ 20#{ O
6A 8 & YTIiG) . <&, + € 1, AR, YaAQpi1 iy , Tr(ARy) YaTr(AQp s 1) C°
W, ¢, Co?, y{Of . 1" M, HFQ»>U*0Q

min ||J] — I

. . (23)
st. Qpr_1>0 R, >0

3.3 1 teofAxi#

+a % X1y, 20#{06A]=7-0.2"C" J, p MO?+ X4i'AN + €2 (22). \?82AQ0A& J
AN 6< AN J [ EKMa_)=iG}, § +é F>| AN . XWG 6,8 "AN"] , G- _WAIO0/ly§
«é ". 04 . V_XILuA+X] |, = 7-<& Ff 6.2,E+0; 8 YuGy#{ 3 , P1)TZ8 «é
wZ., 64 ,\- *TOWOK (EM)5 8 20#{O6 A, é# @ &F ZLNE . FJEEM 1C# *"r@ ?
(23) 5 *  HFLNE (0?2fi )" [2]). EM 1C# _X ANS5[LA Gy, 2)-Q»0 ,E+0;]® 0W, 0 ,
Yo F>0OWIf AN FOW >PY% AN , '@ Z. o . EjOlyp". (@1 Gy]'ANZ. 0, " »
é# |, kK?++X %Q R$'8Q»0 "r@ Yub6S2« é# 1yL NE (0?/ )" [35)).

\- *  EM-DOO 1C# <&Da)Tz§ «é ., AN . O/ XM 1C#F>|ANICC M0 AN5 1 |
f>6!EjMQI5 8 Fisher Y.LeAN1C {05%5% ;+| , FJE+ 20#{ O FP,8F2A> y €F>|8F2 A
F HFC ' Qi1 YaRy, AN . i23+5 (e 1 AGY Va?0#{ AGY, ) If- , FJEXEM 1G# )E=0;§
vGy#H $ /5 AN© WF >| AN B5 B EM 1C#, k?+E+0;2. 1 p/j .

X F)‘D,% #E=0; ] ,j1<& ANO YlLAj(@1l ,60KOWF F)'D,%# %£%-(5 8 , -
S _)Z. LAy(ee 1IF>| =.2 E0 6 AN . 125 E?0#{ 2, 5FEAITHFO ,FJE+ ‘D, % # Y4£% 1C

#, $06.2°AN>PY63 e j,j—1 &k3+5 (@1, £% 'ANIGIB «é .LeF > Sigma
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k &k3+5 § AN~ B3l

. J_11 u
Q-1 = %Z {[:c] 53]“,1][:37 - wm*l] }’

iy j=1 ; (24)
P = EZ [ZJ - ZWZ h(X; JIJ—l)]’

:] s L=2n + 1, Slgma &éLOXL] = bWIJ :ij|k7 Pj‘k) ,,Q 363 s Slgma &éLinJ_l = bWIJ i:jfl\k:a

Py /QB63 iy, &1, 6[] j,j—1 &k3+5(@1,£% 'ANS | Py, Py, 6[] j,j—-1&
k3+5 (e 1£% "AN,B +é .Le . E<$@#Aa067 bs [
Bi =dpbi"t (0<b<1), i=1,...,k,
k
=y
dk = 1_ bk7
11 ,bjFE € . 21WNO" B, [T1e 83+ 1/k, G 1$@#,A26& 3 5ANAN"  Qrry
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Figure 12 (Color online) Process noise covariance estimates of
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Figure 14 (Color online) Algorithm estimation error.
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Table 1 Comparison of algorithm data.

Algorithm RMSE Running time (s)
DOO-UKF 0.1086 0.11
NEA-UKF 0.1292 0.17
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Table 2 Comparison of the performance of different algorithms.

Algorithm RMSE Running time (s)
EKF 1.1036 0.74
UKF 0.8574 1.21
DOO-UKF 0.2261 1.63
NEA-UKF 0.3992 1.77
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Abstract To address the mismatch issue between the Cramer-Rao lower bound (CRLB) theoretical model and the actual
model in observability analysis, a novel design for an adaptive unscented Kalman filter (UKF) is proposed, based on the joint
analysis of observability and credibility theories. Firstly, under the condition of mismatched noise covariance, the theoretical
derivation and verification reveal a significant discrepancy between the theoretical Cramer-Rao lower bound (FCRLB) and the
true Cramer-Rao lower bound (TCRLB). Secondly, leveraging the existing credibility framework, the FCRLB and TCRLB are
used to establish a new trust factor design mechanism. The trust factor estimation functionality is equivalently converted into
an online estimation of the TCRLB. Finally, for cases where both types of noise covariance are unknown, an expectation-
maximization (EM)-based trust factor estimation method is developed, termed DOO-UKF (dynamically observable and
optimized UKF). This method incorporates an adaptive decay factor to design a trust-aware adaptive UKF estimation
approach based on observability analysis. Simulation results demonstrate that compared to traditional UKF algorithms and
observability-based adaptive filtering methods, the proposed DOO-UKF algorithm exhibits significant advantages in terms

of filtering accuracy and stability.

Keywords credibility, expectation maximization observability analysis, inaccurate model, unscented Kalman filtering, true
Cramer-Rao lower bound (TCRLB)



