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Weighted Measurement Fusion Unscented Kalman Filter Using

Gauss-Hermite Approximation for Nonlinear Systems
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Abstract A universal nonlinear weighted measurement fusion algorithm is proposed using the Gauss-Hermite approxi-
mation method and the weighted least squares method for multi-sensor nonlinear systems. A high-dimensional measure-
ment is compressed to a low dimensional measurement by this algorithm. Combined with the unscented Kalman filter
(UKF), a nonlinear weighted measurement fusion UKF (WMF-UKF) is proposed based on the algorithm. Compared
with the centralized measurement fusion UKF (CMF-UKF), the proposed algorithm has a reduced computational cost
and approximate estimation accuracy. Its advantage in computation is obvious when the number of sensors is large. A
simulation example illustrates the effectiveness of the algorithm.
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x(k+1) = f(x(k), k) + w(k) (1)
z(j)(k:) — h(j)(az(k:),k:) + fv(j)(k),j =1,2---,L
(2)

Hop, f(-,-) € R* HOAAEL RS = (k) € R
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%30 UKE SRRE Wi 8 J1 H 1) 0 ki, D 0 (1 116) (e (s + 11)—
Bk +1)k)T + Q, (39)

i} = |83+ Vit 1P 3~ V(04 R)Pus |

i=0,---,2n (31)
HAR PRI (32) Fk (33) FiR.

A 1 =20
Wim: n‘i‘l/ﬂ',’ . (32)
snrny 70
A
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Wy = { g ’ | (33)
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Vot ) POGEIR), &0 (k1K) — /(0 + 1) PRI,

i=0,--,2n  (34)

FLAE 5
#"(00) = E{=(0)} (35)
P(0]0) =

E (m(()) - a;<1>(0|0)) (a:(O) . @<I>(010))T} (36)

S 2. AR

T Sigma SRAE A
XV (k+11k) = fxP (k|k),

ARASTR:

k),i=0,--,2n (37)
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aV(k+1k) =Y wrxP(k+1lk) (38

i=0

WL Sigma RAFKL:

2Ok + 1lk) = BB (D (k + 1[k), k + 1),
i=0,---,2n (40)
XU 3 4 -
2n

> w2 (k + 1k) (41)

=0

WL AR R 22T 22

AV (k+1|k) =

POk + 1|k) = ch( Dk + 1]k)—

A0 (k + 1yk))T
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4.2 WMF-UKF EZXRTEERE D

B 1 A (45) BT AR E S,
BT R 2 2k P (K + 1)k) pesilT,
Bl WMFE-UKF #2245 h 0(73), m CMF-
UKF iS4 O (S5, m)*) . disEst 2
Al < S8 ma, oA WME-UKF [ i) 2% /N
F CMF-UKF.

TI4b, B RO L, o8 ms R
TR, T AE R SRAE AU S RIS T,
For <min(X5, my, S, Wr BARERE S (S
BN RIS, DGR RS HOR I R T, WMF-
UKF % CMF-UKF £ 5545 [ 0 35058 5 1 i
.

AL ) WME-UKF i i T 5 2 308
W DT H Y W R B T, R E L
0 SCHk [25) B 9 Taylor S50 v 7 BLAR 4 1t
(7 28 S T A B RO, SOk — 2 e
BT AR. HHRZ T, AR WMF-UKF
TEiH R PR T

5 {hEMIF
Bl 1. N 4 (L ALk R
x(k—1) x(k—1)
x(k) = 5 +(1+$(k_1)2)+
cos <k ; 1) + w(k) (48)
2D (k) = W9 (z(k), k) + v D(k), j=1,---,4
49)
o
B0 (a(k),k) = Zo(k) + Sa%(k) + %exp <”3(;3)>
W), ) = 150(k) + 22
A (), k) = 20(k) + oxp <"’”ff>)

WO, = 20 + o () 60
w(k) oD (k) (5 =1, ,4) M IS B
P, ESH: 02 =12, 02 = 0.09%, 02, = 0.1,
02, = 0.122, 02, = 0.132 JRSHIEN 2(0) = 0.
TR z(k) AT -1 ~ 4, HICBEBEY A RAE AR

BUoR: v = 1. &8t p = 2, Mo 80h:

P(a(k), k) = [e*(“mlf (15— (z—21)?), -,
e @=m)" (15 — (x — xs)z)} ’ (51)

ZRUERE HO, M F1 HO 45-514:

0.3126  —0.0480 0.1693 0.9697
HO) _ 0.5642 —0.0564 0  0.7334
—2.0540 —0.8454 0.3949 1.6796
0.9088  0.4927 0.4514 0.7992
2.3607 4.3530 6.9610 10.2053
2.1439 4.2314 6.9960 10.4375 (52)
3.0260 4.4587 6.0118 7.7329
1.5561 2.7502 4.4204 6.6211
[ 0.3126  —0.0480 0.1693
0.5642 —0.0564 0
M= (53)
~2.0540 —0.8454 0.3949
| 0.9088  0.4927 0.4514
[ 1.0000 0 0 1.0000
HD = 0 1.0000 0 —3.0000
0 0 1.0000 3.0318
3.0000  6.0000  10.0000  15.0000
—8.0000 —15.0000 —24.0000 —35.0000
6.1397  10.3857  15.8562  22.6718
(54)

G153 3T Gauss-Hermite i& it ) WMEF-
UKF flivtih &AE i an &l 1 fos.

AEIRM kw2 BRI 7R 2% (Accumulated
mean square error, AMSE)[24 39 = 4 i £t 1
BRI AR R R BN = (55) Bk,

ZZ

Hodr 2i(t) 52 ¢ BFZ15 © )k Monte Carlo SZ5 ) E
SEAH, 2(t[t) & ¢ W% @ Y Monte Carlo SZHHY
flivH{E. 373847 20 Ik Monte Carlo 524, 1521
AMSE #hZ&tnE 2 o, Hoa s ios# UKE
flitt AMSE 4k (Local filter 1~4, LF 1~4). 4
sl 4 UKF ffi+ AMSE i 28 (CMF-UKF) A
R A SCHE B IBOI I @t & UKE i1 AMSE i
£ (WMF-UKF) #4775t kbt 2 aTPAF H CMEF-
UKF 5 WMF-UKF BA#ErMRE, T

AMSE(k — &) (55)



600 H | 4 =4 Eird 454
JH3 UKF. Y SR, mFASCESEIMN 3, ak) = [z(k) 2(k) y(k) §(k)]" ARAE R,
3 4k, R WME-UKF 38 s 4 5 o 4 ik 8] 52 2% 1 T 00 0572 0
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BERFA) A 2B O(4%). ik, WMF-UKF ¢ = 00 1T I'= 0o o572l ™" A
gﬁﬁfc v 00 0 1 0 T

\9)

x(k) & 2k | k)

+ +- - Estimate curve
True curve
n

0 50 100 150
k /step

200

B 1 HEISRE K WMFE-UKF filitt il £
Fig.1 Curves of the true state and the WMF-UKF
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Fig.2 AMSE curves of local UKF, WMF-UKF and
CMF-UKF
Bl 2. ZE—AHH 8 LA HIEREE R 4L,
TR -RIRARAR N AR 5 R AL Jr AR 4
z(k+1) = dz(k) + Tw(k) (56)
2 (k) = h“)( (k). k) + o =
V(@(k) —2;)2 + (y(k) — y;)? |
y(k) —y; +o9 (k),
arctan ( ——=—
x(k) — x;

EWM, HEN Q, = diag{0.1%,0.1°} [y FimgErs.
W8 MG IR 4 M BCEAE 4 A, Hor l 2(5.5,5),
I3.4(=5,5.5), l56(—5,—5), l78(5.5,—5.5). v (k),
v (k) (i # j§) HAME, HlZESH5H RV =

(0.05 + j x 1073)? 0

0 0004+ jx10-92| Y =
1,---,8). FEMES, WRHERMN T = 200ms,
REWIMEH 2(0)=[0 0 0 0]%.

21, A Gauss-Hermite &% v =
104, 2 T W, ARG E RS 3 B R 4 i
T 16 AN 1 FH A B TR, W 3 (a) Bk,
AT IR DA K I A L, AN 2 A ik
NG ERCRAR L. AT 7 561, bA (0,0),
(071)’ (1’1) %H (1’0) Fﬁ%][zﬁj‘jqj‘b, ﬁI\T}kz /'::\Tj%‘%]‘l
TR A R AR 3 (b) iR, THE %X
B R R H, DR H i 3 () FR. R
B, BT 8 ML 4 A8, X EF DT DA

16 4 ik rh = ah & m  # b (a(k), k) 4 8
A LU 7B 5 16 A-IBRR 9 D A
7Y Sdrmsk P(z(k), k) BT EAEEITIE AL
e, AUR I APRASTIR, e S 9
B, HY DB (alk), k) AL .

S TR AT WMP-UKF [ A e, 4
SCHEHU T 8 f5 s SR LA UKF (8-CMF-UKF),
5 fheas e Rl UKF (5-CMF-UKF) DLk 3 {4
JR A h A UKF (3-CMF-UKF). 14838 ik
PRI SR 408, B0, 3-CMF-UKF et
1, 3 I 5 1&8%4%, 5>-CMF-UKF #E#m2 1, 3,5, 7
I8 AL 4 Rl & 22 G0 I I B 20 i 2
I 4 BT

AR & WZE (o(k),y(k)) 1R
%2 (AMSE) fER3ekim %, 1k (58) iR

AMSE(k) = % > (@) a0 +
(y'(8) = 5'([)?) (58)
Horr (29(t), y'(t)) 2 t BFZI5 ¢ Ik Monte Carlo 5

IR LS, (2 (t]t), ' (t[t)) /& t BWZI5E 7 Ik Monte
Carlo SRS TTHE. 273547 20 ¥k Monte Carlo
Sy, 15380 AMSE i anid 5 Frow.
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F1 3-CMF-UKF. SCIG it i, Fifi 5 4% Jkads $i ot i
N, B A B AR BE AN 5, T AR SCHE
() WMF-UKF 5535 (4% 5 1 30 4 W0 I 4w =l &
8- CMF-UKF.

FEVH R T, VSOV I A 22 Sy A A
8 2, FILEAIE Bl O(8%). 3 fhdkdnde =X fl

EAGI RN 6 4, PR 5 2k O(6°).
5 LB h R A RGN R 10 4, B
IS 2R O(10°). 8 fL/Eps d R Fl & AR GV
FrFEH 16 4k, P 2R O(16%) . B,
7] 5 2 3 phy v B AR AR e 8-CMF-UKF, 5-CMF-
UKF, WMF-UKF #i1 3-CMF-UKF.
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Fig.5 AMSE curves of position fusion estimates

WA, N T H BT, ARG SR (25]
Taylor FAENT #1581 WMF-UKF ) AMSE
Mtz T 5 b, X BIRATRA 2 Bir Taylor 2%
T HT Taylor ZURITHIEIALJEIT 4E A,



602 H 3l 1k

E N

45 %

AR HORS AR T A F & 58k, T LS A SRR
TR AR A A WMFEF-UKF A 1, SCik
[25] ) WMF-UKF (2-order Taylor) %55 AR HE
TEL TR ST A & S EOERE, FimEATE R
PIFEL T .

A FRHE AN A Hermite 215 (p = 0,2,4)
THIEAT T E . &Lk, PEE Gauss-
Hermite Z# 51 H: v = 0.83(p = 0),y =
1L.04(p = 2),v = 1(p = 4), HhSHARE. 15
F| Monte Carlo 219 AMSE g £k & 6 .
Kl 6 il PAFE 3, Hermite 22 503X 1 450 5 bR 0E
IEROR I TCE B R R, 152 WA A ERS FE (] A7
TEWE it R, RS E TR BOE =, 22
TRIE T PR AR, XA T i WMF-UKF 531
KRR SRR KB

¢ WMF-UKF (p=0)
O WMF-UKF (p=2)
O WMEF-UKF (p=4)

g 2 ]
=
<
| .
0 <
0 50 100 150 200
k /step
K 6 HASE Hermite Z2 i) WME-UKF v & AMSE
Y

Fig.6 AMSE curves of WMF-UKF's with different

Hermite polynomials for position

gi b, AL Gauss-Hermite 3837 A
JHHN ) 228y, RIAS SCHE i) WMF-UKFE e84
By i A & S, s

6 it

AIE ST Gauss-Hermite & i/t 77 AL
/NS, PR T R A S R A R P AL
S A s, HEmgE S UKE &k, 3 T
A EA UKE (WMF-UKF) #3%. 5 CMF-
UKF &¥:M e, WMF-UKF B4 52 8Tt
KR, (HHE B I AR, I HLRE S L RS R 13
I, R R B SR EN A AR SGE
15 BELSE AR b A A A, B T AR A A
Rk

10

11

12

13

14

15

16

References

Han Chong-Zhao, Zhu Hong-Yan. Multiple-sensor informa-
tion fusion and automation. Acta Automatica Sinica, 2002,
28(S1): 117—124

(s, ARG ZARERMA S 3. B fbaEi, 2002,
28(S1): 117—124)

Pan Quan, Yu Xin, Cheng Yong-Mei, Zhang Hong-Cai. Es-
sential methods and progress of information fusion theory.
Acta Automatica Sinica, 2003, 29(4): 599—615

(5L, T07, FRkMg, skutA . fEEmaemEA R SR A
Fhik2A4R, 2003, 29(4): 599—615)

Sun S L, Deng Z L. Multi-sensor optimal information fusion
Kalman filter. Automatica, 2004, 40(6): 1017—1023

Deng Zi-Li, Hao Gang. Self-tuning multisensor measurement
fusion Kalman estimator and its convergence analysis. Con-
trol Theory & Applications, 2008, 25(5): 845—852

(RBE AL, . ARIEZ RS IEL A Kalman Al {E#R 5 H A8l
PEAMHT. RIS SR, 2008, 25(5): 845—852)

Ran C J, Deng Z L. Self-tuning weighted measurement fu-
sion Kalman filtering algorithm. Computational Statistics
& Data Analysis, 2012, 56(6): 2112—2128

Li X R, Jilkov V P. A survey of maneuvering target tracking:
approximation techniques for nonlinear filtering. In: Pro-
ceedings of the 2004 SPIE Conference on Signal and Data
Processing of Small Targets. Orlando, USA: SPIE, 2004.
537—550

Bar-Shalom Y, Li X R. Multitarget-Multisensor Tracking:
Principles and Techniques. Storrs: YBS Publishing, 1995.
87—-99

Sun S L. Multi-sensor information fusion white noise filter
weighted by scalars based on Kalman predictor. Automat-
ica, 2004, 40(8): 1447—1453

Sun S L. Distributed optimal component fusion weighted by
scalars for fixed-lag Kalman smoother. Automatica, 2005,
41(12): 2153—-2159

Gan Q Q, Harris C J. Comparison of two measurement fu-
sion methods for Kalman-filter-based multisensor data fu-
sion. IEEE Transactions on Aerospace and Electronic Sys-
tems, 2001, 37(1): 273—279

Julier S J, Uhlmann J K. A new extension of the Kalman
filter to nonlinear systems. In: Proceedings of the 11th Inter-
national Symposium on Aerospace/Defence Sensing, Simu-
lation and Controls. Orlando, USA: IEEE, 1997. 182—193

Julier S J, Uhlmann J K. Unscented filtering and nonlinear
estimation. Proceedings of the IEEE, 2004, 92(3): 401—422

Arasaratnam I, Haykin S. Cubature Kalman filters.
IEEE Transactions on Automatic Control, 2009, 54(6):
1254—1269

Ge Q B, Shao T, Yang Q M, Shen X F, Wen C L. Mul-
tisensor nonlinear fusion methods based on adaptive en-
semble fifth-degree iterated cubature information filter for
biomechatronics. IEEE Transactions on Systems, Man, and
Cybernetics: Systems, 2016, 46(7): 912—925

Arulampalam M S, Maskell S, Gordon N, Clapp T. A tu-
torial on particle filters for online nonlinear/non-Gaussian
Bayesian tracking. IEEE Transactions on Signal Processing,
2002, 50(2): 174—188

Lan J, Li X R. Nonlinear estimation by LMMSE-based
estimation with optimized uncorrelated augmentation.

IEEE Transactions on Signal Processing, 2015, 63(16):
4270—4283



3 1 FnfE BT Gauss-Hermite i@ AYAELAE MBI E & ok Kalman 83 603

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Assa A, Janabi-Sharifi F. A Kalman filter-based framework
for enhanced sensor fusion. IEEE Sensors Journal, 2015,
15(6): 3281—3292

Straka O, Dunik J, Simandl M. Truncation nonlinear filters
for state estimation with nonlinear inequality constraints.
Automatica, 2012, 48(2): 273—286

Ge Q B, Xu D X, Wen C L. Cubature information filters
with correlated noises and their applications in decentral-
ized fusion. Signal Processing, 2014, 94: 434—444

Hlinka O, Sluciak O, Hlawatsch F, Djuric P M, Rupp M.
Likelihood consensus and its application to distributed par-
ticle filtering. IEEE Transactions on Signal Processing, 2012,
60(8): 4334—4349

Ge Quan-Bo, Li Wen-Bin, Sun Ruo-Yu, Xu Zi. Centralized
fusion algorithms based on EKF for multisensor non-linear
systems. Acta Automatica Sinica, 2013, 39(6): 816—825
(B Rk, 230R, B, %% £ T EKF 49 Lah bt oF
7%. BalfkaEd, 2013, 39(6): 816—825)

Jia B, Xin M, Cheng Y. High-degree cubature Kalman filter.
Automatica, 2013, 49(2): 510—518

Khaleghi B, Khamis A, Karray F O, Razavi S N. Multisen-
sor data fusion: a review of the state-of-the-art. Information
Fusion, 2013, 14: 28—44

Hao Gang, Ye Xiu-Fen, Chen Ting. Weighted measurement
fusion algorithm for nonlinear unscented Kalman filter. Con-
trol Theory & Applications, 2011, 28(6): 753—758

(R, 7525, BRss. IRCULI A R R M TEl R /R S8 k. 45
HFEE S, 2011, 28(6): 753—758)

Hao G, Sun S L, Li Y. Nonlinear weighted measurement
fusion unscented Kalman filter with asymptotic optimality.
Information Sciences, 2015, 299: 85—98

Pomorski K. Gauss-Hermite approximation formula. Com-
puter Physics Communications, 2006, 174(3): 181—186
Strutinsky V. M. “Shells” in deformed nuclei. Nuclear
Physics A, 1968, 122(1): 1-33

Strutinsky V M. Shell effects in nuclear masses and defor-
mation energies. Nuclear Physics A, 1967, 95(2): 420—442
Oussalah M, Messaoudi Z, Ouldali A. Track-to-track mea-
surement fusion architectures and correlation analysis. Jour-
nal of Universal Computer Science, 2010, 16(1): 37—61
Santhanam B, Santhanam T S. On discrete Gauss-Hermite
functions and eigenvectors of the discrete Fourier transform.
Signal Processing, 2008, 88(11): 2738—2746

Ge Q B, Shao T, Chen S D, Wen C L. Carrier tracking es-
timation analysis by using the extended strong tracking fil-
tering. IEEE Transactions on Industrial Electronics, 2017,
64(2): 1415—1424

DuD J, Chen R, Fei M R, Li K. A novel networked online re-
cursive identification method for multivariable systems with
incomplete measurement information. IEEE Transactions
on Signal and Information Processing over Networks, 2017,
3(4): T44-759

Du Da-Jun, Shang Li-Li, Qi Bo, Fei Min-Rui. Convergence
analysis of an online recursive identification method with
uncomplete communication constraints. Acta Automatica
Sinica, 2015, 41(8): 1502—1515

(RERZE, WISLAL, B, SRl —FORSE A5 B N B IR &
WS, B Sk, 2015, 41(8): 1502—-1515)

Wang Xiao-Xu, Zhao Lin, Xia Quan-Xi, Cao Wei, Li Liang.
Design of unscented Kalman filter with correlative noises.
Control Theory & Applications, 2010, 27(10): 1362—1368
(E/ME, B, B4, Wik, 4558 WA X4 T Unscented
RORBUEM AR, SIS 5 A, 2010, 27(10): 1362—1368)

35 Wang Xiao-Xu, Zhao Lin, Pan Quan, Xia Quan-Xi, Hong
Wei. Design of UKF with correlative noises based on min-
imum mean square error estimation. Control and Decision,
2010, 25(9): 1393—1398
(F/NE, B, PR, A, Y. BT R NIRRT Y s
% UKF it #5035, 2010, 25(9): 1393—1398)

36 Fang D L, Ran X M. A distributed sensor management algo-
rithm based on auction. Procedia Computer Science, 2017,
107: 618—623

37 Zhang Zhao-You, Hao Yan-Ling, Wu Xu. Complexity anal-
ysis of three deterministic sampling nonlinear filtering al-
gorithms. Journal of Harbin Institute of Technology, 2013,
45(12): 111-115
(KA A, MR, RAE. 3 Fhifl E MR AR AR L MBS IR Y S IR
SRHR. IR Toll K24, 2013, 45(12): 111-115)

38 Kitagawa G. Non-Gaussian state space modeling of time se-

ries. In: Proceedings of the 26th Conference on Decision and
Control. Los Angeles, USA: IEEE, 1987. 1700—1705

39 Cheng P, Yang Y, Oelmann B. Stator-free RPM sensor using
accelerometers — a statistical performance simulation by
Monte Carlo method. IEEE Sensors Journal, 2011, 11(12):
3368—3376

F & WRERERFEIT IS EE
TR B ml . BRI R T LA
BRI A B AR A
flith, 2 RaHE BRl A

E-mail: liyunhd@sina.com

(LI Yun Associate professor at
the School of Computer and Informa-
tion Engineering, Harbin University of
Commerce. Ph.D. candidate at the School of Electronic
Engineering, Heilongjiang University. Her research inter-
est covers the state estimation and multi-sensor fusion.)

INBF BIRTLR Y A TR B IR
BRG] W 45 R BRI, 2 1% Ik
frf SRl ASCEEIEE.

E-mail: sunsl@hlju.edu.cn

(SUN Shu-Li Professor at the
School of Electronic Engineering, Hei-
longjiang University. His research in-
terest covers the networked systems fil-
tering and multi-sensor fusion. Corresponding author of
this paper.)

O RIS T LR B R
B FREOTOT RS, AR
HEEE.

E-mail: haogang@hlju.edu.cn

(HAO Gang  Associate professor at
: the School of Electronic Engineering,
‘* Heilongjiang University. His research
interest covers the state estimation and
multi-sensor fusion.)



