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G, AR S —Fh ICEEMD 454 ICA (9742
T s ) 5 A 2 W Oy s A /DN 2R LU U (mini-
mal distortion principle, MDP) A & fit & T 1CA 4k
T by PR (R A A P ) R A X o g 4y
LR G A0S B A 2R Y A KT A TR &R e (global
navigation satellite system, GNSS) A% J& Wi 0 %5 4is
PEAT R WA R BT 7 AR T R AR R
ROR A R AIE T AT AT R A B

1 ICEEMD5ICA Fi%x

1.1 ICEEMD 7%

ICEEMD 75 2L CEEMD J7 ¥ Jy 54t i 1 21
B SR R A I MR IR A5 Pl oo 25, LR AR
59 i Ja LA TP Ry R AR M o ik Ah R
E (@) (E (+)FmH FH EMD &b B 15 2] i 55 £ B
BT 50 NI A T 25 5 1T F s A5 8 ) I
AN B0 P F e P R AR IR £ RS PR Wik T
TUATR SRR, ICEEMD BEAARM# AL B F

1) FIH EMD X5 5 3E4T TR 43 i , 3R 15 56 1
ARTUF

rn=(M(z") (1)

Ap () BRI AR T 50’ =2+ BE (o), x
REAAE T, B =eostd(r), r, W i DRI, 60 H
MR BRIE2E M () R AR T R E T .

2)i B 1 AL A4S (intrinsic mode functions,
IMF) F7:

IMF,=x—r, (2)

ITHEH 2 AR 2B B
ro=(M(ri+ B E.())) (3)
IMF,=r,—r, (4)

4)2Y k=3, 4--- K(K Jy [ A B35 S &) i) 3T
B b AT RIS N
r={(M(ro+8Ele)  (5)
IMF,=r, \— 1, (6)
5)E LR A) A4S B A A
1.2 ICA ik
ICA J7 5 B4R F 2 48 00 0 A5 55 28 M 43 1
B T AR E S Y IRAE S o0 6, v LARIR R
X=AS (7)
K, XA m 4 AE 5 58 R n 4EIRAR 5 4 4
FEs AR m X n(m = n ) 4EIR A H I .
ICA I H bRt 2 TR A 6 R A (19 33658 Ff , 1D
Y EAERE W Y = WX RBEES S
AT . 2 EOWIAE = v & A S IR

X722 H

X=S-+ ia,n,- (8)
A a, R MRS ), 7E LI A AR 5 d o W S
BN EC, BT R ICA Ab B Fh— 45 5, 5 44
IS Y AL S R — L S Y R B 2
M fE S AR R M n—
n(/]T,mUﬁ(7)ﬂ%:€i'\‘j"7:

nd:| —

0l|ln,|=AS (9)

[771’ Nyeee

d
X = {SJr Ea[nz n, N,
i—=1

1 a a - a4l S
0] 1 O - 0|l m
0

O 0 0 0 1 1Ln,

M) Af LA H 3l g U e A i 51 A ICA
AT SR ECA B30 56 B R AL TF 4 B AR B W, LAy 25 15
B — 4 P AR, DA S B A5 5 kAT 25 MR A
H B o AR SCR I 2 3 1 6000 A K Ak B Bk
ICA(FastICA) L, AR AR T 2% k[ 17].

M T8 A5 5 B e iR R B ICA ™
A R RS B 8 M CHE T O 0 PR S A 0 A i
P, B E 5 5 25 M o A v, 3K 3 AN AN B A (]
WA A

2 TRHBEEZBRER

2.1 ETFICEEMD-ICA #8317 252 U5 N #4048

BESBEE

TEST Y HEml b A SCH s T — Mol 09 A2 B
D5 A W Py i S R R AT

D) XF & A WS 5y A2 I8 WD A A (o) £l
ICEEMD J5 ¥ #E AT 4 88050 315800 i I 19 &4
IMF 735 o (¢) Z [ i AH G R 8. MR8 Sk 18],
TE K, — 1B b #H 5¢ 22 850 A8 Jmy Al /IME B 4 5
BT K, — 1B IMF 4345 Sk M 75 434

2) % A€ W AT K, — 1By IMF 43 B ik f7 B 1
Ay i FOUL I W 7, TSN

K, —1

noise= > IMF, () (10)
m=1

3) N (9) mI T, i 40 M 7 5 T S IR 7
LA B R R A T M . B R4
ICEEMD — IR 43 i Ji& 9 fe 431 43 4t v 36 AT g4
A IEAE 5 A 85, Rk, A SR ICEEMD
J5 356k 3 (10) H Y noise 5 5 #EAT R4, IF 25
Bk noise {5 5 HA 8B4, F R IR 43 )5 1) e A
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Mg P A, AR IR 42 30T B 52 M 7 ) noise2 15 5 .

4) ¥ noise2 (55 5 J5 AR JE W I B4 19 90 & (1)
20 B Z2 2 LI 3 T A A ICA B9 S A B Fastl-
CA B FEATE W4 B8, AR B & A U5 5 1 il
A ()
22 ETFHXEREEHS MDP ANMERICALRHE

4 i) 73

i TR TCA A7 7E ) = KON 2 P n) 0, AR
SR F A 56 R B0 5 MDP N X 28 ICA 43 3
F I S a3 e R AT AL B ELR AR SR AN R

DB ICA 40 B J5 WA 57 43 2 /(¢ ) M ICA
HAES () Z R RECN

ix’(z’)x(i)

0.0 = — (11)

N

Exz(i)zx’f(i)

— B O< .. <1c Yo, SRR, M7 5
x' ()5 (¢ ) RIS B s, v 418 e 0 KT ICA 43 B )5
(18 2k 57 43 o R A T AT OB HE Y LA B HE
AN M )

2 ICA 5 8 Ja i 1l Sz 4y 5 5 b A5
5 ) A A7 A6 AT A AN B ) A, BV 2 =2 1) AT g
[] AR 5 S5 AH , B2 AR B AR 067 25 28 180°, M 2'(1) 5
x() A B —1<p,, <O, K B N5
% TLLE R o, AT A PR A AS B E
[*) S, 52 A R 57 4 ek 1 2 B (B RS

2)ICA 4y 8 J5 By 20 57 43 5t 40 o] Pk &2 iR {8 2
AR 22 SCH TP B B B A R 1 — M . AR SOAR
P Sc Bk (19148 11 59 MDP HEN] , ] T8 1E ICA 1Y
O BRI WA ACH e R T MR AELR B )
e AR A OG Z BOx il S7 Ay AR AT HER R4S
TR WO L A AT H5ORR 48 0 37 4 e HE R A R
HEAT AL ) 3% e HE T S 2 B B W5 AR
J& L A4 MIDP #E W, w] #5248 1F i {5 1Y 43 55 40
W, = diag(diag(W, '))- W,

W W, 3 L TCA B i AW 5 5, ol 45 210 3
o RS AS A 2 MR 9 TCA il ST 43 1 o AR SCAUfiE )
B UL M 0 I A T A SO0 I S TE 1 R
ICA M Hir A, a0 S8 22 4> 1 $00 00 ) M 7 5 3
FRBIEAKIR AT AT oS3 A AR SO X A ST 43
HEAT AH AL AL B, (SRR 5 AH G 28 B0k X 4 B i B
7 3 3 HE IS R MDP i ) B AT 3 B = K S B
FE P R
2.3 REGFM ISR

R T X ARy 2 M B R AT S R A BT L 3

BI85 4 - 5 L (signal-to-noise ratio, SNR)
F1F4 )7 R % 22 (root mean squared error, RMSE) ,
SNR = IOIg[ (x(i))z/Z(x(z’)x’(i))z}

i=1 i=1

(12)

RMSE—/i]i(JC(i)—x’(i))Z (13)
A, NEIRIE S 2" h B E RS .
3 HEHHESW
PIARHEMK Bumps 7 545 M EAR S 55
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Fig.1 Noisy Bumps Signals and the Components
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Fig.2 Correlation Coefficient of Each IMF and Original
Noisy Bumps Signal
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Fig.3 Correlation Coefficient Between IMF Components

and Noise Signal After Two Decomposition
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Fig.5 ICA Separation Results
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Fig.6 ICA Separation Results After
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FTHE A 5 (2) ICEEMD 43 fiff J5 A8 £ ki $0L0E 75 B, R
HEAT RS R I, AR 5 A SO v — 2, 0
FrZ i ICEEMD-ICA J7 % 5 (3) &% SCHk [ 11 )i
H EMD-ICA J5 i , 53 4R i MDP i W) £ 17 15
MRS o TTOE A TR 7 35 1 25 W v B 48 A an 3% 1
N4 R S T 1 I 25 R A 7 T

R1 AMTENERER
Tab.1 Denoising Indexes of Four Methods

My SNR/dB RMSE
ICEEMD 10.727 3 0.209 8
EMD-ICA 9.514 7 0.2413
ICEEMD-ICA 10.152 1 0.224 2
AT 12.7657 0.1659
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Fig.7 Comparison of Denoising Results Using

Four Methods
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Fig.10 ICA Separation Result After Eliminating

Uncertainties of Instance Data
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Tab.2 Denoising Indexes of Four Methods in

Instance Data

LW T vk SNR/dB RMSE/10 * m
ICEEMD 24.964 2 7.768 8
EMD-ICA 23.263 4 9.449 1
ICEEMD-ICA 25.518 0 7.2889
AT 29.129 8 4.809 2
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ICA Separation Results of Instance Data
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Fig.11 Comparison of Denoising Results of Instance
Data Using Four Methods
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Denoising Method for Deformation Monitoring Data Based on
ICEEMD-ICA and MDP Principle

XU Chengquan' FAN Qian’

1 Geography and Ocean College, Minjiang University, Fuzhou 350108, China
2 College of Civil Engineering, Fuzhou University, Fuzhou 350108, China

Abstract: Objectives: Considering the inaccurate separation of signal and noise of empirical mode decom-
position (EMD) method and the uncertainty of independent component analysis (ICA), a new method for
denoising deformation data with improved complete ensemble empirical mode decomposition (ICEEMD),
independent component analysis (ICA) and minimal distortion principle (MDP) is proposed. Methods: First-
ly, ICEEMD method is used to decompose the deformation monitoring data effectively, and the virtual
noise signal is constructed. Secondly, ICEEMD decomposition of virtual noise is carried out to extract
twice virtual noise signal which is closer to real noise. The input observation channel is composed of twice
virtual noise and original deformation data and processed by ICA. Then, by calculating the correlation
coefficient between the independent components and the input signal after ICA processing, the sorting un-
certainty and phase uncertainty of independent components can be solved. Finally, the MDP criterion is
used to effectively solve the amplitude uncertainty of independent components. Results: Through the de-
tailed analysis of noisy simulation data and actual bridge GNSS deformation monitoring data, the results
show that the proposed method has achieved good denoising effect and can effectively improve the perfor-
mance of denoising.Conclusions: It also fully verified the feasibility and effectiveness of the proposed method
indenoising of deformation monitoring data.

Key words: improved complete ensemble empirical mode decomposition(ICEEMD); independent compo-
nent analysis(ICA); twice virtual noise; minimal distortion principle; denoising for deformation monitoring

data
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