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Abstract: To address the low detection accuracy of existing laser-based rail corrugation inspection methods, a rail corrugation signal
processing approach based on grey wolf optimization-variational mode decomposition (GWO-VMD) is proposed. In this method, multi-
scale permutation entropy (MPE) and variance contribution rate (VCR) are combined to construct a dual-threshold criterion for accurate
identification of noise components. Subsequently, non-local means ( NLM ) filtering is applied to denoise the identified noise
components. The denoised components are then reconstructed together with the effective components, and the moving peak-to-peak value
(PPR), moving root mean square of corrugation depth amplitude (RMS), and exceedance rate are calculated to achieve quantitative
identification of the corrugation wavelength, location, and wear severity. Using measured data from the Xiangyu Railway as a case study,
the proposed algorithm is compared with several representative methods, including particle swarm optimization-variational mode

decomposition combined with non-local means ( PSO-VMD-NLM ), variational mode decomposition combined with non-local means
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(VMD-NLM), ensemble empirical mode decomposition combined with non-local means ( EEMD-NLM ), grey wolf optimization
combined with variational mode decomposition combined with wavelet thresholding ( GWO-VMD-WT) , complete ensemble empirical
mode decomposition with adaptive noise combined with wavelet thresholding ( CEEMDAN-WT), complete ensemble empirical mode
decomposition with adaptive noise combined with non-local means (CEEMDAN-NLM) , and the traditional wavelet thresholding ( WT)
denoising method. Experimental results demonstrate that, compared with the above methods, the proposed algorithm improves the signal-
to-noise ratio (SNR) by 3.9%, 32.4%, 68.4% , 8.7% , 46.6% , 23.6% , and 89.6% , respectively, and reduces the root mean
square error (RMSE) by 15.5% , 74.4%, 85.9%, 13. 1%, 80.5%, 68.8% , and 88.9% , respectively. Furthermore, generalization
capability is validated using measured data from multiple railway lines. The results indicate that the proposed algorithm maintains stable
denoising performance and identification accuracy under new line conditions. It enables multi-band separation and multi-feature
quantitative analysis of rail corrugation under complex noise conditions, providing reliable technical support for track condition
assessment and precision grinding maintenance.

Keywords :laser-based measurement; gray wolf optimization algorithm; variational mode decomposition; non-local mean denoising; over-
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Table 2 Evaluation indexes of decomposition performance
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Fig. 10 Comparison diagram of the first 500 sampling

points of different decomposition denoising methods
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points of different decomposition denoising methods

Enlarged comparison diagram of the first 500 sampling

R3 TRSBERTERERELLER
Table 3 Performance comparison of different

decomposition and denoising methods

Bk SNR RMSE NRR

GWO-VMD-NLM 32.005 4 0.002 918 0.1955
PSO-VMD-NLM 30.758 2 0. 003 369 0.133 8
VMD-NLM 24.1722 0.011 396 0.097 0
EEMD-NLM 19.010 3 0. 020 647 0.030 3
GWO-VMD-WT 29. 446 9 0. 003 357 0.113 3
CEEMDAN-WT 21.820 3 0.014 940 0.092 0
CEEMDAN-NLM 25.904 5 0. 009 336 0.1059

WT 16.882 0 0. 026 380 0.018 5

T2 8% , Fe WA NLM [ M J7 vk 7 A BUI B BB {5 5
G T WT 7 i, M 1% 58 VMD-NLM J5 % 42 7 24
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16 VMD 0S80, 454 NLM 38 Ik i A0 3, Sl 1 g s
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Fig. 12 Iteration diagram of VMD optimized by GWO
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of IMF components
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Table 4 Characteristic frequency band ranges for signal

component matching (mm)
Vi bR 1325
IMF1 8 333.33 —
IMF2 990. 10
300~1 000
IMF3 406. 50
IMF4 224.22
IMF5 170. 94
100~300
IMF6 128. 87
IMF7 106. 04
IMF8 89.13
IMF9 76.92
IMF10 61.50
30~ 100
IMF11 49.12
IMF12 41. 08
IMF13 34.41
IMF14 28. 69
10~30
IMF15 22.08

WA By 43 i 43 AT H A T8 16 (a) R (D) 4393
SRR B A 5 A DL R RO L, BT DL A
AN B A5 5 # e — A i E DX ], 10 ~
30 mm P EHAF S IRIER /N, KZ1E-0. 03~0. 02 mm, 30 ~
100 mm PE{EALT-0.4~0.3 mm, 100~300 mm F1 300 ~
1000 mm P Bt Y IRAEES =, 76— 1.0~ 0. 7 mm, 3X P> i
B H SO, AT LWL FIWT AR I | 36 R e ik — 20 AR
FE =TT
3.4 EERANERS D

& 17 ~20 A 5 LGBM4S 13 il 45 I B
PPR f545%T LA,

M 17~20 WA DIE ), CERVE S LGBMA4S I #{Y
MFFAY PPR $54nEE4223T , RIS 4 N5 BE 5 1) PPR 4B
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x5 ARETTENFEH PPRELLR
Table 5 Comparison of PPR values measured by
different methods

P B/ mm
ik
10~30 30~100 100~300  300~1 000
LGBM4S 0.008 0 0.043 8 0.107 7 0.193 9

GWO-VMD-NLM 0. 008 4 0.043 2 . 107 5 0.193 3

PSO-VMD-NLM  0.009 1 0.048 7 . 109 8 0. 196 4

VMD-NLM 0.004 1 0.020 8 .071 1 0.149 2

GWO-VMD-WT  0.007 3 0.039 2 .099 7 0.188 1

CEEMDAN-WT 0. 006 6 0.020 4 . 085 2 0.167 7

. 084 4 0.176 4

0

0

0
EEMD-NLM 0.017 1 0.063 3 0. 066 5 0.217 9

0

0

CEEMDAN-NLM  0.006 9 0.021 6 0

0

wT 0.0130 0. 060 2 L1350 0.216 4

R 6 AFEFENFH RMS EELEK
Table 6 Comparison of RMS values measured by
different methods

B/ mm
Jrik:
10~30 30~100 100~300  300~1 000

LGBM4S 0.000 6 0.005 2 0.0115 0.018 6
GWO-VMD-NLM  0.000 6 0.005 0 0.0112 0.018 7
PSO-VMD-NLM  0.000 8 0.005 7 0.0112 0.019 3
VMD-NLM 0.001 0 0.002 6 0.010 7 0.014 3
EEMD-NLM 0.001 9 0.002 3 0.014 6 0.014 0
GWO-VMD-WT  0.000 5 0.005 0 0.012 4 0.019 8
CEEMDAN-WT  0.001 4 0.004 3 0.018 8 0.017 2
CEEMDAN-NLM  0.000 9 0.005 6 0.018 6 0.017 2
wT 0.004 8 0.003 1 0.026 6 0.034 8

3.5 EFRXRBRENNNEEERENITES X

FEFBUIE RS TPAG v 8 PR 30 2 A gl s ™ o
JEE I S AR AR, AS )30 198 I8k s o) ) 232 A 7 () S i A T
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A R LR A L, v B 5 38 402 i R A TR (B 3 PR
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FRAfE R BRI 20 20, 103 1R ol 45 D B 1 FR %
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Fig.21 Distribution diagram of maximum valley depth

with mileage in the 10~30 mm band
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Fig. 24  Distribution diagram of maximum valley depth
with mileage in the 300~1 000 mm band
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Table 7 Overrun proportion of each frequency band

Bt/ mm R/ %
10~30 0
30~100 0

100~300 4.85

300~1 000 33.46

3.6 AREIZLEXERTHRERFEIRAERSH

SR E— A 56 IE T HE A N TR £k T 00 A3
e VEHRA 55 BBk R T AT % K4+642 ~ K4+842 X BE

Sk
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VER#b FE 82 I 008, T 2025 4F 11 H 20 H7ERS iR
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Fig.25 Measured signal diagrams of the harbin-qiqgihar
high-speed railway

P8 A T IR A T & AR M RE TR bR T HL &S
o ATLIE 1, GWO-VMD-NLM 7F 51 2k % X Be AT {5 e 45
1o P15 M AR TH A A A A EE AL R 25 AR RE S RS
LR HEORRE 3L,

x8 MFLEARSMBERFENEBLR
Table 8 Performance comparison of different

decomposition denoising methods

Ak SNR RMSE NRR
GWO-VMD-NLM 29.329 6 0. 005 831 0. 846 7
PSO-VMD-NLM 27.879 8 0. 006 608 0.546 3

VMD-NLM 22.291 4 0.016 717 0.077 3
EEMD-NLM 16.010 3 0. 022 633 0.052 4
GWO-VMD-WT 26.370 9 0. 009 700 0.3029
CEEMDAN-WT 19.979 4 0.019 754 0.070 1
CEEMDAN-NLM 25.4342 0.010 463 0.244 8
wT 15.789 0 0. 028 321 0.027 7

Ak, % R R bR PPR 78 T RSB b F o
]z B3R 9 (1 PPR XS LU AT 0L BT 42 7 I AE G 5
LTI X B AR T [ BE A8 DR B s 9 v 5, R T
Ik BA —E SRS TG

x99 BFEAEFENEH PPR ELLLE
Table 9 Comparison of PPR values measured by
different methods

B/ mm
Jrik
10~30  30~100  100~300 300~1 000
LGBM4S 0.0080 0.0257  0.0723  0.156 7
GWO-VMD-NLM  0.0082  0.0250  0.0762  0.153 3
PSO-VMD-NLM ~ 0.006 8  0.0263  0.0813  0.160 7
VMD-NLM 0.0037 0.0208  0.0911  0.1892
EEMD-NLM 0.0165 0.0476  0.1025  0.209 1
GWO-VMD-WT ~ 0.0059  0.0357  0.0687  0.162 1
CEEMDAN-WT ~ 0.0056 0.0194  0.0559  0.1733
CEEMDAN-NLM ~ 0.0073  0.0206  0.0534  0.163 4
WT 0.0171 0.0502  0.1360  0.227 8
4 2 ®

ARG T —Fl 3T GWO-VMD-NLM 1) 80 81 9%
RS AE LIS M 1, 2 I X S U X K B T Y v
TR I DX B I B 3R T B R AT AL 25 R SR % T Tk
RERSAT WO NP S 1) 0% B AEAR B . 5 ILR R I
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