%3185 6M o E R AR R Vol.31 No.6
2023 4 06 A Journal of Chinese Inertial Technology Jun. 2023

XEMHS: 1005-6734(2023)06-0611-09 doi.10.13695/j.cnki.12-1222/03.2023.06.011

E-T Noise2Noise FIFHEHE B 7RG AR EAIHIF X

1////% }iﬂ% 1,4,5, *ﬁ%ﬂﬁ 1,2,3,4
(1. ERKPUN 2wt 7ibe, FERtAE S8ER 200, B 310024;
2. EFRFE B E A ARG, JERT 1001905
3. EREEFERS, dEE 100049;
4. HHEBEERE )R, 91 3k sss G, dbE 100190;
5. R, ZANELRYE G, =M 7300000

WE: AN ZEAFBCEFREERERE L4, EVNERIBEALERI, 557 F 3 AR 230 F 6919
R, $l T AT KBS 69 Noise2Noise 45, 4E w3 7%, % 7 AT Noise2Noise £ % F
3]0 AL B Al 7k, F AT GRACE-FO #Aoig it 4B 34T T £ R IIE. KRR P AT
RTEMBTEREFNR T RORENTELETRE %L, SRERFEIE, RERKFHE—FTF
M2 12%A Lo JuIh, FTRTy AR B H S MR B AR I, AR IR0 b & AR P A4 AE A T,
T AR AR R BB AEVEIT RS AR LR,

X 8|98 WBMEAREES I R Noise2Noises RES:2]

hE>ES: U666.1 MEFRERS: A

Noise suppression method of electrostatic suspension inertial sensor

based on Noise2Noise

XU Peng!*, YANG Zhilan">3*
(1. Hangzhou Institute for Advanced Study, UCAS, School of Fundamental Physics and Mathematical

Science, Hangzhou 310024, China;

2. National Space Science Center, Chinese Academy of Sciences, Beijing 100190, China;

3. University of Chinese Academy of Sciences, Beijing 100049, China;
4. Institute of Mechanics, Chinese Academy of Sciences, Center for Gravitational Wave Experiment, Beijing
100190, China;
5. Lanzhou University, Lanzhou Center for Theoretical Physics, Lanzhou 730000, China)

Abstract: In view of the noise of onboard electrostatic suspension inertial sensors is complex and difficult to
be effectively suppressed by traditional methods when the true value of in-orbit measurement data is
unknown, a Noise2Noise framework based on unsupervised learning is proposed. Combined with an
integrated learning scheme, a broad spectrum random noise suppression method based on unsupervised
learning framework of Noise2Noise is designed, which is verified by experiments based on GRACE-FO
accelerometer data. The experimental results show that compared with traditional noise suppression methods,
the mean square error of noise of the proposed method is reduced by more than 8%, and the noise level is
further reduced by more than 12% after using integrated learning. In addition, the proposed method can
effectively suppress the high-frequency noise and identify the characteristic signals in high-frequency data,
which can provide information guarantee for the on-orbit operation status evaluation of inertial sensor
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Tab.1 The evaluation metrics for different methods

i MSE
ARG P8 4.92x10°18
IR S PR 5.43x10°18
/NG ) fift 5.71x10°18
RBF 8.35x10°18
N2C 4.29x10°18
N2N 4.50x10°18
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Fig.5 Comparison of target signal and noise signal
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Fig.6 Signal after noise suppression using CAE
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Tab.2 Comparison of the multi-step ensemble N2N
method and the N2N method

itk 0=0.08 0=0.10 0=0.12

N2N 9.48x10°18  125x1077  1.72x10°7
£ K N2N 9.10x10'8  1.13x1077  1.48x1077
Z A KHKiE 8.34x108  1.02x10"7  1.32x10°7

N2C 8.76x1018  1.26x10"7  1.55x10°7
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Fig.7 Comparison of noise signal and noise suppressed signal
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Fig.8 ASD of noise suppressed acceleration ( CAE )
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Fig.9 ASD of noise suppressed acceleration ( U-net )
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Fig.10 ASD of different day acceleration ( CAE)
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Fig.11 Residual between N2N method and Level-1B

Wa, PSRN TS Level-1B ##47
W, WE 1 R, Rz T, A
N2N WEFE G IFEAS e, 8 b R B 43 5%
ZERUIN, AERLIR BB o3 AR 2R X2 T4
TN IReIE, o] DA S URBUF R 3 155,
FEARFYIGRFEAR Z [ AT LARES T B, AN s —AMFEAR
X [H] 410, 4800], F—MEAA[2400, 7200], ALk
T 7 IAGAE BB, T B R ZETE 10710 BRI,

4 %5

BEXISMEAL AR R A, A5 50 5 e LA R
i, PARAERI B EEAR TR S, ASCHR I T
—HPEET N2N JCM B ST ) TS BE AL R 4 T
2, B BTRFERY, UL N2N AT 2 HEAR TR R,
[ s R B B 27 > SRR — 2B 4 it s R S8R . DA
GRRACE-FO SHMEHE A, FFRE 15 BLE SR
FLSCRO SR . AT 30T, A58 T AR TR SE
ST A AR . 7 MSE 888, N2N ik
S 8%LA BTt il AR U Bt — P IS 12%
PL BRI X — S5 RYIBRIE T N2N J5 0 1
R BE 5 A% 804 o B 5 AL B AT AT R . B R RPN



% 6 HBME% . T Noise2Noise #9554 ZiF B AL B 2R 5 d74) 7 ik 619
Bi-GRUMJ ARSI RIS, PEBIER AR ZEN,

GRACE-FO #ff, Xt EEARUER B Ak BTk, %
UE T R BE 5 2] RERBTE e R ] iR g 5 B TR i, U3
IR B R A AE LGS 5 o X — 15 T X T A%

SRR B ST HAT SR S,

SR X5,

[FIN 454 Taiji-1 E55 BRI HRIME S, THRACHE
Fo HIT N2N J7 ik T SR Sl i Se BUnE A= i, vl

AR 2 N2N Jy i TERg 2

¢ DN BN T T A

Sk (References)
[1]

(2]

(3]

(8]

(9]

TAPLEY B D, REIGBER C. The GRACE mission:
status and future plans[C]/EGS General Assembly
Conference Abstracts. 2002.

KORNFELD R P, ARNOLD B W, GROSS M A, et al.
GRACE-FO: the gravity recovery and climate experiment
follow-on mission[J]. Journal of spacecraft and rockets,
2019, 56(3): 931-951.

BROCKMANN J M, SCHUBERT T, SCHUH W. An
improved model of the Earth’s static gravity field solely
derived from reprocessed GOCE data[J]. Surveys in
Geophysics, 2021, 42: 277-316.

ARMANO M, AUDLEY H, AUGER G, et al. The LISA
pathfinder rn1ss1on[C //Journal of Phys1cs Conference

Serles USA, Ma 18 24 2014
ki, Iﬂ%lﬁ&ﬁ?{w “ORR
;J(r(ﬁj)” %Zl‘;)id‘&lc'” Eiﬂ{ﬂﬂﬁt 2R 4]% , 2020,

Luo Z, Zhang M, Jin G, et al. Introduction of Chinese
space-borne gravitational wave detection program “Taiji”
and “Taiji-1” satellite mission[J]. Journal of Deep Space
Exploration, 2020, 7(01): 3-10.

Mei J, Bai Y, Bao J, et al. The TianQin project: current
progress on science and technology[J]. Progress of
Theoretical and Experimental Physics, 2021, (5):
5A-107A.

BANDIKOVA T, MCCULLOUGH C, KRUIZINGA G
L, et al. GRACE accelerometer data transplant[J].
Advances in Space Research, 2019, 64(3): 623-644.

EDU I, ADOCHIEI F, NEGREA P, et al. New tuning
method of the wavelet function for inertial sensors signals
denoising[J]. Conferintele CSCC14. org si
EUROPMENT, 2014: 153-157.

ALFIAN R I, MA'ARIF A, SUNARDI S. Noise
reduction in the accelerometer and gyroscope sensor with

the Kalman filter  algorithm[J]. Universitas
Muhammadiyah Yo yakarta 2021(3): 180-189.
[10] BRI, B, IMISE, % 3ET2 3k FI TR B BRI
( _E4%2 600 51)

(9]

[10]

[12]

KRR, B, . JE T SO — B S 5
FIEVED]. BEEERE TR, 2021, 21(22): 9455-9460.
Zhao F, Ma Y, Dai C. Point cloud segmentation algorithm
based on improved random sampling consistency[J].
Science and Technology and Engineering, 2021, 21(22):
9455-9460.

Yuan H, Sun W, Xiang T. Line laser point cloud
segmentation based on the combination of RANSAC and
region  growing[C]//2020  39th  Chinese  Control
Conference (CCC). Shenyang, China, July 27-29, 2020:
6324-6328.

Wang Z, Wang X, Fang B, et al. Vehicle detection based
on point cloud intensity and distance
clustering[C])//Journal of Physics: Conference Series. IOP
Publishing, 2021, 1748(4): 042-053.

BEPRE, BRAEED, BUSR, % MET{ifk DBSCAN 4
WO T R BRI INT]. YL TR, 2019, 46(07):
83-90.

Cai H, Chen Y, Zhuo L, et al. Laser radar obstacle
detection based on optimized DBSCAN algorithm[J].
Optoelectronic Engineering, 2019, 46(07): 83-90.

Geiger A, Lenz P, Stiller C, et al. Vision meets robotics:
The kitti dataset[J]. The International Journal of Robotics
Research, 2013, 32(11): 1231-1237.

[11]

[13]

[14]

[15]

[16]

[17]

[14]

[15]

[16]

[17]

2023, 31(01): 1-6.

Lu Y, Xiu W, Sun Q, et al. Human activity recognition
algorithm based on multi-head-self-attention mechanism
and Bi-GRUJJ]. Journal of Chinese Inertial Technology,
2023, 31(01): 1-6.

WA, RHT, T, 45 JETUES S SEIRA
UG 2 L AT VR D], B R AR 2 i
2022, 30(05): 569-575.

Huang F, Yi B, Wang X, et al. Human activity
recognition algorithm based on multi-head-self-attention
mechanism and Bi-GRU[J]. Journal of Chinese Inertial
Technology, 2022, 30(05): 569-575.

Hua C, AGGARWAL P, TAHA T M, et al. Improving
inertial sensor by reducing errors using deep learning
methodology[C]/NAECON 2018-1EEE National
Aecrospace and Electronics Conference. USA, July 23-26,
2018.

Jiang C, Chen S, Chen Y, et al. A MEMS IMU
de-noising method using long short term memory
recurrent neural networks (LSTM-RNN)[J]. Sensors,
2018, 18(10): 3470. ‘ .
A5k, BRI, XA, . HETLSTMIRME S RI%
HYMEMS-IMU 522 08 J s JTER(0]. e [ PR
4%, 2020, 28(02): 165-171.

Li R, Yan J, Liu G, et al. MEMS-IMU error model and
calibration method based on LSTM deep neural
network[J]. Journal of Chinese Inertial Technology, 2020,
28(02): 165-171.

LEHTINEN J, MUNKBERG J, HASSELGREN ]J, et al.
Noise2Noise: Learning image restoration without clean
data[J]. arXiv preprint arXiv:1803.04189, 2018.

Huang T, Li S, Jia X, et al. Neighbor2neighbor:
Self-supervised ~ denoising  from  single  noisy
images[C]//Proceedings of the IEEE/CVF conference on
computer vision and pattern recognition, 2021.

TAKAAI T, TSUTSUI M. Unsupervised noise reduction
for nanochannel measurement using Noise2Noise deep
learning[C]//Trends and applications in knowledge
discovery and data mining: PAKDD 2021 workshops,
WSPA, MLMEIN, SDPRA, DARAI, and AI4EPT, Delhi.
India, May 11, 2021.

LABACH A, SALEHINEJAD H, VALAEE S. Survey of
dropout methods for deep neural networks[J]. arXiv
preprint arXiv:1904.13310, 2019.

KUMAR A, TOMAR H, MEHLA V K, et al. Stationary
wavelet transform based ECG signal denoising method[J].
ISA transactions, 2021,114: 251-262.

KINGMA D P, BA J. Adam: A method for stochastic
optimization[J]. arXiv preprint arXiv:1412.6980, 2014.

AT, X, 5OkT, 4 *ﬁﬁ%?%ﬁ%ﬁ?ﬂﬁ)ﬁ
=B AR TED] BEAE R, 2019, 34(02):
80-85.

Ma X, Liu R, Cai Y, et al. A point cloud road boundary
extraction method based on curb features[J]. Remote
Sensing Information, 2019, 34(02): 80-85.

Lu B, Wang Q, Li A. Massive point cloud space
management method based on octree-like encoding[J].
Arabian Journal for Science and Engineering, 2019,
44(11): 9397-9411.

Deng D. DBSCAN clustering algorithm based on
density[C]//2020 7th International Forum on Electrical
Engineering and Automation (IFEEA). Hefei, China,
September 25-27, 2020: 949-953.

Behley J, Garbade M, Milioto A, et al. Semantickitti: A
dataset for semantic scene understanding of lidar
sequences[C]//Proceedings of the IEEE/CVF International
Conference on Computer Vision. 2019: 9297-9307.

Wang Z, Yu B, Chen J, et al. Research on lidar point cloud
segmentation and collision detection algorithm[C]//2019
6th International Conference on Information Science and
Control  Engineering (ICISCE). Shanghai, China,
December 20-22, 2019: 475-479.



