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Abstract: Objectives: In the complex landslide monitoring environment, the global navigation
satellite system (GNSS) signals are affected by factors such as atmospheric delay, multipath effect,
and local occlusion, resulting in the elevation or signal-to-noise ratio stochastic model based on a
single index can not meet the high-precision positioning in complex scenes. At the same time, the
data quality difference between stations of multi-mode and multi-frequency GNSS data in complex
environment also puts forward higher requirements for the establishment of accurate and reliable
stochastic model. Methods: In order to solve this problem, a GNSS comprehensive stochastic model
based on empirical cumulative distribution normalization optimization is proposed. The model is
constructed based on elevation and signal-to-noise ratio information, and the weight coefficient is
used to refine the influence of differences between single model, multi-frequency and multi-system
and stations on the stochastic model. Results: The experimental results under high occlusion
environment show that the average fixed rate of the new model for ten consecutive days is 97.8%,
which is 24.4%, 25.6% and 15.3% higher than that of the elevation stochastic model, the signal-to-
noise ratio stochastic model and the comprehensive stochastic model with principal components
analysis, respectively. The fixed solution RMS of the new model is 0.007m in E and N direction and
0.012m in U direction. Conclusions: The new model improves the epoch fixed rate while the
accuracy of fixed solution can meet the requirement of GNSS centimeter positioning in complex
landslide monitoring environment.

Key words: GNSS, empirical cumulative distribution, normalization, stochastic model, landslide

monitoring
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AR TTERE . B B R SEDE T 3 i /0 Mk (Principal Components Analysis, PCA)
T 1 v T A BRI e LU B AR 2R B B b I DT IR, (B R B B2 M E RGAIAELEN)
RIS SRMAFE RS AFEME ARMNEBLEE SEH . B
PUHHPLRE 1T PR RE & 5, WMRTH E S & I BE NS AL o 282 B GNSS B R & 7€ fir
1 — RO ) Y, o 5 CRIFA G AL, /R W A5O3 18 N [R) TLR & 45 ) py R AN
FEOL UL P R 22 5, 3R H T — P S DR RALEE BB SR SRR
W2 40122 22 4t D BERAH 62 Mt 75 PR Ll RS AL 1 = B MBI LU ER- A 8 . (HAE GNSS W
Wi, Tl — BSAERET TT R . MRS MR a1 M 003 g 2 SR M =R R, A1
AR ™ H . A5 KA TR AR RIS b, () e 25 vl AR B 00 s (1 42 SO 28 5t el e AN [
S B3k R o B 2 S oK, TR TR S R 22 2 A 6 ) BEATLASE 2 A B R R e R S R ]
B 5T B2 AT R R R o

T BRI, ASCRE T —ME T2 B0 IH— s GNSS ZREBENLEAL,
BRI R A SRR LS B T, B A R TR B 22 RS
() DL R 0 s T 18] 222 S of BB AU B PRS2 M AR B2, O DB J XU ik 22 I 2 3 B 20 A 0 — b i
PN LA E R4, DAL IIME IR EL 3 BE, 3R T S8t St .

1. GNSS I FWEFKRZEIREL

FEN OB A MM T, GNSS AHXT 5E 72 e H W BOR T Bz — I P 3k e ity 60 M 0 ot
RN HAE L DRSS, RS R ZERR IS5 TR 22, NI AT R4S ks B 2 ir
gk
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Fig. 1 Schematic Diagram of the Relationship Between Standard Cumulative Distribution, Empirical
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Fig. 3 Satellite Sky Views and SNR Distribution of Reference and Monitoring Stations During Period Ty
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Table 1 Strategies of Location Solution
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Table 2 The Optimal Weight Coefficient of Scheme 4

fREE (m) |k (m)
SMX02-SMX01
Aipm bi,p,m,z bi,j,m,r Aigm b i0,mz b i9,mr
L1 10 10 100000 1 10 10000
GPS
L2 10 100000 100000 1 10 10000
BDS B1l 1 100000 100000 10 10 10000




B3l 1 100000 100000 10 10 10000
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Fig. 4 Relationship Diagram Between Standard Cumulative Distribution and Empirical Cumulative
Distribution for Four Schemes
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Fig. 5 Floating Solution Residual Sequences of Four Schemes in the E/N/U Direction

K3 MM RERBRERFF RMS H
Table 3 The RMS Value of Floating Solution Residual Sequences of Four Schemes

paaC! FE 1m HE2m FE3m FHE 4m
E 1123 1.130 1.100 0.717
N 1.281 1.286 1.329 0.738
U 2.385 2.430 2.369 1.572

BEALAS R B AL AE SE MRV RS P R [RIIN, SE e ST R 5 22, NS RIS R A 7
Z2 AR b0 BRI J5E B 1) 748 03 RoRHl 5 [ SRS 7 A RO, i 228 S i [ g Ay FEE R[] 5 =%
(261, 2745 S8R F AU )R 7 22 4 b 1030 4 RSOME 2 T SR, FUR Lambda SEEAT AR
WL E . R 4 25 th T VUM T SR P TolE i SRl g R L, T RAE Y, 5% 4 MILLAT
=M%, Pt R RS s, JullERmE 93.2%, MR 1. TR 2. TR 357
ST T 26.7%. 28.3%. 19.8%, [T f# RMSTEE. N7y 0.007m, 7E U Jj 2y 0.012m,
T 2 S 2RI A T GNSS JEK € L7 3K

4 WA REFTEERSHES TR
Table 4 Statistical Results of Epoch Fixed Rate and Accuracy of Four Schemes

. B RMS/m
WIS 737G 1 5 #1%
E N u
E! 66.5 0.007 0.008 0.012
EY) 64.9 0.005 0.005 0.013
T3 73.4 0.006 0.008 0.011
EX 93.2 0.007 0.007 0.012

HE—25%F UTC B 202145 A 21 HE S H 30 H GEFHE 141 REH 150 K) ESE+
KW TeE E R T4, WK 6 friam. MEIFRTBLEH, TR 4 MLHAR T R ool e
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RGBT, BT RIELIE E RN 97.8%, e nlik 98.5%, AHELTZ 1-F1F & %4
5 24.4%, FAELTT R 2 F [ E B 25.6%, AHECDT S 3 P E R R 15.3%.
FE1 mBER2 n/5E3 /RS
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Fig. 6 Statistical Results of Epoch Fixed Rate of Four Schemes for Ten Consecutive Days
i A
4. én 1%

TES MR EE T, WL A5 0 52 45 o D5 25 RO S, ) A S s i T 5 ) BB AL A 28
ST PIMERR 2 — o A S ER— R 0 iR ZE R U AN Rl GNSS #idlE 24 % KGR
Fe PRI Sl (R B o R 2 S = N A A T ILE LB SRR M, PR T MR T A
5 R A A — AL GNSS ZEA BB, S DA =17 U 33k S0 5 S B B0 iF 7 %45
B, BHUIT4 0.

(1) ZAREE TR Bt oA I — R RS 2 T 2R S A i A R, 4k T
R 2% RG] DA R (] 6 2 S et BE AU 2R () SRR B, TR S AR EREE R BOR
T ISk A e LR ZE s, AR Ak T AL EE ST

(2) I8 SRS LA T BE A BRI . (EME LB . 5]\ PCA ZRE
BE LB EY I8 25 A BEH U R S e A AR B RIS . 5 SRR BB S+ K T e R A
97.8%, HHEC S E AR5 S 24.4%, AHEG(E MR LURE LAY 48 & 25.6%, AHELSIA
PCA MIZEA BB 32 & 15.3%; [E 2 M RMS 7E Ev N 5[4 0.007m, 7 U 5N
0.012m, 2 T A IS MIFEE T GNSS HR L8 Ar 72K

S22 3Rk

[1] Zhang B C, Dennis O. A method for processing GNSS data from regional reference networks
to enable single-frequency PPP-RTK[J]. Chinese Journal of Geophysics, 2015, 58(7): 2306-
2319.

[2] Chen Zi, Huang Guan-wen, Bai Zheng-wei, et al. Field Monitoring of Expansive Soil Slope
Based on Low-cost Millimeter-sized GNSS Technology [J].Journal of Central South
University( Science and Technology),2022,53(1):214-224. (FRA M ST, A IEF 3T
A 2K R GNSS £ AR 1 B2 K 4320 3 3 37 B I op v oK 2 22 4R (E R B 2
fi0),2022,53(1):214-224.)

[3] Zhang Xiaohong, Li Xingxing, Guo Fei, et al. Realization and Precision Analysis of Single-

11



Frequency Precise Point Positioning Software[J]. Geomatics and Information Science of
Wuhan University, 2008(8):783-787. (ik/N4L, 25 B SE3E 26 GPS FAATUAS 55 B 55 5 o7 4K
PFSEBLS A 2 M BRDUR 244 (7 S RH#HR),2008(8):783-787.)

[4] Han Jungiang, Huang Guanwen, Li Zhe. Multipath Effect Analysis and Processing Method of
GNSS Landslide Monitoring Under Complicated Environment[J].Journal of Earth Sciences
and Environment,2018,40(3):355-362 CHRZE 58, FOU ST 4R T GNSS 13 I
% BRAR RN Wt S AR BT VA[D] IER B2 53R 82 41%,2018,40(3):355-362.)

[5] Wang Dong, Zhou Hong-ping, Zhang Hui-chun, et al. Influencing Factors Analysis and Multi-
path Effects of Different Plant Cover Types on GPS Positioning Accuracy for Forest Fire
Control[J]. Journal of Central South University of Forestry and Technology,2014,34(11):46-
51 CERJAZF IKRER S AT GPS & A0k FE 20 K 2 4 4 X 2 BR AR RS [0].
FAMOL B A 5441,2014,34(11):46-51.)

[6] Li B, Shen Y, Xu P. Assessment of stochastic models for GPS measurements with different
types of receivers[J]. Chinese Science Bulletin, 2008, 53(20): 3219-3225.

[7] Zhang Xiaohong, Ding Lele. Quality Analysis of the Second Generation Compass Observables
and Stochastic Model Refining[J]. Geomatics and Information Science of Wuhan University,
2013, 38(07):832-836. (FK/NAL T AR A Ak 2 —ARKLIIAE B & 53 A S B HLASE A RS A 0] 50
PUR 2R (15 BRI 20R),2013,38(07):832-836.)

[8] Euler H, Goad C. On optimal filtering of GPS dual frequency observations without using orbit
information[J]. Bulletin Géodésique, 1991, 65(2): 130-143.

[9] Kalman R E. A New Approach to Linear Filtering and Prediction Problems[J]. Journal of Basic
Engineering, 1960, 82D: 35-45

[10] Takasu T, Yasuda A. RTKLIB Ver. 2.4.2 Manual[M]. Tokyo. 2013: 1-181.

[11]King R W. Documentation for the GAMIT GPS analysis software[J]. Mass.inst.of Technol,
1995.

[12]Ge M, Gendt G, Rothacher M, et al. Resolution of GPS carrier-phase ambiguities in Precise
Point Positioning (PPP) with daily observations. J Geod 82, 389-399 (2008).

[13]Han S. Quality-control issues relating to instantaneous ambiguity resolution for real-time GPS
kinematic positioning. Journal of Geodesy 71, 351-361 (1997).

[14]Bian Shaofeng, Liu Yi, Ji Bing, et al. Analysis of Statistic Testing of Elevation-Dependent
Stochastic Models of BDS-3 Satellite Observation[J]. Geomatics and Information Science of
Wuhan University, 2022, 47(10):1615-1624. (il1/b# x| — 20 & 25 Jb 2 =5 TR M E
ST E A AR SR BE AU G5 e 4 20 (0] B DUR 22 22 R (15 B R 22 1iR),2022,47(10):1615-
1624.)

[15]Hartinger K H, Brunner F K. Variances of GPS phase observations: The SIGMA-& model[J].
GPS solutions, 1999, 4(2): 35-43.

[16]Brunner F K, Hartinger H, Troyer L. GPS signal diffraction modelling: the stochastic SIGMA-
& model[J]. Journal of geodesy, 1999, 73(5): 259-267.

[17]Liu Yunpeng, Yin Xiao, Lou Lizhi. Robust GPS/COMPASS Combined Real-time Differential
Positioning Based on Elevation Angle and SNR Combined Stochastic Model[J]. Journal of
geodesy and geodynamics, 2014, 34(04):145-148. (Xl [, 75 0 & 5 A S e LU A
BE ML (470 22 GPS/COMPASS S I 22 73 5 fir 530 73 M [ K M I & 15 3 2Rk 5 )
2£.2014,34(04):145-148.)

[18]Lyu Minghui, Li Wei, Zhang Baocheng, et al. Refined stochastic model of combining elevation

12



angle and SNR and its impact on precise point positioning in high latitude areas[J].GNSS Word
of China, 2021, 46(03):15-23+53. (5 BIEL 2500, 5K 5 056 B 1 B A S5 e LU RS AL B
AURB RS o o vt 4 A 5 B s S (L RIS [ 0], A BRE A AR 46,2021,46(03):15-23+53.)

[19]Li Bofeng, Miao Weikai, Chen Guang’e. Key Technologies and Challenges of Multi-frequency
and Multi-GNSS High-Precision Positioning[J]. Geomatics and Information Science of Wuhan
University, 2023, 48(11):1769-1783. (Z= 1l W 4L, MR 56. 2 S 2 A% GNSS ks [ & fir
REEFAR L PR 1] DO 2R (15 R 240),2023,48(11):1769-1783.)

[20] Wang Ershen, Wang Heng, Zhang Yize, et al. Smartphone RTK positioning based on integrated
weighting of GNSS base station signal-to-noise ratio and joint satellite system[J] GNSS World
of China, 2024, 49(03):65-72+93. (E/RHI, EH7,5K %5 5,2 GNSS F vk (S M L& LA
ARG A R THL RTK SE (L[] 48R E A7 5 5t,2024,49(03):65-72+93.)

[21]Cai Qinqing, Zhu Feng, Chen Xi, et al. Refinement of GNSS stochastic model combining
elevation angle and SNR and its effect on RTK positioning performance[J]. GNSS Word of
China, 2023, 48(01):24-31. (5EF AR R 55 M M S E R LLIEA T GNSS BHALAR
RORE A S HON RTK E AL R BE RIS IA )] 4 BRE AL 2 58,2023,48(01):24-31.)

[22]Liu Jian, Huang Guanwen, Du Yuan, et al. Method and Application of Identifying Multipath
Errors in GNSS Observation Data Based on Prior Information of Base Station's Signal-to-noise
Ratio[J]. Journal of Earth Sciences and Environment, 2022, 44(02):352-362. (Xi/{g &M,
FLUR, 56 JE T R b A5 e L S 305 B GNSS WL Eidls 22 42 1 22 1R ) 07 v S R FH 3]
Hh R 2 5 5T 24 ,2022,44(02):352-362.)

[23]Huang Jinsong, Liu Junning, Liu Chengbao, et al. On C/N_0 of Received GPS Signal[J].
Geomatics and Information Science of Wuhan University, 2007, 32(5):427-430. (&, X1
W 3 R 5, A GPS 5 5 B LU AT T[] DU 2 224 (5 B R R),2007,32(5):427-430.)

[24] Wang Yingzhe, Tao Xianlu, Zhu Feng, et al. High Accuracy Differential Positioning with
Smartphone GNSS Raw Measurements[J]. Geomatics and Information Science of Wuhan
University, 2021,46(12):1941-1950. (E 5k, 't e, & 2% A e FHLSEHL GNSS Jit

LI (0 7R J3E 22 70 RE AV [0] DR 2 2R (5 B R 22 0),2021,46(12):1941-1950.)

[25]Huang G W, Wang D, Du Y, et al. Deformation Feature Extraction for GNSS Landslide
Monitoring Series Based on Robust Adaptive Sliding-Window Algorithm. Frontiers in Earth
Science, 2022, 10: 884500.

[26]Ma Liye. The Research on Method of GNSS Partial Ambiguity Resolution[D]. Wuhan
University, 2019. (5374 GNSS #7050 B2 555 160 72 [D]. IR %#,2019.)

ZE-S=W &

Pril: BT 200 Bt orAi I — L A 1) GNSS ZiA BEALE Y
1E#: A, FLIR, BOUSC, 20T, B

ks H 1. 2024-11-12

DOI:10.13203/j.whugis20240185

5 AR

TR, AU, L, &5 FET A5 Rt A H— A ) GNSS LG BEHLER 17,50
K2R (f5 BRFERD |, 2024, DOI:10.13203/1.whugis20240185 (WANG Mengxuan, DU
Yuan, HUANG Guanwen, et al. GNSS Comprehensive Stochastic Model Based on Empirical
Cumulative Distribution Normalization Optimization[J]. Geomatics and Information Science of

13



Wuhan University, 2024, DOI:10.13203/J.whugis20240185)

Mgk E R XENANRS EXHRESTBMERN, & UER BB %!

TG I HARAR R 3 -

ET =" R EEESREE EHRA S BN

58, 209 R, B, Viom, 5%, 50, W, 04, XINI, SEN]
DR 2224 (15 BRHERR), 2024, 49(5): 734-746.
http://ch.whu.edu.cn/article/doi/10.13203/j.whugis20220418

25 FRI a5 5 2 ) P R T 3 AL A TR

g, TR, WESC, A K, 2R, Bk

HBUR 22224 (15 BRFARR), 2024, 49(8): 1347-1355.
http://ch.whu.edu.cn/article/doi/10.13203/j.whugis20220133

AR B 2 VR B RS SRR A 7L

AR, AL, EReZE, B4k, s2v, IR

UK 2224 (5 B RFERR), 2024, 49(8): 1482-1491.
http://ch.whu.edu.cn/article/doi/10.13203/j.whugis20220149

14



