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Intelligent analysis model of landslide displacement time
series based on coupling PSO-GPR

XU Chong, LIU Bao-guo, LIU Kai-yun, GUO lJia-qi
(School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract: Gaussian process regression (GPR) takes advantages of programming easily; self-adaptive acquisition of hyperparameters
and prediction with probability interpretation. At present the hyperparameters are got by maximizing likelihood function of training
samples based on conjugate gradient algorithm. However, the algorithm embodies the disadvantages of too strong dependence of
optimization effect on initial value, difficultly determination of iteration steps, easily falling into local optimum. On the basis of
mentioned above, particle swarm optimization (PSO) was used to optimize the hyperparameters of the GPR then formed the
PSO-GPR coupling, and the corresponding source code was programmed. So the PSO-GPR with the neural network covariance
function (NN), squared exponential covariance function (SE) and rational quadratic covariance function (RQ) is respectively applied
to analyze slope displacement time series in order to test generalization ability of the algorithm. The analysis results of slope
displacement time series show that the proposed PSO-GPR based on different single kernel function are all suitable for all kinds of
slope deformation analysis and difference of prediction accuracy is little based on different single functions. Furthermore, the problem
that there is differential the regression and generalization ability of kernel machine with different functions is solved; and the kernel
function compatibility with different data is boosted.
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Fig.1 Flow diagram of the PSO-GPR algorithm
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Fig.2 Typical curves of landslide time series
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Table 1 Measured displacements of monitoring point
TP/BM11GPO02 of permanent ship lock slope of

Three Gorge Project
W /AR A /mm MR/ -H O 2B /mm

1996-11-15 0.00 1998-04-12 8.43
1996-12-14 0.05 1998-05-16 7.54
1997-01-14 0.79 1998-06-14 10.99
1997-02-15 0.40 1998-07-13 10.16
1997-03-12 1.13 1998-08-10 1233
1997-04-15 1.79 1998-09-16 14.00
1997-05-16 1.46 1998-10-08 14.45
1997-06-15 1.37 1998-11-09 16.05
1997-07-14 1.94 1998-12-10 17.52
1997-08-16 2.32 1999-01-08 20.11
1997-09-15 2.53 1999-02-04 19.24
1997-10-17 3.72 1999-03-09 2241
1997-11-18 4.18 1999-04-09 2245
1997-12-10 5.18 1999-05-15 23.75
1998-01-14 5.71 1999-06-15 23.24
1998-02-14 6.26 1999-07-15 2295
1998-03-16 7.73
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Table 2 Measured displacements of Wolongsi

WM /AR - A% /mm W/ 4E-A-H O R JE/mm
1971-03-25 7.0 1971-04-15 16.1
1971-03-26 7.3 1971-04-16 16.4
1971-03-27 7.8 1971-04-17 172
1971-03-28 8.2 1971-04-18 17.6
1971-03-29 8.4 1971-04-19 18.2
1971-03-30 8.7 1971-04-20 19.0
1971-03-31 9.0 1971-04-21 19.2
1971-04-01 9.2 1971-04-22 20.0
1971-04-02 9.4 1971-04-23 23.0
1971-04-03 10.0 1971-04-24 24.0
1971-04-04 10.1 1971-04-25 252
1971-04-05 10.3 1971-04-26 26.0
1971-04-06 10.4 1971-04-27 27.0
1971-04-07 10.5 1971-04-28 282
1971-04-08 10.8 1971-04-29 30.0
1971-04-09 11.1 1971-04-30 31.0
1971-04-10 12.0 1971-05-01 32.0
1971-04-11 13.0 1971-05-02 33.0
1971-04-12 134 1971-05-03 42.0
1971-04-13 14.0 1971-05-04 47.0
1971-04-14 15.0 1971-05-05 61.0

K3 HETERY G A ENEER
Table 3 Measured displacement of monitoring point G, of
permanent landslide of Lianziya

IBIE/AE-H AR /mm I /4 ZZJE /mm
1978-12 10.32 1984-12 47.16
1979-12 26.96 1985-12 4838
1980-12 34.07 1986-12 49.95
1981-12 38.65 1987-12 51.75
1982-12 4298 1988-12 52.50
1983-12 44.93

43 WEERIT
HIK 4. 6 [ANEBIMEA-F- IR R 2248 bR
A, RH] PSO HEAT 4% ZHifb J5 GPR AMEET
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PR GA)YFIAR G FHubh BEVL ) GPR, b5 T BR EEVEA)
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GPR A7 3 Mg, FET- 3 Tk ek 5 ) i i
ZERTAET 10%3831 73950 0 13 1 8 I3, 1 PSO-GPR
R 7 T,
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Fig.3 The curve of evolutional fitness value as iterative step

TERZ R BORETT I, To R R 8L
ERRAALAL 75, AT SE F RQ R4 p %, NN #%
PR R I AMETINGE Ty, DORL P REDUAL
ROR G BARSREL, AEXT Mgy Mk 1 B i
AN HETII IS B SR AT e N R, il 7.62% A
1.07%, 1M RQ AZ BRI =iy I S HE SRR 5 T
NN, Hy 4.89%. 53— Jrifi, L5 SCHR[4]F 2 T30 FF 1)
FHHL(SVM) I IE 1% R B — 2 X 5 s i 1R 2%
P20 A 4% pfi 8 (linear combination of polynomial and
gaussian covariance function, fij#X LPG)fHLL, J5#
Xof B SFIX 2S AT SRARARF I (1) T 3 T8 A M PRI 4

R4 ET PSO/GA-GPR AR i = F TR A MET
Table 4 Extrapolation forecast of three landslides based on PSO/GA-GPR with three kernel functions

e o BT GA-GPR AMETIAE K/ mm PSO-GPR SMHEBUIAET /mm  GPR AME RN, /mm

T BB .
/4E-H-H /mm NN SE RQ NN SE RQ NN SE RQ
1999-02-04 19.24 21.08 24.64 2451 20.74 21.15 2057 2080 2076 2076
1999-03-09 2241 20.58 20.51 20.51 20.30 18.80 2096 2154 2142 2141
SO 1999-04-09 2245 2387 2347 2345 2421 2357 2355 2343 2335 2335
Il i 1999-05-15 23.75 23.95 2387 2384 23.86 22.88 2316 2450 2434 2432
1999-06-15 2324 2452 2443 2443 25.04 24.92 2483 2562 2598 2531
1999-07-15 22.95 2429 2427 2426 24.09 2277 2252 2599 2597 2499
1971-04-30 31.00 31.49 31.56 31.59 3143 31.48 3145 3117 3028 3046
1971-05-01 32.00 32.00 3242 3241 3237 32.25 3227 3257 3161 3179
N 1971-05-02 33.00 32.86 33.35 3334 33.23 33.05 3318 3385 3267 3290

Bl e S50 b

1971-05-03 42.00 33.82 3432 3432 3423 34.04 3494 3500 3359 33386
1971-05-04 47.00 37.25 36.48 36.5 37.23 37.41 3674 3859 3894 3899
1971-05-05 61.00 56.27 56.88 56.57 59.07 57.83 5651 4424 5475 5385
1986-12 49.95 50.06 48.59 47.78 4932 49.16 4919 4933 4721 4739
BT 1987-12 51.75 51.06 50.17 51.17 50.85 51.82 4940 5071 4911 4939
1988-12 52.50 53.56 54.42 53.02 52.59 53.77 5265 5248 5151 5259
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Table 5 The optimal hyperparameters obtained by PSO-GPR during the each training process
; . NEEEERIEEE
W Ik — e <
S HAZG S
0, [ 03 0, [ 05 0, 0, B 0,4
1~27 88.668 638.422 0.433 20471 617.204 0.371 94.340 1571.4 36.281 0.373
2~28 14912 14.984 0.425 4.491 3.550 0.564 4.539 3.077 2.465 0.518
— gk A 3~29 147.983 2567.02 0.370 107.308 2077.7 0.373 92.851 1092.4 54.435 0.371
I e i 4~30 45.227 48.477 0.892 7.257 8.008 0.502 10.624 5.751 4.032 0.548
5~31 32.655 35.005 0.689 20.213 13.076 0.981 19.165 7.382 8.150 0.542
6~32 11.898 11.147 0.666 5.966 4.881 0.518 5.414 4.2892 3.538 0.397
1~36 340.665 31682 0.371 18.848 79.599 0.384  136.620 2057.6 9.194 0.369
2~37 41.368 41.368 0.483 8.541 18.001 0.409 22.493 20.053 12.255 0.379
fib e 3~38 31.655 53.474 0.424 14.150 16.387 0.780 21411 12.640 8.137 0.463
B 4~39 30.435 36.086 0.417 20.154 17.988 0.925 17.397 13.902 5.892 0.764
5~40 316.809 10649 0.372 108.386 606.497 0.373  101.038  405.694 267.629 0.372
6~41 15.975 6.777 0.388 3.695 10.796 0.531 4.851 8.968 3.021 0.379
1~8 3.339 3.132 0.435 10.372 8.394 0.487 9.067 6.023 5.377 1.593
BT ER TR B 2~9 4.197 3.097 0.690 12.386 13.656 0.841 10.453 9.867 5.511 1.132
3~10 5.206 5.492 1.243 11.694 7.140  0.9230 12.572 8.809 5.402 2.298
K6 REGR
Table 6 Error based different kernel functions
ARV HETIN R 22/ %
e . PSO-GPR GA-GPR GPR
WS R o o o
. NI e . NI e . s R
I SUN S UN S AR GO =10 KR BMRE TRE =10 I SUN S UN SR GO ~10
= e A A NN 9.42 0.46 6.37 0 9.56 0.84 6.04 0 13.25 3.16 7.17 2
i SE 16.11 0.78 7.12 1 28.07 0.51 8.74 1 11.79 2.48 7.29 2
tl A RQ 6.84 2.48 4.89 0 27.39 0.38 8.59 1 8.91 2.40 6.09 0
o NN 20.79 0.70 7.62 2 20.74 0.00 8.33 2 27.48 0.55 11.16 3
V‘,‘\mi SE 20.40 0.15 7.88 2 22.38 1.06 8.60 2 17.15 1.00 8.66 3
Biih i RQ 21.83 0.55 8.14 2 22.34 1.03 8.68 2 19.38 0.30 8.47 3
NN 1.74 0.17 1.07 0 2.02 0.22 1.19 0 2.01 0.04 1.10 0
BT T I SE 2.42 0.14 1.38 0 3.66 2.72 3.14 0 5.49 1.89 4.16 0
RQ 4.54 0.29 2.17 0 4.34 0.99 2.15 0 5.13 0.17 3.29 0
gt 5.18 7 6.16 8 6.38 13

U, h 6.51%, MEET EHBOXRMEGHEEA A5

I 4T+ GPR iz AL RE

s SMETIN SR 2, 2 2.39%. 11 NN 235314 BEARTE, NN AR BRG], ek 7R
7.62%1 1.07%. {H NN %050 5 5 2500, 466 R BO AN RIS SRR E B e vk, RER AT 2%
Sy, 1 LPG BAT 3 MESHHA THE LPG (5 N TR R B 80k, IR T
— B A BRSO IRE . MORSCER I I T AR I R e 3

NN R BREO0 3 SN e 0 BeAT — SUfd A e, 5 4 B

P8R T A BR O AN R B SR R e A HL =

e B S A B P i TN 5 RQ 22 PR ANAE (1) PSO SLLRAgmRe AR 8, (4 S H0D

1.5%LA o

MASCHE R PSO-GPR S3f0i Gyt . A3 3%k
R, B 3t S A B e 1 18 N
JEAHARAAFAIE M2k et T PSO-GPR HAT i (1) 4k
el SieRe 7y, b, & R FEARI R Y05 152 PSO
X GPR ML S50 FLIRE, I AR 2= B kAR
BN, FEL T 100 AR 5wl RESRAF R A i
BTN TR, HSHGRBRmxK 4 Fral,
S TN s AR T — U R H PSO Ak g8 4t

(E R, SRR BE B L0 B VA4 S
TR S R S 40 ROk S T LR FE R BB, R
Tz H T GPR S5 v, A4 e
TR BIE 2 A BE

(2) A[RAZ R EGE WA R LA 1R 2 ) RIS MR
77, ARV A SCR A AN R — 1% pR o Bk
TR, 3 A% bR E S MIETRINRS FE f5 K
A2 2.23%.

(3) ACHEHI PSO-GPR HikZ 3 Py



6 M e

P TR TR RS 5 SO S GBS 4T O e

1675

TS B, il gk T AEAN RSN 3> M IR

$_

B R BRI 27 21 SAMIERE DI A7 AR R 72 5

PEFR I R, 3 1 % o 8O0 AN R B0 2R B ) e

P,

A

U RARRFPE I AR I 70 M, NN Ao e

JEIEF Ul K A o] o P 3B I R A 5 R B T

B R 243 AN 6.37% 7.62%.

(2]

(3]

2 % 3 MR

e, AREERY, EALE. WS S g K
RGBT I, 470055 TREAR, 2005,
24(22): 4100—4155.

XIE Feng, ZHU Lu-ming, WANG Li-zhong. Modified
grey system forecasting model and its application for
analyzing information of landside monitory[J]. Chinese
Journal of Rock Mechanics and Engineering, 2005,
24(22): 4100—4155.

Ko, AN, e, A RUEHLRRIE B A AR AT IR
J65 BP MM T [I]. - Ji%, 2008, 29(5):
1243—1248.

ZHANG Meng-xi, LI Gang, FENG lJian-long, et al.
Coupling analysis of surrounding rocks in double-arch
tunnel by FE and BP neural networks[J]. Rock and Soil
Mechanics, 2008, 29(5): 1243 —1248.

A, FRERH, S, 55 /NBC BTN RBF #hEe R4S
A M RE PR TN ) B W FE[0). A %, 2008,
29(7): 1917—1922.

LI Chang-dong, TANG Hui-ming, HU Bin, et al. Research
on application of wavelet analysis and RBF neural
network to prediction of foundation settlement[J]. Rock
and Soil Mechanics, 2008, 29(7): 1917—1922.

O, RSAK, VAT TSI I T A% o K
. &1 1%, 2008, 29(4): 1087—1092.

DONG Hui, FU He-lin, LENG Wu-ming. Kernel design
for displacement time series of landslide[J]. Rock and
Soil Mechanics, 2008, 29(4): 1087—1092.

SR, IR, KN K, AF BEFTAIAS IR A 4 T i
AR VAL VI REE AR, 2007, 32(2): 223 —226.

SU Guo-shao, YAN Liu-bin, ZHANG Xiao-fei, et al.
Time series prediction of foundation pit displacement
using Gaussian process method[J]. Journal of Guangxi

University, 2007, 32(2): 223 —226.

(6]

[7]

(8]

(]

[10]

(11]

[12]

[13]

SRR, RUKAE, MM, o AR AN T ) — Tl
JRED). AT N TR, 2007, 2609 1): 3509
—3513.

SU Guo-shao, SONG Yong-chun, YAN Liu-bin. A new
method for forecasting of blasting effect in rock mass[J].
Chinese Journal of Rock Mechanics and Engineering,
2007, 26(Supp.1): 3509—3513.

RS, TREE R, SRR, s el R SH ) AL
{1 2 N e AT LA B ). A R S 2, 2004,
33(6): 754—1757.

XIONG Zhi-hua, HUANG Guo-hong, SHAO Hui-he.
Comparison and application research on soft sensor
modeling based on Gaussian process and support vector
machines[J]. Information and Control, 2004, 33(6): 754
—757.

KENNEDY J, EBERHART R. Particle swarm op-
timization[C]//Proceedings of IEEE International Con-
ference on Neural Networks. NJ: IEEE Service Center,
Piscataway, 1995: 1942 —1948.

SHI Y, EBERHART R. Empirical study of particle swarm
optimization[C]//Proceedings of International Conference
on Evolutionary Computation. Washington USA: IEEE,
1999: 1945—1950.

W, i, ARG BORIREEA M. et B
fiztt, 2004.

RASMUSSEN C E, WILLIAMS C K I Gaussian
processes for machine learning[M]. Massachusetts: The
MIT Press, 2006.

WILLIAMS C K I Prediction with gaussian processes:
From linear regression to linear prediction and beyond[R].
Birmingham: Aston University, 1997.

MIFz, MIORE, fRph. T2 & ek Hom nd
e [ A S0 1R 30 S AR 2 AR TR I 23 2 E RS2 ().
FAT 5 TRE2AAR, 2009, 28(10): 2128—2134.

LIU Kai-yun, LIU Bao-guo, XU Chong. Intelligent
analysis model of slope nonlinear displacement time
series based on genetic-Gaussian process regression
algorithm of combined kernel function[J]. Chinese
Journal of Rock Mechanics and Engineering, 2009,

28(10): 2128—2134.



