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Fig.2 Snow avalanche distribution based on remote sensing interpretation

AR FH ) 3 B HE U 2 22 Landsat 5.7.8
%, ALOS DSM(12.5 m 43 #E%) I T35 A M JE s
SRS, VK 4 B 558 FH T 50 5 e g DX s 1 oK) 1
RTEE AR LA G RE MY . 5 H 2018
AR 1A RISK, Je)E S IR T X PRI JE A . H
T2 IR ST RS R BRI A, 25 A SOk BT
L, B EIE B A HE RO R AR R A S A
s 25 1 Bl DX SR 4 o0 A R A T SR
PRk s Ji 3 R B IR A 32 B T R A R 45 R

MR . 763 BAR R DR T 562 MR s A,
T B AR AR ISR, B BR T 26 N EEIRFEAS . IX 26
SRR FZ A, ST 5 A —
(AR DL 22 Ak, 7 BV B 35 B 25 5 A R UL A
o 2,35 536 AT A A [ 2(c) |, il
it GIS FEHLAE A5 5 A A 7] A5 £5 it A B HL S AR
AT HIREA (5364 ) , AL T 1 072 ANEEAS 1 £ s
£ Hod, BEHLIHEL 846 4~ (80% ) FEAS F F L% 2%
MR AT 2264 (20% ) FEAS FH TR ARG 56, Y11 2k



6 ) 3¢ AR FET AR T 1 BT R D L R B i 5 R Y 1697

TR 7S TS 65 0 AR v B 5 9 R AR AR 5 i A A i
AT o

2 N EFRIES SR ETMRE

2.1 TEMBRITIERE

WA B ITIE S il o BRI 7 R )
RAEVE TR R LA A BT . B RN TR X
WE RS RN — B HAr, 5
RAEVEAN BT A A% BT R BRI AT T A
W% ST Rl o TR S AT W HofE et o Rt
AR S MRS SR ITAE A PPN 43T BRI . A, A%
RSF RN W by VRN S5 RS . % 1E
FHFFE X BRI O, PEEL 100 mx 100 m AIAHS T,
L3+ 713 0334 A& T

2.2 WFHEFRRSHiE

ERIE R R R R L QGRS EE 5
M R/NSGIEMR EOKR EE TR R HE
5 BERE B AR AR 25 R I A R S A
5 A A U] A UEVA FoR, X
SERZ 0 PR 2 AT LA 9 R R Mg R RS B
FEME S A R o A B 9 H BN 25 31 [ 7
(AR M, B H B 75 45 4 T 114 B W 25 J9 I I 2 12F
RES B AL RG> I, ST LA 17 40]
FE LR R R A AR R B | B T R
R MG R AREE T AR B M R D) ENR S e R
AR S B MY N R B R S AR A K R (R
WEEE R ) (W2 (RER 2 EE B P IAERE S i
PIERES B E AR R RS TR
TR AR, HBHRIR IR 1R

R VU SRR

Table 1 Evaluate factors and data sources

PIES PO IA T

Bt s

TR R T TR AR R DR AR VI EARE . ALOS DSM(12. 5 m 43 BE)

Wk e
TN R R RN IR R

RMERG FRPAERET R CPRAERET B R A TR
BEREE AR RS R

RS IX 1 J i 453 ST 30 45 (1 R B e i {1
RS IX I JE 45 3 T 30 45 i R B e T {1

KFZ

W)=
B AR A
AT H I

S 3 A L SRR SRR S R GE I 125 T7 A FF LR
fith 1 FR AR

1:20 7 X st 5 €1

Landsat 8 T2 5214 5

G ] 3t B A L R SRR S5 R G0 30 m A Bk R

Gy A R 1 1 8 5 22 5 SR BT Bl 22 )
()2 b . 22 AL AR P R AR B v ) i R AR
2 (6] T A7 R B A 56 06 2R B8 S A SR S R
25 BN & MHERR ™ . AR SR 7 2 Kk 7
(VIF) K 5 PEAN PR 7 22 (8] 1) 22 df SRRk | O o Hh o
HER A PEN X F o VIF AU BUE K T 1, VIF{E #d%
F 1, ZE LR, ) 2 TR, DL 10/E A
Wi Bt o 24 VIF<10, N7AE 2 HILZME 2 10<VIF
<100, 7775525 (1) 2 B L2k M 5 24 VIF=100, 1778 ™
A F LM o RO 2RO A S A AR
W T PR T (A R T S R s W, 25 S an 1A 3
FIis o MRS BR VIF B i R R CP4ERE S &
TR YRR B ) | e 20kt L oR B ok
li] b 2R bR B MR DD EIR B | AR AR
SRR IR R A M E S R KR W2

RS HEC A FEARR RO R M
TR HH 14N R o FEBI R R
o SRR RS T SRR OGRS |, [, )5 R
KIRE R B AR R I IE AR DG OC &R, P A A ™
ZE IR SR B MR R MR R AR S
Hi I Ho 55 (K - £5) 5 DSM SE itk %5040 38 3 GIS 2 [R] 43
B ARAT , DRI AG: 35 4 3k M P B AR B WA A A 2
ALV . R E AT IR VIF(EY
ANTF 10, Hirf iR KA N 7. 205, Fe/ME A 1. 014, 3 12
Z B I IR
2.3 FMiEE
2.3.1 SZfFIEEPL(SVM)

SVM (Support Vector Machine ) Jg& — Fj & F &%
) DRI /N A D D g o 2 M 2 &) A A S A e
B O T e AR R . SVM



1698 K I

7 + 44 %

BRI I R T
P VIF P T VIF
Wit 24.893 Wi 24.021
P 5.152 B 5.150
i 1.043 i 1.042
SRR 1.016 Hi R 3 1.015

WBERE | 19932 WEERE | 1979
MmEHEE | 4371 « SEHREE | 4.366
HELIEITRIE | 5878 ’5“@;;9@ W BTEGE | 5855
BRBRE | 15609 |—— % T ERGREK | 15658
WBEERE | 1266 WBELRE IR | 1.266
W R | 1882 W E IR | 1881

KZE 1.517 KZE 1.471

¥t 2= 1.122 ¥t )= 1.114
PRI SR 1861201 AR B 7207
IR HB] 17,550 — G | 19873
—H IR | 21.468 BRAREEE | 10441
FEAFBIEEE 1591551 WEEEET | 1618

E=3
MEREERA | 1782 — l
bz sv il R EHET VIF
M ET VIF ok 5.111
R 5.102 Yhih 1.042
Bl 1.040 Hi i 1.015
[TETIES 1.014 MERIRE [ 19.641

HEHLREE | 4.340
HADIHIFE | 3.060

HE RS | 4.350
HADIHIRE | 5.804

AR RAN | 4352 | MR CWE TEmsazg 1490
WERRERE | 1257 |« 2™ Cupmms | 1260
Wt | 1813 WVt | 1813
K& 1.421 K& 1.427
W2 1.103 =S 1.107

PEHI4ERE T H Bk 7.205
—HFEHRE | 2.995
BABEREE | 7014 BARBEREE | 7.093
HREEAR | 1.608 MFEELR | 1.610

K3 T R e
Fig. 3 The Selection process of snow avalanche

PR H | 7.206
—H PRI | 3.556

conditioning factors

P4 S5 A i B R 3 o TS HE B I AR M G R A
T £ W S5 1) g A R 1 2 [, I A % 4 ) b T 4R A
A3 8 R 28 22 [ A 43 2 X ) e KA, X
A OCR AT
fx)=[oxgx)]+b (1)

o 2 i 4 2 [B) 1T B R AE ) i 5 S IR 2
V) 28] i 24 235 V) A 400 P S5 R B b 2 AL

SVM i S5 A% PREL I A i o A% PR 2 2 ]
TR AR , £03E Sigmoid 2% R Bl R 1] LA bR L
(RBF) . Z I A% e 4k R MEA% RS . 383 RBF
AT LKA AR S 380 v 24 4 T, 6 3 e M A A 11 T30
AT AR RBOER. F 5 kN & —1
MY ) 37 Z2 o R 2R 5 () FE R PR IR, DRIk, A S
Ve RBE1E A% %, RBF A28 I 3 5 A2 4 53 A
T C AR ) HE bR B Sy 52
2.3.2 YURM(DT)

DT (Decision Tree) =& —Ff I T 43 25 F1 B 19 1Y

S HCH W 2 ik HH bR R A g — B
3 2o 2% ) DESCHE AR v A BT ) FRT B R SR 0 ke
O B bR A R . AR 3R A Python 1 A
“Scikit-learn” JEP i 1 e Sk A & 3 L Scikit-learn 77
PR PR B v T 19 J& CART B vk i Ak il As , H:
SR SE BRI TR B O e R B .

15 B R i A5 B A BLRR B, 1R B B L
(BN ) E BRSO Rz, 5 BN . B e
BT ] AR AR Y ] B 3 P BT R RS AR ) £ 0
e RFE TR ARG B REE N, AN
afi R AR, FRRAE B . X RN B 25 (32 IE 47 A
S o WAL ZEAS BRI B L SRR 23 A K %)
My e AN JE R bR B A, B0 ELRNRA 2 (R
AT IE . XFER SRR A 2 AR s LG TR) R
R TR A A Bz A 7 PSR AN ST Y
S, FE U K B R A ) e KGR B PN R T AN P
O3 T e /INFEAEI 1 R DA S SR
2.3.3 ZJZEMEE(MLP)

MLP(Multilayer Perceptron) & —Fh i 15t i A T-
P28 D 28 AR | T 22 i A KSR AR S 38 B A
AR AR (1 4) o RN 28 e~ 2] 2tk R 8K,
11 MLP 3 7] D)2 S AR pR 50 3 755 13 2 &
PEPEA X JE AR LR ) . MLP 1) 350 32 224 [
JE R 2 o S PRBCIEBIAE . T PR
YER R M AR LM S A& o . MLP A] fifi i
AEAR T 2 ) 3 BRI B, (ELJ N T P I 1) A% 16 55
EATARLE D, O PRBOV A BR 1 S P e, H
FH A0 PR ECA Sigmoid \ Tanh Fll ReLU %5 pRi %% .

(REz) (HdE)

N

—\
K4 MLPRRILSH R K

Fig. 4 Schematic diagram of MLP model structure

— Ffil{ E>0
RAMALE<O

8
b
8
d!
o
g
8
h
il
J
I
1
|

2.3.4 Ki4&Birik(KNN)
KNN (K-nearest neighbor ) j&— i 1o $% 2| 7E 1
BB AR 1 — Sl AR I DL S



6 ) SO PEAR JETHLARS: DR TR R 6 B R P B 5 AR TS 1699

FEAR TN S B RE AR AR 2 7 1 A 2Rk
Fer, KNN FAR R 53 1 — A2 2NN Rk AR i) 2
SR TTAE 7 A A 2800 . KNI J7 3k SEUR ff o
Oy T, R R Z A R R BRI o i X
— AR IR AR EL T B B RN SRR AR 1
PR S, A BESRAS B MY kA B SBI mi o KNN 32 B4R
T JE B BR A AR SBREAS | ko H 1) B A B % 2 5 EE A
T HCE Y o BRI kS A R S A R M) R 43
KN FAIRLTEW . — KB, KNN A FE 4
DU UAS SRR

O 5B X B 21 T oAb 2

QT3 40 2 5 HAR I 2R e A i 2 1] Y
HE 5

QX R B HE T SR 5 S BRI B /N k
ARG

DR /BN Z2 B0 ) A 1R 53 25 s 4l 4y

R kAR R 2
2.4 HEEBEERE
2.4.1 Kappa &%k

Kappa 72 £k 55 I — i FH TR V6 P A 05 7 3
W25 55 50 PR — B0 1 i . Kappa 7 80k 50 2
FHIR VS JE R Sl T3 Kappa 280, 5 B iE B 4 H i
TSR L 1, AR B AR IC 0, 155780 (14 7
DIE 5 SEPRE ) R AR 2 s .

K2 SPR{ES BEDC AR B9 R
Table 2 Binary table of the relationship between actual

and predicted values

FEbrE e ETRILED AR
1 1 N,
1 0 N,
0 1 N,
0 0 N,

Kappa 25 E AR UT -
P,-P,
) 2)
o p A R TN o IE A 0] S B RE A RS B AR
Bzt ArEARIT
N, + N,
N, +N,+N, + N,
PR T 532 vh AR AR SEBR R AR £ ofe
FRZ N BRSO Z L R AN
o (N NN+ N+ (N, N (N o)
o (N, + N, + Ny + Ny W

Kappa Z B I 7E -1 3 1 Z 8] , % (88 % KT

Ka =

P, = (3)

0o FI(E B A, 10 BH V4 A5 280 1 o 2 o v
Kappa Z 5508505 DX 0] DL R SRR 3.
#3  Kappa ZEUF AUC (B8 X 8] K 7 X

Table 3 The ranges of Kappa coefficient and AUC and

their significance

Kappa Z 5 AUC
[X [ BY IX.[i5] =94
[0.8, 1] JLP e 4 —3 (0.9, 1] FRADHES BE 15
[0.6,0.8) WEM—ZME  (0.7,0.9] FHAEKEERR
[0.4,0.6)  HEERM—FHME  (0.5,0.7] BEEDEEEERT
[0.2,0.4) —fm—2tk [0,0.5] JE (e
[0,0.2) AR i — Btk

2.4.2 ROC i

ROC i & (Receiver Operating Characteristic
curve ) s AR5 X AL ) B BH M 38 CREUBREE ) T Y il |
(A BH P (1= S ) AN (] s {8 Ak A B 1) TR
BRI DE RS B o SRR R SR S T |
o R TF 0 W = g AL S A A A (ELX PR A
FEARIFASAE Il s A A M i 1) R AR ME R 1 L T A — i
K AUC (Area Under Curve ) {i ¢ 6 56 455 UK 7
AUCH /21 ROC il £k 15 A byl il g ) T AR, J2: 31
BT R AR ERE I AR . AUC HESCR O,
1], 4 AUC {88 B2 30 1 3% W55 20 33 0 o off P B
o AU X ) M ORI ER 3. AP T
WA S PR o

3 EEBREEMERSITIE

3.1 EFHSEMIEYH

i F GIS V- 15 45 VI 2 A I TE A A 11 45 3
B B B {8 42 B Ok, 1 B T Python 1 5 1 H
“Scikit-learn” " H1 f) SVM , DT . MLP Fl KNN %
Bk i 5, A A i FH 4% 48 2% (Grid search) 5%
HATSEF . BREHE IGE R T A GIS i
A . FE SVM B AU | 2ok A R RS T
THSECH 1,y 0. 1, BAFSE X 45 MRS 200
RN T 5 I AR RS 385 kPS8, e
2T 5 5 KRR SR A 6 (a) Frn , HAE BN
[0,0.964]. DT A i AREAHITINGZIE A
SRS 2 FN 66 5E T AS R o FERFAE S HL A
SRS BT B TR BRI B
KGREE R 32 o BN s s 0 e NREAS R
25 M R B B e/ R BN 17 PR R N .
BRI i by R PR FR AR a1 6 (b) s , HAE BN



1700 7K i 7 + 44 35

. mvaeill
KRG
— (SVM)
R, VS ;
SET A LT 80%, (DT) L | AEREIE
e S || e
ZEBAR ||
0 M
i | |KappaZ
K4S 3 ;ggaﬂﬂéﬁ
—

KI5 55 R PEEO iR A

Fig. 5 Flow chart of snow avalanche susceptibility evaluation
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Fig. 6 Snow avalanche susceptibility index maps
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Table 4 Kappa coefficients and relevant values of

the prediction results

SVM DT MLP KNN
N, 102 98 98 105
N, 8 12 12 5
N, 2 34 19 30
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Fig. 8 ROC curve of prediction rate for the four models

with validation dataset
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Snow avalanche susceptibility evaluation in the central Shaluli Mountains of
Tibetan Plateau based on machine learning method

WEN Hong'?, WU Xiyong®>, ZHAO Siyuan’, BIAN Rui’, ZHOU Guiyu',

MENG Shaowei’, SUN Chunwei’

(1. Faculty of Intelligence Manufacturing, Yibin University, Yibin 644000, Sichuan, China; 2. Faculty of Geosciences and
Environmental Engineering , Southwest Jiaotong University, Chengdu 611756, China; 3. State Key Laboratory of Hydraulics and
Mountain River Engineering, College of Water Resource & Hydropower, Sichuan University, Chengdu 610065,

China; 4. China Railway Eryuan Engineering Group Co. Ltd, Chengdu 610031, China)

Abstract: Snow avalanches, which are widely and frequently developed at high elevations, seriously threatens
the built traffic corridors in the Tibetan Plateau. Susceptibility evaluation of snow avalanche via machine learn-
ing model with a high forecast accuracy can be appled to quickly and effectively assess the regional avalanche
risk. This paper took the central Shaluli Mountain region as the study area, in which the snow avalanche invento-
ry was established through remote sensing interpretation and field investigation verification. We quantitatively
extracted 17 evaluation factors via GIS-based analysis, and these factors were selected through the variance ex-
pansion factor (VIF). Four machine learning models containing SVM, DT, MLP and KNN were used to com-
pile the susceptibility index map of snow avalanches, and kappa coefficient and ROC curve were used to verify
the accuracy. The results suggested that the susceptibility indexes obtained from SVM, DT, MLP and KNN
were in the range of [0,0.964 ], [0,815], [0,0.995] and [0, 1], respectively. The accuracy test results show
that these four models all have good prediction accuracy. Among them, the SVM model is the best. The results
also indicated that the areas with the high snow avalanche susceptibility mainly distributed in Genie Mountain
and Rigong Mountain, most of which were above the planation surface of the Tibetan Plateau. The average alti-
tude of the extremely high snow-avalanche-prone areas is 4 939 m, while the average altitude of the high snow
avalanche-prone areas is 4 859 m. The snow avalanche has low perniciousness on the Sichuan-Tibet Highway
and the Sichuan-Tibet Railway in the study area. This study can provide theoretical basis and method reference
for disaster prevention and mitigation of snow avalanche along Sichuan-Tibet Railway and other major projects
across Shaluli Mountains region.

Key words: snow avalanche; susceptibility evaluation; machine learning; Shaluli Mountains; Tibetan Plateau
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