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Landslide Susceptibility Assessment Model Based on Positive Sample
Buffering with Transformer—CNN Integration: A Case Study of Baoji City
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Abstract: Objectives: Landslide susceptibility mapping (LSM) serves as a fundamental tool for geohazard
prevention and regional planning. However, the accuracy of LSM in complex geological environments,
such as Baoji City, is often constrained by two primary challenges: The scarcity of historical landslide sam-
ples leading to poor spatial representation, and the limitation of traditional convolutional neural networks
(CNN) in capturing long-range spatial dependencies. To address these issues, we propose a novel frame-
work that integrates a positive sample buffering strategy with a hybrid Transformer—CNN model. The pri-
mary objective is to enhance the spatial representation of landslide samples and effectively fuse local and
global features to improve the predictive performance and interpretability of LSM. Methods: First, to over-
come the limitations of point—based sampling which fails to reflect the actual spatial extent of landslides, a
dynamic buffering strategy was implemented. Based on the scale of historical landslides, variable buffer ra-
dii ranging from 90 m to 130 m were applied to expand positive samples from isolated points into spatial

polygons. Second, a total of 13 conditioning factors were selected, including topography (elevation, slope,
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aspect, plan curvature, profile curvature), geology (lithology, distance to faults), hydrology (distance to
rivers, topographic wetness index, rainfall), ecological environment (normalized difference vegetation in-
dex) and human activities (land use, distance to roads). Multicollinearity analysis, utilizing both Pearson
correlation coefficients and variance inflation factor (VIF), was conducted to ensure the statistical indepen-
dence of these factors. Third, a Transformer—CNN coupled model was constructed. The architecture utilizes
a CNN backbone with a 15X 15 input window to extract high—-dimensional local features, which are then se-
rialized and fed into a Transformer encoder. The Transformer employs a multi—head self-attention mecha-
nism to dynamically weigh the importance of different spatial positions, thereby capturing global non-linear
interactions among factors. To rigorously evaluate the proposed framework, a total of eight experimental
scenarios were designed, comparing the performance of random forest, standalone CNN, standalone
Transformer, and the coupled Transformer—-CNN model under both buffered and unbuffered sample condi-
tions. Furthermore, the Shapley additive explanations (SHAP) algorithm was integrated to interpret the "
“black-box” decision process of the optimal Transformer—-CNN model, quantifying the contribution of
each factor to landslide susceptibility. Results: Experimental validation demonstrate significant improve-
ments in both model robustness and prediction accuracy. (1) Effectiveness of buffering strategy: The applica-
tion of the buffering strategy universally enhanced the performance of all tested models. Specifically, the area
under the curve values for RF, CNN, Transformer, and Transformer—-CNN increased from 0.834, 0.852,
0.847, and 0.875 (unbuffered) to 0.883, 0.913, 0.926, and 0.959 (buffered), respectively. (2) Superiority of
the hybrid model: The proposed Transformer-CNN model consistently outperformed single=structure models
in both experimental settings. In the unbuffered scenario, it improved the AUC from 0.852 (CNN) and 0.847
(Transformer) to 0.875; in the buffered scenario, it further elevated the AUC from 0.913 (CNN) and 0.926
(Transformer) to 0.959. (3) Interpretability analysis: Based on SHAP interpretability analysis, it was further
revealed that lithology, annual precipitation, and slope aspect contributed most significantly to predicting land-
slide susceptibility in Baoji City, with contributions of 0.55, 0.47, and 0.43, respectively. The interaction
effects among these three factors were significant. Conclusions: The positive sample buffering strategy ef-
fectively mitigates the issue of insufficient spatial representation in historical inventories. The Transformer-
CNN coupled architecture successfully overcomes the intrinsic limitations of single—structure models, offering
a state—of-the—art solution for complex non-linear geological modeling. This study establishes a robust
framework for landslide susceptibility assessment in data—scarce regions. These findings provide actionable
scientific insights for local disaster mitigation and land-use planning.
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Table 2 Value of Impact Factor VIF
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B ) SR B B S R AR R GA BE ), B i/
AR SO BN JCIE AR B 1 35 5 1 B
BB ORHK , B H o R 251 ATUAAR B i3
T PRI, Dy 1 Rk il S A 2R £ i AR PR
S A SCTE AR ST BT SE B9 kAL L, AR A 1 3 s )

ROBERFAE (CNN 7 B LS FH R A0R 5 2R AN
i) RUBE 9 i AP AT T LS 86 sl R R TS
FIRIRATAR , e &R 15X 15 B A7 11 RE 0% 76 45
RTINS B 55 I R0 % 22 ) S 30 e O T A i TR
ZRSHVE AR AN B 43 BE 3 R 30 m' 1%,
7 7 55 Y0 F R 450 m X 450 m (& 5) .

HEAT 28 v IX 4 BT 36 B 2% v o A2 T L ] B 5
& Bl ST B i B AR A CNIN 22 R 1 iy )R, it
T8 Bl 28 o X IR KR AR T LIRS T A

a(Z — «/E)
T =g (3)

P row WM X E KR o HERE O RST,
BP450 m, i+ 8 KRB AR 24 130 mo Bk B
KRG o> 72 v] LABH DR 5 RS H R 3 35 A
Je B Y B TR, 24 e e b B T O R BN T
130 m B, 22 vl 5 1 8 35 90 1R 0 SR 8 35 2 1 by,
AT P A 32 0 9 1E 0 A 10 R T SRR AR

T B A O R LI S, o El 5 (a)
B L AR 2 (E S TR 3E) L 18 5(b) B ot b 25 {8
S OCHEM B ) o m 0L, BT 2 0 v LB 5 B A



734 R 2 (B2 1)

2026 -4 H

(a) VI 7 5 2 1T P

(b) B AR S E O

OBMEN e BHE Moot ()X s
IS 05 W G R
Fig. 5 Relationship Between Window and Landslide Area

F1 oty B 32 50 A R A8 Bk 4500 Sk 9 3, Y T
FIFE b 2 80 B s A i e O rp & T
ST R 1) Y S L LR Sy 9 Bk 2 R Sl N R g e A
R O SRS U B TR N 8 AR S B 7 A
SRS 5 SCBR A S 8 o X 4 BT T R 4
W 2 1) 4 B is B0 5 T e L

AR 4l i B B IR TR A M ) (DZ/ T 0218—
2006 ) Xof 1 S BUASE 1) 0] 23 B o, 2 BR O S AR AR T
FUR /NG R /NS 3 R B R TR M i R T
WY, 856 F XS 7034 D s B gE T HRHIE 5 CNN
RS X B ) e R A% AR SOl T 2 S Ak 2%
T 58 /INRLYE Bl v YR B R TR Y I R R AR e 8
A3 R FH2EAE o8 90 m . 110 m . 120 m A1 130 m #F Ky
SZOPEE RS . ZF v SR B S MEAT AN v LIS B S
T 3k TR [) 1 A 23 R 5 AT S B

4 BRBERMERSSH

41 HENNGEEBESH

AR SCHE I 8 41X bb S g, L S g 1 R iE
T b X 3 M i RE AL 25, SE 56 2 J& R E AT 2%
X A3 A A CNIN RS BB 25, S 6 3 2 R R A7 2% v
X 53 B 19 Transformer £ R Il 5 , 5L 4 2 R 4T
2% W X 23 M7 B Transformer-CNN A5 B 1| 25 | 512 36
52 AT G5 wh X 2 BT B RF REBDI 25, 5256 6 2 ik
T X /M 9 CNN BRI 25, S2 08 7 J2 b T2%
X ST Y Transformer BRI 25, 5250 8 & 17 2%
X 43 1) Transformer-CNN A5 B3I 2k 35 %

50 R B0 R AT R T A G, A e AR AL
A7 — A Ab B, Jy {6 £ BR B8 5 Pk 5 AT SEE
TEFEA 5 0 FEAS LG 1) S 10 2, I 25 4R B HIL 6 B
70 Y0 ¥ 3 AR T SO A RO A AR Y 300
R R I g0

RF B RLR 5 7 58 X6 IF 36 B A 2500t
SRR HCE S 800 R, i KR BE LY Ky 15 2, dwe /)
M FAEAEC R 514, Transformer-CNN 5 7 = B
Transformer & B | H: 4y 45 #4 A 508 2%, W) 44 B,
CNN AL Shy 7 e AR R I 25 rp sk G B A 5 014
FKHZEIENL S BRI R . £ CNN &
Bz S 2% ER T A L2 BUE 298 (2 0.000 1),
TR KA S8 M BB B R L fE 2 i%
F2JZ 1 N H] Dropout( £ 384 0.5) , Yl 2k iy BEHL G
P 50 %6 By Bl 28 T0 , filf A5 5E 80 2% ] 8 1 A R AIE R
M A A R 5 A 48 9T 5 Transformer-CNN 5 A 5%
JHIE BE i 28 TR B (2 21 5% 223+ 1)2 Transformer %
b &), AT LLA ROk ik B2 S 80k . R B, BR 25 0%
1 5 )2 V3 — b AR T USRI BR B A9 B e 1 4, (A
T RE A% 35 43 153 B 25 A 23 A JR 3B S5 £, DA T
P TR Iz LR T .

O)RIL T M RS EE LS
Transformer i A 2 B2 R JI DUt i 8 2 80k 4k, LA
PR TS R % WS S5 B 5 e M ok B B AR 3
o AL 2E AdamW , M 48 T Adam ,, AdamW
SIATAUCHE W, B A A0 349 7 Transformer 45
P 0 TR B I 2%, 5 R B Ak S 0L o A B R 45 0
SRR 3R o

*3 BYEREX
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Table 4 Evaluation Metrics of the Eight Models
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Table 5 Area of Susceptible Zones and Landslide Count

V¥ -SSR EAVC IR G & G 6 )

ALY N
Ao B/km® /% B/ /%
A 7089.2  39.1 16 2.3
K AT L o ik 1795.0 9.9 16 2.3
X 73 H1 (9 RF h 1504.9 8.3 36 5.1
F 7 [ 2066.9 11.4 58 8.3
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