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	No.
	Factors
	Data Source
	Resolution
	Data Type

	I
	Topographic and Hydrological Factors

	1 – (A)
	Digital Elevation Model (DEM)
	ASTER GDEM 
	30 × 30 m grid
	Continuous

	2 – (B)
	Slope gradient
	Derived from DEM
	30 × 30 m grid
	Continuous

	3 – (C)
	Horizontal dissection
	Derived from DEM
	30 × 30 m grid
	Continuous

	4 – (D)
	Vertical dissection
	Derived from DEM
	30 × 30 m grid
	Continuous

	5 – (E)
	Topographic Wetness Index (TWI)
	Derived from DEM
	30 × 30 m grid
	Continuous

	6 – (F)
	Drainage density
	Derived from DEM
	30 × 30 m grid
	Continuous

	II
	Geological and Endogenous Factors

	7 – (G)
	Geology
	Geological Map
	Map scale 1:50,000
	Categorical

	8 – (H)
	Tectonic units
	Tectonic maps of Bac Giang and vicinity
	Map scale 1:50,000
	Categorical

	9 – (I)
	Fault density
	Geological Map
	Map scale 1:50,000
	Continuous

	10 – (J)
	Shear zone
	Tectonic structure map of Bac Giang and vicinity
	Map scale 1:50,000
	Categorical

	11 – (K)
	Weathering crust
	Tectonic structure map of Bac Giang and vicinity
	Map scale 1:50,000
	Categorical

	12 – (L)
	Soil type
	Soil map of Bac Giang and vicinity
	Map scale 1:50,000
	Categorical

	III
	Environmental and Climatic Conditioning Factors

	13 – (M)
	Rainfall
	Google Earth Engine (CHIRPS data)
	5,5 × 5,5 km grid
	Continuous

	14 – (N)
	NDVI
	Sentinel-2 Satellite Imagery
	10 × 10 m grid
	Continuous

	15 – (O)
	Land use
	Land use status map of Bac Giang and vicinity
	Map scale 1:50,000
	Categorical

	16 – (P)
	Road distance
	OpenStreetMap 
	30 × 30 m grid
	Continuous




Table 2
	No
	Factor
	VIF
	TOL

	1
	Shear zone partitioning
	4.224
	0.237

	2
	Digital Elevation Model (DEM)
	3.95
	0.253

	3
	Weathering crust
	3.658
	0.273

	4
	Rainfall
	2.699
	0.371

	5
	Soil type
	2.575
	0.388

	6
	Vertical dissection
	2.138
	0.468

	7
	Tectonic units
	1.852
	0.54

	8
	Geology
	1.682
	0.595

	9
	Road distance
	1.515
	0.66

	10
	Drainage density
	1.505
	0.665

	11
	Fault density
	1.247
	0.802

	12
	Horizontal dissection
	1.232
	0.812

	13
	Slope gradient
	1.229
	0.814

	14
	Topographic Wetness Index (TWI)
	1.149
	0.871

	15
	Land use
	1.141
	0.877

	16
	Normalized Difference Vegetation Index (NDVI)
	1.131
	0.884




Table 3
	Parent Factor Layers
	Number of Expanded Dummy Variables
	Adjusted GVIF
	Status

	Lithology
	8
	1.033
	Stable 

	Tectonic units
	3
	1.135
	Stable 

	Shear zone
	3
	1.544
	Stable 

	Strict Filtering Threshold
	-
	< 3.0
	Highly Robust System




Table 4.
	Strategy
	Model
	Scenario
	AUC
	ACC
	Kappa
	Recall
	Precision

	Random
	RF
	Random_RF
	0.935
	0.867
	0.735
	0.876
	0.861

	Random
	XGBoost
	Random_XGBoost
	0.923
	0.857
	0.713
	0.876
	0.843

	Random
	LightGBM
	Random_LightGBM
	0.926
	0.859
	0.717
	0.867
	0.854

	Random
	DNN
	Random_DNN
	0.838
	0.740
	0.479
	0.814
	0.721

	Random
	Stacking_Full4
	Random_Stacking_Full4
	0.934
	0.867
	0.735
	0.892
	0.851

	Random
	Stacking_Trees3
	Random_Stacking_Trees3
	0.936
	0.866
	0.733
	0.893
	0.848

	Random
	Stacking_Hybrid3
	Random_Stacking_Hybrid3
	0.934
	0.867
	0.735
	0.889
	0.853

	Slope-IOE
	RF
	Slope-IOE_RF
	0.971
	0.913
	0.826
	0.900
	0.925

	Slope-IOE
	XGBoost
	Slope-IOE_XGBoost
	0.968
	0.906
	0.812
	0.903
	0.908

	Slope-IOE
	LightGBM
	Slope-IOE_LightGBM
	0.967
	0.904
	0.809
	0.896
	0.911

	Slope-IOE
	DNN
	Slope-IOE_DNN
	0.848
	0.750
	0.500
	0.831
	0.721

	Slope-IOE
	Stacking_Full4
	Slope-IOE_Stacking_Full4
	0.972
	0.906
	0.813
	0.912
	0.902

	Slope-IOE
	Stacking_Trees3
	Slope-IOE_Stacking_Trees3
	0.972
	0.907
	0.814
	0.912
	0.903

	Slope-IOE
	Stacking_Hybrid3
	Slope-IOE_Stacking_Hybrid3
	0.971
	0.910
	0.819
	0.918
	0.903

	PU-Bagging
	RF
	PU-Bagging_RF
	0.979
	0.928
	0.857
	0.938
	0.920

	PU-Bagging
	XGBoost
	PU-Bagging_XGBoost
	0.976
	0.925
	0.849
	0.922
	0.927

	PU-Bagging
	LightGBM
	PU-Bagging_LightGBM
	0.978
	0.930
	0.861
	0.931
	0.930

	PU-Bagging
	DNN
	PU-Bagging_DNN
	0.884
	0.778
	0.555
	0.743
	0.824

	PU-Bagging
	Stacking_Full4
	PU-Bagging_Stacking_Full4
	0.980
	0.931
	0.862
	0.943
	0.921

	PU-Bagging
	Stacking_Trees3
	PU-Bagging_Stacking_Trees3
	0.981
	0.932
	0.864
	0.947
	0.920

	PU-Bagging
	Stacking_Hybrid3
	PU-Bagging_Stacking_Hybrid3
	0.980
	0.931
	0.863
	0.943
	0.922




Table 5
	Sampling Strategy
	Machine Learning Models
	Spatial AUC Mean
	System Diagnostics

	1. Random 
	Random Forest (RF)
	0.9144
	This accurately reflects objective reality. Due to random sampling, the negative set is susceptible to contamination by unrecorded potential landslide locations (pseudo-negatives), slightly diminishing macro-level spatial classification performance

	
	XGBoost
	0.9141
	

	
	LightGBM
	0.9155
	

	
	Deep Neural Network (DNN)
	0.8315
	

	
	Stacking_Trees3 (Proposed)
	0.9186
	

	2. Slope-IOE 
	Random Forest (RF)
	0.9589
	Significant performance surge. Isolating negative samples within gentle-slope areas (<21.30) combined with low Index of Entropy (IOE) values effectively sharpens the decision boundary between safe and hazardous zones

	
	XGBoost
	0.9570
	

	
	LightGBM
	0.9568
	

	
	Deep Neural Network (DNN)
	0.8524
	

	
	Stacking_Trees3 (Proposed)
	0.9625
	

	3. PU-Bagging 
	Random Forest (RF)
	0.9976
	Peak and optimal performance. The semi-supervised iterative filtering algorithm successfully purified the negative sample pool, completely isolating noise to retain truly stable grid cells

	
	XGBoost
	0.9981
	

	
	LightGBM
	0.9972
	

	
	Deep Neural Network (DNN)
	0.9932
	

	
	Stacking_Trees3 (Proposed)
	0.9982
	





Table 6
	Slope Class
	Number of Landslides (N)
	Recall (Threshold >0.93)
	Interpretation

	Gentle (< 10°)
	280
	97.86%
	High recognition despite low topographic energy.

	Moderate (10°-25°)
	413
	99.52%
	Optimal performance in the target midland terrain.

	Steep (> 25°)
	269
	99.63%
	Expected high performance in high-risk zones.




Table 7
	Model Comparison Pair
	AUC 
(Model 1)
	AUC 
(Model 2)
	Z-score
	p-value
	Statistical Conclusion

	Stacking_Trees3 vs. Stacking_Full4
	0.9859
	0.9859
	-0.0198
	0.9842
	No significant difference (p ≥ 0.05)

	Stacking_Trees3 vs. Stacking_Hybrid3
	0.9859
	0.9856
	1.6711
	0.0947
	No significant difference (p ≥ 0.05)




Table 8
	Susceptibility Level
	Number of Grid Cells
	Number of Landslides
	Landslide Density
	Density Ratio 

	Low / Moderate (P  0.93)
	2,897,055
	119
	0.000041
	1.0

	High (0.93 < P   0.97)
	201,488
	249
	0.001236
	30.1

	Very High (P > 0.97)
	72,841
	831
	0.011408
	278.2



