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Abstract: The main aim of this study was to compare and evaluate the performance of fractal
dimension as input data in the landslide susceptibility mapping of the Baota District, Yan’an City,
China. First, a total of 632 points, including 316 landslide points and 316 non-landslide points,
were located in the landslide inventory map. All points were divided into two parts according to the
ratio of 70%:30%, with 70% (442) of the points used as the training dataset to train the models, and the
remaining, namely the validation dataset, applied for validation. Second, 13 predisposing factors,
including slope aspect, slope angle, altitude, lithology, mean annual precipitation (MAP), distance
to rivers, distance to faults, distance to roads, normalized differential vegetation index (NDVI),
topographic wetness index (TWI), plan curvature, profile curvature, and terrain roughness index
(TRI), were selected. Then, the original numerical data, box-counting dimension, and correlation
dimension corresponding to each predisposing factor were calculated to generate the input data
and build three classification models, namely the kernel logistic regression model (KLR), kernel
logistic regression based on box-counting dimension model (KLRpox-counting), and the kernel logistic
regression based on correlation dimension model (KLR qrelation)- INext, the statistical indexes and the
receiver operating characteristic (ROC) curve were employed to evaluate the models” performance.
Finally, the KLR qrelation model had the highest area under the curve (AUC) values of 0.8984 and
0.9224, obtained by the training and validation datasets, respectively, indicating that the fractal
dimension can be used as the input data for landslide susceptibility mapping with a better effect.

Keywords: GIS; landslide susceptibility; fractal dimension; classification model

1. Introduction

Landslides are regarded as one of the most destructive and frequently occurring natural disasters
in the world. Globally, landslides cause about 1200 deaths and 3.5 billion dollars of loss each year [1].
China is a high-incidence region for landslides. Every year, it is reported that around 8935 landslides
occur in China and about 350 people lose their lives due to landslides. Due to the diversity of
the geological environment, the vagaries of climate, and the uneven distribution of the population,
the spatial distribution of landslide risk in China is not uniform, which increases the obstructions in
landslide control [2].
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Landslide susceptibility mapping is one of the preliminary steps used to predict landslide
occurrence, the main purpose of which is to divide a specified region into multiple classes that range
from stable to unstable [3]. However, as the basic method to find landslide locations, field surveys
are time consuming and have no predictive ability. With the development of geographic information
systems (GISs), some statistical approaches, including bivariate and multivariate statistical methods,
such as frequency ratio [4-7], index of entropy [8,9], certainty factors [10-12], statistical index [13,14],
weights of evidence [15-17], analytic hierarchy process [18,19], fuzzy approaches [20,21], logistic
regression [22,23], and evidential belief function [24,25], have widely been used to produce landslide
susceptibility maps (LSMs) and can be seen in many studies. To obtain more accurate LSMs, various
data mining algorithms have been applied in landslide susceptibility assessment, for example, support
vector machine [26,27], decision trees [28,29], artificial neural network [30,31], adaptive neuro-fuzzy
inference systems [32], multivariate adaptive regression spline [33-35], random forest [36-38], naive
Bayes [39-41], naive Bayes trees [42], and kernel logistic regression [43].

In addition, the fractal theory for landslide susceptibility assessment can be seen in a few
studies [44,45], but most of these have concentrated on the correlation between landslide distribution
and fractal dimension. At present, there is basically no research on combining fractal dimension
and data mining. Therefore, the aim of this study was to integrate two different types of fractal
dimension to run the two-class kernel logistic regression to generate new hybrid models for
landslide susceptibility mapping, namely the kernel logistic regression based on box-counting
dimension model (KLRpox-counting) and the kernel logistic regression based on correlation dimension
model (KLRqrrelation), and compare these hybrid models with their archetypes in Baota District,
Yan’an City, China.

2. Description of the Study Area

Baota District was selected as the study area and is located in the middle of a loess area, in Yan’an
City, China. The geographical coordinates of the study area are between the 109°14'-110°07’ west—east
longitudes and the 36°11'-37°02’ north-south latitudes. The study area is 96 km long, from north to
south, and 76 km wide, from East to West, and covers an area of 3546 km?2.

The overall topography of the district presents a state of high in the east and low in the west,
and a central uplift where the highest and lowest altitudes are 1464 and 860 m, respectively. The study
area is located on the west side of the Yellow River Basin, with two major tributaries of the Yellow
River, namely the Yan River and Fen Chuan River, and the annual average runoff of the Yan River
is 2.93 x 108 m®. The climate type of the study area belongs to a semi-humid semi-arid continental
monsoon climate, the annual average temperature ranges from 7.7~10.6 °C, the average annual rainfall
is approximately 540 mm, and most of the precipitation is concentrated in August.

The main lithologies are loess, sandstone, and mudstone. Around 17 geological units are
distributed in the study region (Table 1). In addition, the neotectonic movement in the study area
presents the intermittent uplifting movement of the crust and the undercut of the river, which generated
the typical loess plateau landform. The data records showed that the deformation rate of the crust
in the study area was 1 to 2 mm/a, and no earthquake with a magnitude 4 or above had occurred;
therefore, earthquake-induced landslides were excluded in this paper.
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Table 1. Lithological units of the study area.

Category Geological Age Code Main Lithology
A Holocene Qn Sand and gravel
Pleistocene Q4 Loess and gravel
Middle Pleistocene Q3 Loess
B Pliocene Ny Quartz sand, clay, and sandy clay
C Early Jurassic I3 Kerosene shale, clumpy conglomerate, glutenite, and silty mudstone
D Middle Jurassic I Arkose, mudstone, and silty mudstone
E Late Jurassic J1 Sandstone, siltstone, and coal seam
F Early Triassic T3 Mudstone, shale, and coal seam
G Middle Triassic T, Medium-fine sandstone, siltstone, and mudstone
H Late Triassic T1 Arkose, packsand, siltstone, and sandy mudstone

3. Methodology

To build the landslide susceptibility model and obtain the LSM, there were four main steps in the
present research: (1) Data preparation, including landslide inventory and a description of landslide
predisposing factors; (2) landslide predisposing factor analysis, based on a series of indexes and
methods; (3) landslide modeling using the KLR model, the KLRpox-counting model, and the KLR orrelation
model; and (4) the models’ performance evaluation.

3.1. Data Preparation

3.1.1. Landslide Inventory

The landslide inventory map, which reflects the relationship between predisposing factors
and landslide distribution, is considered as the most crucial and essential phase before landslide
susceptibility modeling [46]. Generally, it can obtain an inventory of the landslide location, category,
occurrence date, size, volume, and active state [47]. In this study, the landslide inventory map
was produced using existing literature and reports, field survey data, and the results from the
interpretation of aerial photographs (Figure 1). There were 316 landslides including four debris
flows, 295 rainfall-induced slides, and 17 falls in the landslide inventory map [48], and the largest
plane proportion of landslides was approximately 11.4 x 10* m?, the minimum area was about 295 m?,
and the average proportion was 61 m2. The centroid method was applied to convert these landslide
pattern spots into points to represent landslide locations. For subsequent landslide susceptibility
modeling, the same number of non-landslides locations were randomly generated on the landslide
inventory map. Then, a total of 632 points were divided into two parts according to the ratio of
70%:30%, with 70% (442) of the points used as the training dataset to train the models, and the
remaining, namely the validation dataset, were applied for validation.
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Figure 1. The location of the study area and the landslide inventory map.
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3.1.2. Landslide Predisposing Factors

The reasons behind the causes of landslide occurrence are complicated; so far, there have been no
consistent comments with regard to the determination of landslide predisposing factors. In this case
study, thirteen types of landslide predisposing factors, including slope aspect, slope angle, altitude,
lithology, mean annual precipitation (MAP), distance to rivers, distance to faults, distance to roads,
normalized differential vegetation index (NDVI), topographic wetness index (TWI), plan curvature,
profile curvature, and terrain roughness index (TRI), were employed according to observations in the
wild and previous studies on the study area [49]. In addition, a 30 m-resolution digital elevation model
(DEM) was used to extract the slope aspect, slope angle, altitude, TWI, TRI, and the plan curvature
and profile curvature layers using ArcGIS tools. The lithology and MAP layers were produced based
on 1:100,000 geological map and meteorological data collected from the local government. The GF-2
remote sensing image and the 1:50,000 topographical map were applied to construct the distance to
rivers, distance to faults, distance to roads, and NDVI layers.

Slope aspect is a significant factor for slope stability and landslide distribution [50]. Different
slope aspects receive different light radiation, which influences the water content of the soil. In this
study, slope aspect was classified into nine directions using the natural break method as follows: flat,
north, northeast, east, southeast, south, southwest, west, and northwest, respectively (Figure 2a).

In general, the probability of landslide occurrence increases with the increase of slope angle,
which may influence the slope shear stress, and is still considered as one of the essential landslide
predisposing factors by many scholars [51]. In this study, slope angle was classified into five
sections using the natural break method as follows: 0-10.4469°; 10.4469-18.6711°; 18.6711-25.7839°;
25.7839-33.3412°; and 33.3412-56.4579°, respectively (Figure 2b).

Altitude is also an important predisposing factor for landslide occurrence [52]. The change of
altitude affects the magnitude of slope stress and affects the potential energy of the landslide. Using
the natural break method, the altitude value in the study area was classified into five ranges as follows:
848-1037.6823; 1037.6823-1128.4000; 1128.4000-1210.8706; 1210.8706-1298.8392; and 1298.8392-1549 m,
respectively (Figure 2c).

Lithology is considered as the material basis of landslide development and occurrence.
The weathering resistance and strength of rock and soil are determined by the types of lithology.
On the other hand, the type and feature of landslides differ depending on the combination of rock
mass with different properties, hardness, and structure [53]. According to geologic ages and lithofacies
(Table 1), all of the geological units were reclassified into eight categories (Figure 2d).

Tectonic movement is not only one of the important factors in evaluating the regional geological
stability, but is also a pivotal factor in landslide occurrence [54]. For this study, the value of distance to
faults was employed to quantify the impact of faults on landslide occurrence and was reclassified into
five ranges as follows: 0-2000; 2000-4000; 4000-6000; 6000-8000; and >8000 m, respectively (Figure 2e).

River erosion plays a key role in the development of landslides. Many scholars believe that the
effect of erosion on landslide stability is mainly reflected in the weakening of resistance of the landslide
front and the increase of the free surface [55]. Therefore, the value of distance to rivers was employed
to quantify the impact of river erosion on landslide development and was reclassified into five ranges
according to the field observations and local conditions as follows: 0-200; 200—400; 400-600; 600-800;
and >800 m, respectively (Figure 2f).

Human activity is a primary factor that triggers landslides, as road construction is mainly the
performance of human activities. The excavation of the slope and the earthwork accumulation during
the construction process changes the local geological environment, which will directly or indirectly
trigger a landslide [56]. In this study, the value of distance to roads was used as one of the condition
factors and reclassified into five ranges: 0-200, 200—400; 400-600; 600-800; and >800 m, respectively
(Figure 2g).

Rainfall is considered to be an important factor in landslides because the study area is covered by
a large area of loess and the structure will become loose after the loess is immersed in water [57]. In this
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study, the value of MAP was employed to represent the influence of rainfall on landslides. The MAP
was divided into six sections according to the intervals of 20 mm/yr as follows: <520; 520-540; 540-560;
560-580; 580-600; and >600 mm/yr, respectively (Figure 2h).

Vegetation plays a positive role in the stability of landslides and can improve the shear strength
of the soil, while increasing the stability of the slope [58]. According to the observations of extensive
field investigation, the more vegetation there is, the lower the number of landslides. In light of this,
the value of the NDVI, which reflects the degree of vegetation coverage, was reclassified into four
ranges based on the natural break method as follows: —0.9315-0.0776; 0.0776-0.4087; 0.4087-0.5742;
and 0.5742-2.8915, respectively (Figure 2i).

The slope stability can be influenced by the shape of the slope, which can be evaluated by its
profile curvature and plan curvature [59]. The profile curvature is defined as the curvature of a contour
line generated by the intersection of the vertical plane with the surface, whereas the plan curvature is
defined as that with the horizontal plane [60]. In this study, the profile curvature was classified into
five ranges using the natural break method: —15.1897 to —1.5337; —1.5337 to —0.4607; —0.4607-0.5146;
0.5146-1.8802; and 1.8802-9.6837, respectively (Figure 2j). Then, a similar method was applied to
divide the plan curvature into five ranges: —9.7777 to —1.8107; —1.8107 to —0.5629; —0.5629-0.3009;
0.3009-1.2608; and 1.2608-14.6991, respectively (Figure 2k).

TWI is commonly used to reflect the water condition in soil [61]. The value of TWI was
calculated through the DEM using Equation (1) and was classified into five sections based on the
natural break method as follows: 0.0447-2.7551; 2.7551-12.5128; 12.5128-15.0064; 15.0064-18.8011;
and 18.8011-27.6913, respectively (Figure 21).

TWI = m(i> )

tan B
where A denotes for the specific catchment’s region, and B is the value of slope angle in the study area.
TRI was applied to reflect the fluctuation in the surface and the extent of erosion [62]. In the
present research, TRI was calculated using Equation (2) and was classified into five ranges: 4508 to
—1874; -1874 to -176; -176-57; 57-2398; and 2398-10,418, based on the natural break method (Figure 2m).
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Figure 2. Landslide predisposing factor maps involving: (a) Slope aspect; (b) Slope angle; (c) Altitude;
(d) Lithology; (e) Distance to faults; (f) Distance to rivers; (g) Distance to roads; (h) Mean annual
precipitation (MAP); (i) Normalized differential vegetation index (NDVI); (j) Profile curvature; (k) plan
curvature; (1) Topographic wetness index (TWI); (m) Terrain roughness index (TRI).
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3.2. Preparation of Input Data

3.2.1. Frequency Ratio

The input data required for the classification model used in this study were of the numerical type;
however, the slope aspect and lithology are nominal variables, so it was necessary to use frequency
ratio (FR) data to assign values for these three predisposing factors. The frequency ratio is defined as
the ratio of the area where landslides have occurred to the total study region and is also the ratio of the
landslide occurrence probabilities to the non-landslide occurrence for a given attribute [63]. The FR
data can be calculated according to the following formula:

FR = 3)

=<

where X and Y are the number of landslides in a domain for each class and the number of pixels in
a domain for each class, respectively. X’ and Y’ stand for the number of total landslides and pixels in
the study area, respectively.

In the current research, the slope aspect and lithology factors assigned by the FR values and
the remaining 11 predisposing factors, with the original numerical data, were defined as dataset;,
which was used to run the KLR model.

3.2.2. Box-Counting Dimension

The spatial distribution of landslides is commonly considered to be not uniform, but is instead
clustered at different scales. The fractal dimension originating from Mandelbrot’s fractal theory is
the value that quantitatively measures the degree of spatial clustering of the landslides. There are
many techniques to calculate the fractal dimension, such as the slit island method, box-counting
method, and the semi-variance method [64]. The first technique applied in the current research was
the box-counting method, and it was employed to calculate the box-counting dimension, which could
be used as the input data for landslide susceptibility modeling.

The box-counting method is applicable to both point datasets and can also be used for the
calculation of fractal dimension in the two-dimensional and three-dimensional space. The principle
of this method is to use a square segmentation plane with side length ¢ to calculate the number of
grids containing landslide points N(g), then change the value of ¢ to re-divide the plane and calculate
the number of grids corresponding to the distribution of landslide points to obtain the sequence
of landslide point pair (¢, N(¢)). In the case where the value ¢ is reasonable, if the aforementioned
sequences satisfy or approximately satisfy Equation (4), the box-counting dimension (D7) is considered
to exist.

N(e) xe 1 4)

Through the python circumstance, the values of the box-counting dimension for each predisposing
factor were measured and are shown in Table 4. In addition, 13 predisposing factors assigned
by the box-counting dimension values were named as dataset;, which was used to run the
KLRbox—counting model.

3.2.3. Correlation Dimension

The second fractal dimension used as input data for landslide susceptibility modeling was the
correlation dimension. The correlation dimension reveals the spatial fractal characteristics and regional
differences of landslides from the perspective of the distance between the landslide points, and also
reflects the degree of fragmentation of the geomorphological types in the study area. The calculation
principle of the correlation dimension is to assume that the number of landslide points is N, then set
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a critical value r, determine the landslide point pair where the distance is less than 7, and calculate its
proportion in all landslide point pairs (N?), as shown in the following formula:

1 N
C(r):mZH(r—|Xi—Xj]) ©)
ij=1
0,x>0
H(x) = { 1,x <0 ©)

If r is set too large, then all points are less than r and C(r) = 1. Therefore, the value of r is gradually
increased and the corresponding C(r) is calculated to obtain a set of sequences. If the above sequences
satisfy or approximately satisfy Equation (7), the correlation dimension (D;) is considered to exist.

C(r) o r~D2 (7)

Similarly, the values of box-counting dimension for each predisposing factor were measured based
on the python circumstance (Table 4). A total of 13 predisposing factors, assigned by the correlation
dimension values, were named as datasets, which was used to run the KLR . relation model.

3.3. Multicollinearity Diagnosis

The premise of establishing a regression model is that each explanatory variable is independent
of each other. If there is a strong linear correlation between the explanatory variables, it is considered
that there is a multicollinearity problem among predisposing factors. The multicollinearity problem
may lead to instability in the calculation of regression parameters, which will cause a major error in the
results [65]. For these reasons, it is necessary to detect the potential multicollinearity problem between
factors. In this study, two indicators obtained from the linear regression analysis, namely variance
inflation factors (VIF) and tolerance (TOL), were employed to detect the potential multicollinearity
problem. The VIF > 4 or TOL < 0.25 indicates a multicollinearity problem [66].

3.4. Selection of Predisposing Factors

In the process of landslide susceptibility modeling, not all predisposing factors have a positive
influence on the accuracy of the classification modeling. In order to obtain a more accurate and
reliable classification result, all of the predisposing factors needed to be filtered by estimating their
contribution to the classification model [67]. For this reason, by calculating the information gain ratio
(IG) of each predisposing factor to complete the filter process in this study, and the factors whose
values of information gain ratio that are equal to or approximately equal to 0 must be excluded
before landslide susceptibility modeling. The information gain ratio can be calculated using the
following formulas:

1y
Entropy(D) = — Y _ pilogh* ®)
k=1
where D is the training dataset; Entropy(D) denotes the entropy of the training dataset; and y stands for
the number of species in D. py represents the proportion of category k in D. Then, the training dataset
was divided into D, (v =1, 2, 3, ..., m) using s, which represents one of the predisposing factors,
and we calculated the Gain(D, s) using Equation (9).

Do
D

|m]
Gain(D,s) = Entropy(D) — ) Entropy(Dy) ©)
v=1
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The information gain ratio for predisposing factor s is computed as:

Gain(D,s
IG(D,s) = _IV<(s)) (10)
where [V(s) can be obtained by Equation (11).
" D] | B
IV(s)=—-)_ D] log, (11)
v=1

3.5. Description of the KLR Model

The classification model selected in the current research to construct the landslide susceptibility
modeling was a kernel logistic regression model (KLR). KLR is considered as a kernel version of
logistic regression [68]. The main principle of the KLR model is to use a kernel function to perform
logistic regression operations in high-dimensional feature space on data that are difficult to divide in
the current dimensional space [69]. In this study, we took the landslide predisposing factors as input
vector x and used a kernel function ¢ to complete the non-linear transformation of x. Accordingly,
the non-linear form of logistic regression can be carried out as follows:

logit{p} =w-¢(x)+b (12)

where w and b are preferred by minimizing a cost function to represent the optimal parameters of
the model, and p is the probability of landslide occurrence. The logit form of Equation (12) can be

written as: 1

T T+exp{w-@(x) + b}

The aforementioned kernel function is defined as the inner product between the images of vectors
in the feature space.

p (13)

K(x, x1) = ¢(x) - () (14)

There are several kernel functions that have been suggested such as the polynomial kernel, the linear
kernel, the radial basis function (RBF), and the sigmoid kernel [70]. In the present research, the kernel
function used for modeling was the RBF kernel, which can be written as follows:

K(xi, %)) = exp((—||x; — xjl|*) /26%) (15)
The kernel sensitivity is controlled by the turning parameter ¢ [71].
3.6. Model Evaluation and Comparison

3.6.1. Statistical Index

In this study, the cut-off values were used in the final landslide susceptibility mapping to reclassify
the landslide susceptibility index (LSI) into one of the response levels; however, the phenomenon of
misclassification always exists in the LSM [72]. In order to evaluate the performance of classification
models, six statistical indexes including the positive predictive rate (PPR), negative predictive rate
(NPR), sensitivity, specificity, accuracy (ACC), and kappa index were employed as the assessment
criteria, and these statistical indexes have frequently been used in many studies [39,73,74]. The PPR,
NPR, sensitivity, specificity, and ACC can be calculated based on four basic indexes: the true positive
(TP), true negative (TN), false positive (FP), and false negative (FN), as follows:

TP

PPR = 757 p

(16)
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TN

NPR = 5 (17)
Sensitivty = TPS—% (18)
Specificity = % (19)

Accuracy = 7 - ;Zill;llj TEN (20)

where TP and TN denote the number of pixels which are correctly classified and FN and FP represent
the number of pixels which are incorrectly classified.
The kappa index can express the reliability of the classification model, and its calculation process

is as follows:
observed accuracy — chance agreement

K i = 21
appa index 1 — chance agreement @
observed accuracy = @ (22)

TP + EN) (TP + FP FP +TN)(F T
chance agreement = (TP + FN)(TP + FP) + (FP + TN) (FN + TN) (23)

n2

where n represents the total pixels of the training datasets [75].

3.6.2. The Receiver Operating Characteristic (ROC) Curve

Model comparison is considered as a significant step in landslide susceptibility modeling. In this
study, the ROC curve, which is considered to be the most popular and widely used method of
comparison models in landslide susceptibility modeling, was applied for assessing the classification
model [76]. The x-axis and y-axis of the ROC curve are 1-specificity and sensitivity, respectively.
The model comparison was undertaken by measuring the value of the area under the ROC curve
(AUC), and the calculation formula of AUC is as follows:

(ZTP+YXTN)

A =
ve P+N

(24)
where P and N denote for the total number of landslides and non-landslides in the study area,
respectively.

4. Results
4.1. Results of Predisposing Factors Analysis

4.1.1. Multicollinearity Diagnosis

In order to detect the potential multicollinearity problems between landslide predisposing
factors, the VIF and TOL of dataset;, dataset,, and dataset; were obtained through linear regression
modeling [77]. For dataset;, it was observed from Table 2 that the maximum VIF value (1.7055) and
the minimum TOL value (0.5863) belonged to the distance to rivers. For dataset;, the maximum VIF
value (1.2358) and the minimum TOL value (0.8092) belonged to the distance to faults. For datasets,
the slope angle had the maximum VIF value and the minimum TOL value, which were 1.2546 and
0.7971, respectively. As a result, the VIF and TOL values of 13 predisposing factors were not within the
range of VIF > 4 or TOL < 0.25, indicating that there were no potential multicollinearity problems in
dataset;, dataset, and datasets.
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Table 2. The variance inflation factors (VIF) and tolerance (TOL) values of the predisposing factors in
the three datasets.

. . Dataset; Dataset, Datasets
Predisposing Factors

VIF TOL VIF TOL VIF TOL
Slope aspect 1.0743 0.9308 1.0541 0.9487 1.0784 0.9273
Slope angle 1.2756 0.7839 1.1889 0.8411 1.2546 0.7971
Altitude 1.4321 0.6983 1.1714 0.8537 1.1662 0.8575
Lithology 1.1962 0.8360 1.1842 0.8445 1.1851 0.8438
MAP 1.2652 0.7904 1.1817 0.8462 1.1627 0.8601
Distance to rivers 1.7055 0.5863 1.0322 0.9688 1.0345 0.9667
Distance to faults 1.1681 0.8561 1.2358 0.8092 1.2257 0.8159
Distance to roads 1.5557 0.6428 1.0342 0.9669 1.0433 0.9585
NDVI 1.4661 0.6821 1.0854 0.9213 1.1082 0.9024
TWI 1.0792 0.9266 1.1725 0.8529 1.2246 0.8166
Plan curvature 1.1434 0.8746 1.0552 0.9477 1.0923 0.9155
Profile curvature 1.1812 0.8466 1.0331 0.9680 1.0404 0.9612
TRI 1.0311 0.9698 1.0276 0.9731 1.0301 0.9708

4.1.2. Predisposing Factors Optimization

In this study, the contribution of predisposing factors for the classification model was quantified
by calculating the average merit (AM) as the average IG values using the 10-fold cross-validation.
As shown in Table 3, it was obvious that 13 predisposing factors in dataset, and dataset; had a positive
contribution to build the classification model (AM > 0). In contrast, the AM values of the TWI, profile
curvature, and TRI in dataset; were equal to 0, which means that these three predisposing factors in
dataset; had no predictive ability in landslide susceptibility modeling. For this reason, the TWI, profile
curvature, and TRI were abandoned from dataset;.

Table 3. The information gain ratio (IG) values of predisposing factors in the three datasets.

Dataset; Dataset, Datasets

Predisposing Factors  Average Standard Average Standard Average Standard

Merit Deviation  Merit Deviation  Merit Deviation
NDVI 0.5111 +0.0072 0.5111 +0.0017 0.5211 +0.0033
MAP 0.4974 +0.0143 0.4731 +0.0214 0.5002 +0.0105
Altitude 0.3865 +0.0111 0.3566 +0.0095 0.3771 +0.0086
Lithology 0.3811 +0.0061 0.3868 +0.0235 0.3588 +0.0059
Distance to roads 0.3806 +0.0047 0.3491 40.0081 0.3792 +0.0036
Distance to rivers 0.3113 +0.0069 0.3722 40.0042 0.3643 +0.0024
Slope angle 0.2943 +0.0017 0.3111 40.0049 0.1016 +0.0075
Distance to faults 0.1295 +0.0095 0.3031 +0.0066 0.3003 +0.0094
Slope aspect 0.1184 +0.0013 0.1002 +0.0054 0.1927 +0.0112
Plan curvature 0.0339 40.0336 0.1785 40.0009 0.0922 +0.0058
TWI 0 0 0.2698 +0.0037 0.1047 40.0044
Profile curvature 0 0 0.0461 40.0022 0.0705 +0.0021
TRI 0 0 0.0689 40.0079 0.0553 +0.0083

4.2. Application of the Classification Models

4.2.1. The KLR Model

The FR values of slope aspect and lithology factors and the classification of all predisposing
factors are shown in Table 4. The FR value reveals the density of the landslide distribution, and the
higher the FR value, the greater the density of the landslide distribution. In the case of slope aspect,
the maximum value of FR (1.9024) appeared in the southeast, followed by the south (1.7262), and the
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east (1.1692), while the minimum FR value was north (0.5845). For lithology, category D had the

highest FR value (19.5595), followed by category F with the FR value of 5.0326.

13 of 23

Table 4. The frequency ratio (FR) values and fractal dimensions of each predisposing factor.

. . No. of Pixels in No. of Box-Counting  Correlation
Predisposing Factors Classes Domain Landslides FR Dimension Dimension
Slope aspect Flat 355,630 0 0.0000 0 0

North 510,563 24 0.5845 0.4408 0.6744

Northeast 525,473 33 0.7809 0.4056 0.6656

East 404,148 38 1.1692 0.3383 0.6208

Southeast 356,144 55 1.9204 0.3603 0.6251

South 410,618 57 1.7262 0.3762 0.6381

Southwest 505,082 39 0.9602 0.3738 0.6288

West 490,901 39 0.9879 0.4469 0.6761

Northwest 370,883 31 1.0394 0.3871 0.6469

Slope angle (°) 0-10.4469 541,127 75 0.3696 0.6282

10.4469-18.6711 887,698 103 0.4301 0.6783

18.6711-25.7839 1,059,498 72 0.4924 0.6981

25.7839-33.3412 938,160 43 0.4045 0.6498

33.3412-56.4579 502,959 23 0.4143 0.6793

Altitude (m) 848-1037.6823 519,962 123 0.5758 0.7721

1037.6823-1128.4000 966,600 105 0.4813 0.7107

1128.4000-1,210.8706 1,044,874 55 0.3843 0.6338

1210.8706-1298.8392 902,154 27 0.3971 0.6544

1298.8392-1549 495,852 6 0.4189 0.6445

Lithology Category A 2,901,236 139 0.5958 0.8641 0.9942

Category B 320,975 67 2.5957 0.4914 0.7018

Category C 34,399 7 2.5304 0.4211 0.6486

Category D 2543 4 19.5595 0.6594 0.8121

Category E 25,967 1 0.4789 0.9799 1.0275

Category F 111,190 45 5.0326 0.4664 0.7044

Category G 171,799 4 0.2895 0.3386 0.6053

Category H 361,333 49 1.6863 0.4201 0.6651

MAP (mm/yr) <520 126,366 3 0.3297 0.6053

520-540 1,123,449 16 0.3113 0.6053

540-560 1,376,438 91 0.4277 0.6682

560-580 771,899 126 0.6395 0.8342

580-600 457,185 69 0.5926 0.7651

>600 74,105 11 0.4639 0.6776

Distance to rivers (m) 0-200 238,453 56 0.4583 0.6961

200-400 235,396 48 0.4044 0.6591

400-600 231,928 47 0.5472 0.7544

600-800 228,915 24 0.3627 0.6282

>800 2,994,750 141 0.4545 0.6942

Distance to roads (m) 0-200 316,529 86 0.4665 0.7005

200-400 280,765 54 0.4347 0.6894

400-600 262,675 33 0.4947 0.7175

600-800 249,049 17 0.3682 0.6235

>800 2,820,424 126 0.4478 0.6865

Distance to faults (m) 0-2000 689,926 104 0.7235 0.8867

2000-4000 650,668 68 0.4897 0.7151

4000-6000 612,815 29 0.4432 0.6797

6000-8000 510,596 25 0.3906 0.6452

>8000 1,465,437 90 0.4161 0.6628

NDVI -0.9315-0.0776 11,230 5 0.3073 0.6053

0.0776-0.4087 437,324 114 0.4609 0.7052

0.4087-0.5742 596,564 86 0.3868 0.6411

0.5742-2.8915 2,885,958 111 0.4694 0.6946

TWI 0.0447-2.7551 1,417,274 87 0.4363 0.6709

2.7551-12.5128 1,590,117 120 0.4563 0.6874

12.5128-15.0064 649,808 74 0.4344 0.6745

15.0064-18.8011 219,949 25 0.3911 0.6428

18.8011-27.6913 52,294 10 0.3412 0.6053

Plan curvature -9.7777 to -1.8107 166,235 5 0.4464 0.6584

—1.8107 to —0.5629 631,367 33 0.4195 0.6645

-0.5629-0.3009 1,723,931 195 0.4794 0.7002

0.3009-1.2608 1,087,848 61 0.4112 0.6618

1.2608-14.6991 320,061 22 0.4182 0.6529
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Table 4. Cont.

. . No. of Pixels in No. of Box-Counting  Correlation
Predisposing Factors Classes Domain Landslides FR Dimension Dimension
Profile curvature -15.1897 to -1.5337 293,436 14 0.3789 0.6279
—1.5337 to -0.4607 905,195 42 0.4409 0.6809
-0.4607-0.5146 1,650,969 161 0.4542 0.6857
0.5146-1.8802 827,418 91 0.4205 0.6561
1.8802-9.6837 252,424 8 0.3154 0.6053
TRI —4508 to 1874 1,417,271 88 0 0
-1874 to -176 1,132,853 102 0.4762 0.7059
-176-57 934,473 80 0.4859 0.7107
57-2398 361,886 33 0 0
2398-10,418 82,959 13 0 0

Dataset; was used as the input data to run the KLR model. The LSI values ranged from 0.0001
to 0.9999. Then, ArcGIS software was applied to visualize the LSI, which should be divided into
different ranges to generate the LSM [78]. There are different types of classification schemes such as
natural break, quantile, interval, standard deviation, and geometrical interval in ArcGIS software.
In the current research, according to the geometrical interval method, the LSI of KLR model was
divided into five categories: very low (0.0015-0.2404); low (0.2405-0.3931); moderate (0.3932-0.5615);
high (0.5616-0.7494); and very high (0.7495-0.9674). The final LSM of the KLR model is shown in
Figure 3a.

4.2.2. Integration of the KLR Model and Fractal Dimension

The acquired box-counting dimensions of dataset, and the correlation dimensions of datasets
are listed in Table 4. For slope angle, the highest box-counting dimension (0.4924) appeared in the
section of 18.6711-25.7839°, and the maximum correlation dimension (0.6981) also appeared in this
section. In terms of the slope aspect, the class of west had the highest box-counting dimension
(0.4469) and correlation dimension (0.6761). As there was no landslide distribution in the class of flat,
the two different fractal dimensions were equal to 0. For altitude, the class of 848-1037.6823 m had
the highest box-counting dimension and correlation dimension of 0.5758 and 0.7721, respectively.
In the case of lithology, the class of category E yielded the maximum box-counting dimension
and correlation dimension of 0.9799 and 1.0275, respectively. For distance to roads, the 400-600 m
class yielded the highest box-counting dimension and correlation dimension of 0.4974 and 0.7175,
followed by the 0-200 m class with a box-counting dimension and correlation dimension of 0.4665
and 0.7005, respectively. In the case of distance to rivers, the maximum box-counting dimension
(0.5472) and correlation dimension (0.7544) appeared in the 400-600 m class. For distance to faults,
the 0-2000 m class had the highest box-counting dimension and correlation dimension of 0.7235
and 0.8867, respectively. For MAP, the 560-580 mm class yielded the maximum box-counting
dimension and correlation dimension of 0.6395 and 0.8342, respectively. In terms of plan curvature,
the class of —0.5629-0.3009 had the highest box-counting dimension and correlation dimension of
0.4794 and 0.7002, respectively. For the profile curvature, the maximum box-counting dimension
(0.4542) and correlation dimension (0.6857) appeared in the —0.4607-0.5146 class. In the case of TWI,
the 2.7551-12.5128 class yielded the highest box-counting dimension and correlation dimension of
0.4653 and 0.6874, respectively. For the NDVI, the 0.5742-2.8915 class yielded the highest box-counting
dimension of 0.4694, while the class of 0.0776-0.4087 yielded the maximum correlation dimension of
0.7052. For TRI, the maximum box-counting dimension (0.4859) and correlation dimension (0.7107)
appeared in the —176-57 class.

Dataset, was employed as the input data to run the KLRpox-counting model. The LSI values of
the KLRpox-counting model were in the range of 0.0001-0.9999. Then, the LSM of the KLRpoxcounting
model was produced by dividing the LSI values into five categories using the geometrical interval
method (Figure 3b). The final threshold segmentation of LSI were as follows: very low (0.0088-0.0610);
low (0.0611-0.0765); moderate (0.0766-0.1286); high (0.1287-0.3043); and very high (0.3044-0.9766).
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Similarly, datasets was also employed as the input data to run the KLR ;relation model. The LSI
values of KLR yrelation model were in the range of 0.0001-0.9999. Then, the LSM of the KLR o;relation
model was produced by dividing the LSI values into five categories using the geometrical interval
method (Figure 3c). The final threshold segmentations of LSI were as follows: very low (0.0866-0.3878);
low (0.3879-0.5159); moderate (0.5160-0.5704); high (0.5705-0.6986), and very high (0.6987-0.9998).
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Figure 3. Landslide susceptibility map derived from: (a) the kernel logistic regression model (KLR),
and; (b) the kernel logistic regression based on box-counting dimension model (KLRbOX_Cou_nﬁng); and (c)
the kernel logistic regression based on correlation dimension model (KLRrelation)-
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4.3. Model Evaluation

4.3.1. Model Performance

In order to evaluate the performance of the classification models, six statistical indexes including
PPR, NPR, sensitivity, specificity, ACC, and kappa index were calculated using the training datasets
from dataset;, dataset,, and dataset;. As shown in Table 5, the KLRorelation Mmodel yielded the highest
PPR, NPR, and ACC of 87.84%, 80.09%, and 83.97%, respectively. For sensitivity, the KLR orelation
model showed the best performance for the classification of landslides (sensitivity = 81.59%), followed
by the KLRpox-counting model (sensitivity = 78.30%), and the KLR model (sensitivity = 66.03%).
In terms of specificity, the KLRpox-counting model showed the best performance for the classification
of non-landslides (specificity = 86.76%), followed by the KLR o relation model (specificity = 87.44%),
and the KLR model (sensitivity = 81.67%). Moreover, according to the criteria of the kappa index given
from [79]: poor (<0); slight (0-0.2); fair (0.2-0.4); moderate (0.4-0.6); substantial (0.6-0.8); and perfect
(0.8-1.0), the KLRpox-counting model (kappa index = 0.7657) and the KLR orrelation model (kappa index =
0.7828) expressed a substantial reliability. Unfortunately, the KLR model (kappa index = 0.5966) only
showed a moderate reliability.

Table 5. Model performance using the training datasets.

Models
Statistical Index
KLR KLRbox-counting KLR orrelation

True positive (TP) 173 184 195

True negative (TN) 147 181 177

False positive (FP) 33 26 27

False negative (FN) 89 51 44
Positive predictive rate (PPR) (%) 0.8398 0.8762 0.8784
Negative predictive rate NPR (%) 0.6229 0.7802 0.8009
Accuracy (ACC) (%) 0.7240 0.8258 0.8397
Sensitivity (%) 0.6603 0.7830 0.8159
Specificity (%) 0.8167 0.8744 0.8676
Kappa index 0.5966 0.7657 0.7828

4.3.2. Model Validation

In this study, the results of model validation using the validation datasets from dataset;,
dataset,, and datasets are shown in Table 6. The maximum PPR (86.67%), NPR (90.59%), and ACC
(88.42%) appeared in the KLR orrelation model. For sensitivity, the KLR orrelation model expressed
the best performance for the classification of landslide (sensitivity = 91.92%), followed by the
KLRpox-counting model (sensitivity = 83.67%), and the KLR model (sensitivity = 70.41%). For specificity,
the KLRpox-counting model showed the best performance for the classification of non-landslide
(specificity = 85.87%), followed by the KLR . relation model (specificity = 84.62%), and the KLR model
(specificity = 79.35%). Furthermore, the kappa indexes of the KLRpox counting Mmodel, KLR orrelation
model, and KLR model were 0.8400, 0.8785, and 0.7336, respectively, indicating a substantial reliability
between the reality and models.
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Table 6. Model validation using the validation datasets.

Models
Statistical Index
KLR KLRbox-counting KLRcorrelatiun

TP 69 82 91

TN 73 79 77

FP 19 13 14

FN 29 16 8
PPR (%) 0.7841 0.8632 0.8667
NPR (%) 0.7157 0.8316 0.9059
ACC (%) 0.7474 0.8474 0.8842
Sensitivity (%) 0.7041 0.8367 0.9192
Specificity (%) 0.7935 0.8587 0.8462
Kappa index 0.7336 0.8400 0.8785

4.4. Model Comparison

In this study, the model comparison was completed using the AUC value from the ROC
curve. Figure 4a shows the final ROC curves and AUC values produced by the training datasets.
The KLRorrelation model expressed the maximum AUC value of 0.8984, followed by the KLRpox-counting
model with the AUC value of 0.8828, and the KLR model with the AUC value of 0.8352.

Additionally, the ROC curves and AUC values produced by the validation datasets are shown
in Figure 4b. The KLR relation model showed the maximum AUC value of 0.9224, followed by the
KLRpox-counting model with the AUC value of 0.9203, and the KLR model with the AUC value of 0.8605.
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Figure 4. The receiver operating characteristic (ROC) curves of models: (a) Training dataset; and (b)
validation dataset.

5. Discussion

The calculated box-counting dimensions and correlation dimensions in this study are listed in
Table 4. The value range of the box-counting dimensions was between 0.9261 and 4.6410, while the
correlation dimensions ranged from 1.4166 to 6.1590. Although the dimensions of the two fractal
methods were different, it can be observed from Figure 5 that the overall trend of variation in the
fractal was roughly the same. This indicates that the spatial distribution features of the landslide
measured by the two fractal methods were relatively stable and the results more reliable. On the other
hand, using the fractal dimension to optimize the predisposing factors may become a new approach
that needs to be explored in future research.
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Figure 5. The variation trend of the fractal dimension.

Before building the classification models, the potential multicollinearity problems of dataset;,
datasety, and datasets; were detected. All predisposing factors in these three datasets were independent
of each other; however, the difference between dataset;, dataset,, and datasets can also be seen
from Table 2. In terms of dataset;, the TOL values of altitude, distance to roads, distance to rivers,
and NDVI were less than 0.7, which seems to indicate that these four factors had a tendency to
have multicollinearity problems [80]. Moreover, if these four factors are excluded, it may affect the
diversification of the input data. In contrast, the TOL values of all factors in dataset, and dataset; were
greater than 0.7, which means that each factor had strong independence as the input data. In addition,
from the results of the factor optimization shown in Table 3, three factors including TWI, profile
curvature, and TRI in dataset; were excluded, but all predisposing factors in dataset, and datasets
were retained. In summary, dataset; and dataset;, which were constructed by the fractal dimension,
can maintain a multiplicity of predisposing factors, while dataset; cannot.

The basic classification model used in this study was the KLR model, which is considered as one of
the state-of-the art advanced machine learning algorithms [81,82]. Meanwhile the KLR model has been
used in landslide susceptibility mapping with high accuracy. However, an exploration of improving
the KLR model has seldom been carried out. We used the fractal dimension as the input data of the
KLR model for the first time, and the grid search method was applied to ensure that the parameters
in the RBF kernel function were optimal at the same time. For model evaluation and comparison,
the KLR orrelation model constructed by dataset; performed the best, and its AUC values generated by
the training dataset and validation dataset were the highest in the three models. Furthermore, the AUC
values generated by the KLR model were significantly smaller than the other two models, which may
be caused by the excessive difference in the dimension of the original data.

6. Conclusions

With the increasing threat of landslides to human beings, the prediction of landslide occurrence is
particularly important. Landslide susceptibility mapping is considered as one of the preliminary steps
to predict landslide occurrence, the main aim of which is to divide a specified region into multiple
classes that range from stable to unstable ones. In this study, to obtain the landslide susceptibility
map (LSM), thirteen predisposing factors (i.e., slope aspect, slope angle, altitude, lithology, mean
annual precipitation (MAP), distance to rivers, distance to faults, distance to roads, normalized
differential vegetation index (NDVI), topographic wetness index (TWI), plan curvature, profile
curvature, and terrain roughness index (TRI)) were selected. Then, the KLR model and two hybrid
models, namely the KLRpox-counting model and the KLR orrelation model generated with box-counting
dimension and correlation dimension as input data, were used to perform landslide susceptibility
mapping in the Baota District, Yan’an City, China.
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From the final results, the classification results of all classification models were relatively reliable.
For statistical evaluation methods, the performances of the two hybrid models were better than the
KLR model. For the result of model comparison, the KLR orelation model had the highest values for
landslide susceptibility mapping.

As the final conclusion, the results in the present study proved that using the fractal dimension as
input data to build the hybrid model is feasible for landslide susceptibility mapping in the study area,
and could provide a reference for local landslide prevention and decision making.

Author Contributions: Conceptualization, T.Z.; methodology, T.Z. and H.Z.; software, T.Z.; validation, T.Z. and
L.H.; formal analysis, T.Z.; investigation, T.Z. and H.Z.; resources, L.H.; data curation, T.Z.; writing—original
draft preparation, T.Z.; writing—review and editing, T.Z.; visualization, T.Z., H.Z. and H.W.; supervision, L.H.,
X.L. and J.H.; project administration, L.H. and J.H.; funding acquisition, L.H. This paper was prepared using the
contributions of all authors. All authors have read and approved the final manuscript.

Funding: This research was funded by the National Key Research and Development Program of China, Ecological
Safety Guarantee Technology and Demonstration Channel and Slope Treatment Project in Loess Hilly and Gully
Area, grant number 2017YFC0504700.

Acknowledgments: We thank the China Centre for the Resources Satellite Data and Application for the data used
in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Shahabi, H.; Hashim, M. Landslide susceptibility mapping using gis-based statistical models and remote
sensing data in tropical environment. Sci. Rep. 2015, 5, 9899. [CrossRef] [PubMed]

2. Chen, W,; Peng, J.; Hong, H.; Shahabi, H.; Pradhan, B.; Liu, J.; Zhu, A.X,; Pei, X.; Duan, Z. Landslide
susceptibility modelling using gis-based machine learning techniques for chongren county, jiangxi province,
China. Sci. Total Environ. 2018, 626, 230. [CrossRef] [PubMed]

3. Pradhan, B. A comparative study on the predictive ability of the decision tree, support vector machine
and neuro-fuzzy models in landslide susceptibility mapping using GIS. Comput. Geosci. 2013, 51, 350-365.
[CrossRef]

4. Pradhan, B,; Lee, S. Landslide susceptibility assessment and factor effect analysis: Backpropagation artificial
neural networks and their comparison with frequency ratio and bivariate logistic regression modelling.
Environ. Model. Softw. 2010, 25, 747-759. [CrossRef]

5. Razavizadeh, S.; Solaimani, K.; Massironi, M.; Kavian, A. Mapping landslide susceptibility with frequency
ratio, statistical index, and weights of evidence models: A case study in northern Iran. Environ. Earth Sci.
2017, 76, 499. [CrossRef]

6.  Yilmaz, I. Landslide susceptibility mapping using frequency ratio, logistic regression, artificial neural
networks and their comparison: A case study from kat landslides (tokat—turkey). Comput. Geosci. 2009, 35,
1125-1138. [CrossRef]

7. Chen, W,; Pourghasemi, H.R.; Panahi, M.; Kornejady, A.; Wang, J.; Xie, X.; Cao, S. Spatial prediction of
landslide susceptibility using an adaptive neuro-fuzzy inference system combined with frequency ratio,
generalized additive model, and support vector machine techniques. Geomorphology 2017, 297, 69-85.
[CrossRef]

8.  Devkota, K.C.; Regmi, A.D.; Pourghasemi, H.R.; Yoshida, K.; Pradhan, B.; Ryu, L.C.; Dhital, M.R;;
Althuwaynee, O.F. Landslide susceptibility mapping using certainty factor index of entropy and logistic
regression models in GIS and their comparison at mugling-narayangh at road section in Nepal Himalaya.
Nat. Hazards 2013, 65, 135-165. [CrossRef]

9. Youssef, A.M.; Pradhan, B.; Pourghasemi, H.R.; Abdullahi, S. Landslide susceptibility assessment at wadi
jawrah basin, jizan region, saudi arabia using two bivariate models in GIS. Geosci. J. 2015, 19, 449-469.
[CrossRef]

10. Chong, X.; Shen, L.; Wang, G. Soft computing in assessment of earthquake-triggered landslide susceptibility.
Environ. Earth Sci. 2016, 75, 767.


http://dx.doi.org/10.1038/srep09899
http://www.ncbi.nlm.nih.gov/pubmed/25898919
http://dx.doi.org/10.1016/j.scitotenv.2018.01.124
http://www.ncbi.nlm.nih.gov/pubmed/29898519
http://dx.doi.org/10.1016/j.cageo.2012.08.023
http://dx.doi.org/10.1016/j.envsoft.2009.10.016
http://dx.doi.org/10.1007/s12665-017-6839-7
http://dx.doi.org/10.1016/j.cageo.2008.08.007
http://dx.doi.org/10.1016/j.geomorph.2017.09.007
http://dx.doi.org/10.1007/s11069-012-0347-6
http://dx.doi.org/10.1007/s12303-014-0065-z

Entropy 2019, 21, 218 20 of 23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jacobs, L.; Dewitte, O.; Poesen, J.; Sekajugo, J.; Nobile, A.; Rossi, M.; Thiery, W.; Kervyn, M. Field-based
landslide susceptibility assessment in a data-scarce environment: The populated areas of the rwenzori
mountains. Nat. Hazards Earth Syst. Sci. 2018, 18, 1-31. [CrossRef]

Pourghasemi, H.R.; Pradhan, B.; Gokceoglu, C.; Mohammadi, M.; Moradi, HR. Application of
weights-of-evidence and certainty factor models and their;comparison in landslide susceptibility mapping
at haraz watershed, Iran. Arabian J. Geosci. 2013, 6, 2351-2365. [CrossRef]

Bui, D.T.; Revhaug, I; Dick, O. Landslide susceptibility analysis in the hoa binh province of vietnam using
statistical index and logistic regression. Nat. Hazards 2011, 59, 1413-1444. [CrossRef]

Chen, W,; Chai, H.; Sun, X.; Wang, Q.; Xiao, D.; Hong, H. A GIS-based comparative study of frequency ratio,
statistical index and weights-of-evidence models in landslide susceptibility mapping. Arabian |. Geosci. 2016,
9, 204. [CrossRef]

Dahal, RK.; Hasegawa, S.; Nonomura, A.; Yamanaka, M., Masuda, T, Nishino, K. GIS-based
weights-of-evidence modelling of rainfall-induced landslides in small catchments for landslide susceptibility
mapping. Environ. Geol. 2008, 54, 311-324. [CrossRef]

Neuhduser, B.; Terhorst, B. GIS-based assessment of landslide susceptibility on the base of the
weights-of-evidence model. Landslides 2012, 9, 511-528. [CrossRef]

Pamela, P,; Sadisun, I.A.; Arifianti, Y. Weights of evidence method for landslide susceptibility mapping in
Takengon, Central Aceh, Indonesia. In Proceedings of the IOP Conference Series: Earth & Environmental
Science, Prague, Czech Republic, 2022 June 2018.

Nicu, I.C. Application of analytic hierarchy process, frequency ratio, and statistical index to landslide
susceptibility: An approach to endangered cultural heritage. Environ. Earth Sci. 2018, 77, 79. [CrossRef]
Park, S.; Choi, C.; Kim, B.; Kim, J. Landslide susceptibility mapping using frequency ratio, analytic hierarchy
process, logistic regression, and artificial neural network methods at the inje area, Korea. Environ. Earth Sci.
2013, 68, 1443-1464. [CrossRef]

Kayastha, P. Application of fuzzy logic approach for landslide susceptibility mapping in garuwa sub-basin,
East Nepal. Front. Earth Sci. 2012, 6, 420-432. [CrossRef]

Tangestani, M.H. Landslide susceptibility mapping using the fuzzy gamma approach in a GIS, kakan
catchment area, southwest Iran. J. Geol. Soc. Aust. 2015, 51, 439-450. [CrossRef]

Patriche, C.V,; Pirnau, R.; Grozavu, A.; Rosca, B. A comparative analysis of binary logistic regression and
analytical hierarchy process for landslide susceptibility assessment in the dobrovat river basin, Romania.
Pedosphere 2016, 26, 335-350. [CrossRef]

Raja, N.B.; Cigek, I; Ttirkoglu, N.; Aydin, O.; Kawasaki, A. Correction to: Landslide susceptibility mapping
of the sera river basin using logistic regression model. Nat. Hazards 2018, 91, 1423. [CrossRef]
Althuwaynee, O.F; Pradhan, B.; Lee, S. Application of an evidential belief function model in landslide
susceptibility mapping. Comput. Geosci. 2012, 44, 120-135. [CrossRef]

Pradhan, A.M.S,; Kim, Y.T. Spatial data analysis and application of evidential belief functions to shallow
landslide susceptibility mapping at mt. Umyeon, Seoul, Korea. Bull. Eng. Geol. Environ. 2016, 1-17.
[CrossRef]

Kavzoglu, T.; Sahin, E.K.; Colkesen, I. An assessment of multivariate and bivariate approaches in landslide
susceptibility mapping: A case study of duzkoy district. Nat. Hazards 2015, 76, 471-496. [CrossRef]

Yao, X.; Tham, L.G.; Dai, F.C. Landslide susceptibility mapping based on support vector machine: A case
study on natural slopes of Hong Kong, China. Geomorphology 2008, 101, 572-582. [CrossRef]

Lombardo, L.; Cama, M.; Conoscenti, C.; Marker, M.; Rotigliano, E. Binary logistic regression versus
stochastic gradient boosted decision trees in assessing landslide susceptibility for multiple-occurring
landslide events: Application to the 2009 storm event in messina (sicily, southern italy). Nat. Hazards
2015, 79, 1621-1648. [CrossRef]

Tsangaratos, P.; Ilia, I. Landslide susceptibility mapping using a modified decision tree classifier in the xanthi
perfection, Greece. Landslides 2016, 13, 305-320. [CrossRef]

Aditian, A.; Kubota, T.; Shinohara, Y. Comparison of gis-based landslide susceptibility models using
frequency ratio, logistic regression, and artificial neural network in a tertiary region of Ambon, Indonesia.
Geomorphology 2018, 318, 101-111. [CrossRef]


http://dx.doi.org/10.5194/nhess-18-105-2018
http://dx.doi.org/10.1007/s12517-012-0532-7
http://dx.doi.org/10.1007/s11069-011-9844-2
http://dx.doi.org/10.1007/s12517-015-2150-7
http://dx.doi.org/10.1007/s00254-007-0818-3
http://dx.doi.org/10.1007/s10346-011-0305-5
http://dx.doi.org/10.1007/s12665-018-7261-5
http://dx.doi.org/10.1007/s12665-012-1842-5
http://dx.doi.org/10.1007/s11707-012-0337-8
http://dx.doi.org/10.1111/j.1400-0952.2004.01068.x
http://dx.doi.org/10.1016/S1002-0160(15)60047-9
http://dx.doi.org/10.1007/s11069-017-3145-3
http://dx.doi.org/10.1016/j.cageo.2012.03.003
http://dx.doi.org/10.1007/s10064-016-0919-x
http://dx.doi.org/10.1007/s11069-014-1506-8
http://dx.doi.org/10.1016/j.geomorph.2008.02.011
http://dx.doi.org/10.1007/s11069-015-1915-3
http://dx.doi.org/10.1007/s10346-015-0565-6
http://dx.doi.org/10.1016/j.geomorph.2018.06.006

Entropy 2019, 21, 218 21 of 23

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Saro, L.; Woo, ].S.; Kwan-Young, O.; Moung-Jin, L. The spatial prediction of landslide susceptibility applying
artificial neural network and logistic regression models: A case study of Inje, Korea. Open Geosci. 2016, 8,
117-132. [CrossRef]

Chen, W.; Mahdji, P; Paraskevas, T.; Himan, S.; Ioanna, I.; Somayeh, P.; Shaojun, L.; Abolfazl, J.; Bin, A.B.
Applying population-based evolutionary algorithms and a neuro-fuzzy system for modeling landslide
susceptibility. CATENA 2019, 172, 212-231. [CrossRef]

Chu, L.; Wang, L.J.; Jiang, J.; Liu, X.; Sawada, K.; Zhang, J]. Comparison of landslide susceptibility maps
using random forest and multivariate adaptive regression spline models in combination with catchment
map units. Geosci. J. 2018, 1-15. [CrossRef]

Conoscenti, C.; Ciaccio, M.; Caraballo-Arias, N.A.; Rotigliano, E.; Agnesi, V. Assessment of susceptibility to
earth-flow landslide using logistic regression and multivariate adaptive regression splines: A case of the
belice river basin (western Sicily, Italy). Geomorphology 2015, 242, 49-64. [CrossRef]

Felicisimo, A.M. Mapping landslide susceptibility with logistic regression, multiple adaptive regression
splines, classification and regression trees, and maximum entropy methods: A comparative study. Landslides
2013, 10, 175-189. [CrossRef]

Kim, J.C.; Lee, S.; Jung, H.S; Lee, S. Landslide susceptibility mapping using random forest and boosted tree
models in pyeong-chang, Korea. Geocarto Int. 2017, 33, 1-35. [CrossRef]

Youssef, A.M.; Pourghasemi, H.R.; Pourtaghi, Z.S.; Alkatheeri, M.M. Landslide susceptibility mapping using
random forest, boosted regression tree, classification and regression tree, and general linear models and
comparison of their performance at wadi tayyah basin, asir region, Saudi Arabia. Landslides 2016, 13, 839-856.
[CrossRef]

Chen, W.; Shuai, Z.; Renwei, L.; Himan, S. Performance evaluation of the GIS-based data mining techniques
of best-first decision tree, random forest, and naive bayes tree for landslide susceptibility modeling. Sci. Total
Environ. 2018, 644, 1006-1018. [CrossRef] [PubMed]

Pham, B.T.; Prakash, I. A novel hybrid model of bagging-based naive bayes trees for landslide susceptibility
assessment. Bull. Eng. Geol. Environ. 2017, 1-15. [CrossRef]

Tsangaratos, P,; Ilia, I. Comparison of a logistic regression and naive bayes classifier in landslide susceptibility
assessments: The influence of models complexity and training dataset size. CATENA 2016, 145, 164-179.
[CrossRef]

Chen, W.; Yan, X.; Zhou, Z.; Hong, H.; Bui, D.T.; Pradhan, B. Spatial prediction of landslide susceptibility
using data mining-based kernel logistic regression, naive bayes and rbfnetwork models for the Long County
area (China). Bull. Eng. Geol. Environ. 2019, 78, 247-266. [CrossRef]

Chen, W.; Shirzadi, A.; Shahabi, H.; Ahmad, B.B.; Shuai, Z.; Hong, H.; Ning, Z. A novel hybrid artificial
intelligence approach based on the rotation forest ensemble and naive bayes tree classifiers for a landslide
susceptibility assessment in Langao County, China. Geomatics Nat. Hazards Risk 2017, 8, 1-23. [CrossRef]
Chen, W.; Xie, X.; Peng, J.; Wang, J.; Zhao, D.; Hong, H. GIS-based landslide susceptibility modelling:
A comparative assessment of kernel logistic regression, naive-bayes tree, and alternating decision tree
models. Geomatics Nat. Hazards Risk 2017, 8, 950-973. [CrossRef]

Pourghasemi, H.R.; Moradi, H.R.; Aghda, S.M.E,; Sezer, E.A.; Jirandeh, A.G.; Pradhan, B. Assessment of
fractal dimension and geometrical characteristics of the landslides identified in north of Tehran, Iran. Environ.
Earth Sci. 2014, 71, 3617-3626. [CrossRef]

Yang, Z.Y.; Pourghasemi, H.R.; Lee, Y.H. Fractal analysis of rainfall-induced landslide and debris flow spread
distribution in the chenyulan creek basin, Taiwan. J. Earth Sci. 2016, 27, 151-159. [CrossRef]

Malamud, B.D.; Turcotte, D.L.; Guzzetti, E.; Reichenbach, P. Landslide inventories and their statistical
properties. Earth Surf. Process. Landf. 2010, 29, 687-711. [CrossRef]

Guzzetti, F.; Mondini, A.C.; Cardinali, M.; Fiorucci, F; Santangelo, M.; Chang, K.T. Landslide inventory
maps: New tools for an old problem. Earth Sci. Rev. 2012, 112, 42-66. [CrossRef]

Hungr, O.; Leroueil, S.; Picarelli, L. The varnes classification of landslide types, an update. Landslides 2014,
11, 167-194. [CrossRef]

Mahalingam, R.; Olsen, M.].; O’Banion, M.S. Evaluation of landslide susceptibility mapping techniques
using lidar-derived conditioning factors (Oregon case study). Geomatics 2016, 7, 1-24. [CrossRef]

Sezer, E.A.; Pradhan, B.; Gokceoglu, C. Manifestation of an adaptive neuro-fuzzy model on landslide
susceptibility mapping: Klang valley, Malaysia. Expert Syst. Appl. 2011, 38, 8208-8219. [CrossRef]


http://dx.doi.org/10.1515/geo-2016-0010
http://dx.doi.org/10.1016/j.catena.2018.08.025
http://dx.doi.org/10.1007/s12303-018-0038-8
http://dx.doi.org/10.1016/j.geomorph.2014.09.020
http://dx.doi.org/10.1007/s10346-012-0320-1
http://dx.doi.org/10.1080/10106049.2017.1323964
http://dx.doi.org/10.1007/s10346-015-0614-1
http://dx.doi.org/10.1016/j.scitotenv.2018.06.389
http://www.ncbi.nlm.nih.gov/pubmed/30743814
http://dx.doi.org/10.1007/s10064-017-1202-5
http://dx.doi.org/10.1016/j.catena.2016.06.004
http://dx.doi.org/10.1007/s10064-018-1256-z
http://dx.doi.org/10.1080/19475705.2017.1401560
http://dx.doi.org/10.1080/19475705.2017.1289250
http://dx.doi.org/10.1007/s12665-013-2753-9
http://dx.doi.org/10.1007/s12583-016-0633-4
http://dx.doi.org/10.1002/esp.1064
http://dx.doi.org/10.1016/j.earscirev.2012.02.001
http://dx.doi.org/10.1007/s10346-013-0436-y
http://dx.doi.org/10.1080/19475705.2016.1172520
http://dx.doi.org/10.1016/j.eswa.2010.12.167

Entropy 2019, 21, 218 22 of 23

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Polykretis, C.; Ferentinou, M.; Chalkias, C. A comparative study of landslide susceptibility mapping using
landslide susceptibility index and artificial neural networks in the krios river and krathis river catchments
(northern Peloponnesus, Greece). Bull. Eng. Geol. Environ. 2015, 74, 27-45. [CrossRef]

Ayalew, L.; Yamagishi, H. The application of GIS-based logistic regression for landslide susceptibility
mapping in the kakuda-yahiko mountains, central Japan. Geomorphology 2005, 65, 15-31. [CrossRef]
Westen, C.J.V.; Rengers, N.; Soeters, R. Use of geomorphological information in indirect landslide
susceptibility assessment. Nat. Hazards 2003, 30, 399-419. [CrossRef]

Demir, G.; Aytekin, M.; Akgun, A.; Ikizler, S.B.; Tatar, O. A comparison of landslide susceptibility mapping
of the eastern part of the north Anatolian fault zone (Turkey) by likelihood-frequency ratio and analytic
hierarchy process methods. Nat. Hazards 2013, 65, 1481-1506. [CrossRef]

Conoscenti, C.; Maggio, C.D.; Rotigliano, E. GIS analysis to assess landslide susceptibility in a fluvial basin
of nw sicily (Italy). Geomorphology 2008, 94, 325-339. [CrossRef]

Yalcin, A. GIS-based landslide susceptibility mapping using analytical hierarchy process and bivariate
statistics in ardesen (Turkey): Comparisons of results and confirmations. CATENA 2008, 72, 1-12. [CrossRef]
Martelloni, G.; Fanti, R.; Catani, F. Rainfall thresholds for the forecasting of landslide occurrence at regional
scale. Landslides 2012, 9, 485-495. [CrossRef]

Pineda, M.C; Viloria, J.; Martinez-Casasnovas, J.A. Landslides susceptibility change over time according to
terrain conditions in a mountain area of the tropic region. Environ. Monit. Assess. 2016, 188, 255. [CrossRef]
[PubMed]

Jaafari, A.; Najafi, A.; Pourghasemi, H.R.; Rezaeian, J.; Sattarian, A. Gis-based frequency ratio and index of
entropy models for landslide susceptibility assessment in the caspian forest, northern Iran. Int. J. Environ.
Sci. Technol. 2014, 11, 909-926. [CrossRef]

Tseng, C.M.; Lin, C.W.; Hsieh, W.D. Landslide susceptibility analysis by means of event-based multi-temporal
landslide inventories. Nat. Hazards Earth Syst. Sci. Discuss. 2015, 3, 1137-1173. [CrossRef]

Vahidnia, M.H.; Alesheikh, A.A.; Alimohammadi, A.; Hosseinali, F. A gis-based neuro-fuzzy procedure for
integrating knowledge and data in landslide susceptibility mapping. Comput. Geosci. 2010, 36, 1101-1114.
[CrossRef]

Zare, M.; Pourghasemi, H.R.; Vafakhah, M.; Pradhan, B. Landslide susceptibility mapping at vaz watershed
(Iran) using an;artificial neural network model: A comparison between multilayer;perceptron (MLP) and
radial basic function (RBF) algorithms. Arabian J. Geosci. 2013, 6, 2873-2888. [CrossRef]

Balamurugan, G.; Ramesh, V,; Touthang, M. Landslide susceptibility zonation mapping using frequency ratio
and fuzzy gamma operator models in part of nh-39, Manipur, India. Nat. Hazards 2016, 84, 1-24. [CrossRef]
Li, C; Sun, L.; Wei, L.; Zheng, A. Application and verification of a fractal approach to landslide susceptibility
mapping. Nat. Hazards 2012, 61, 169-185. [CrossRef]

Torizin, J.; Wang, L.C.; Fuchs, M.; Tong, B.; Balzer, D.; Wan, L.Q.; Kuhn, D.; Li, A.; Liang, C.
Statistical landslide susceptibility assessment in a dynamic environment: A case study for Lanzhou city,
Gansu province, NW China. J. Mt. Sci. 2018, 15, 1299-1318. [CrossRef]

Kalantar, B.; Pradhan, B.; Naghibi, S.A.; Motevalli, A.; Mansor, S. Assessment of the effects of training data
selection on the landslide susceptibility mapping: A comparison between support vector machine (svm),
logistic regression (Ir) and artificial neural networks (ann). Geomatics Nat. Hazards Risk 2017, 1-21. [CrossRef]
Kavzoglu, T.; Sahin, E.K.; Colkesen, I. Selecting optimal conditioning factors in shallow translational
landslide susceptibility mapping using genetic algorithm. Eng. Geol. 2015, 192, 101-112. [CrossRef]

Chen, W.; Shahabi, H.; Shirzadi, A.; Hong, H.; Akgun, A,; Tian, Y.; Liu, J.; Zhu, A.X,; Li, S. Novel hybrid
artificial intelligence approach of bivariate statistical-methods-based kernel logistic regression classifier for
landslide susceptibility modeling. Bull. Eng. Geol. Environ. 2018, 1-23. [CrossRef]

Hong, H.; Pradhan, B.; Bui, D.T.; Chong, X.; Youssef, A.M.; Wei, C. Comparison of four kernel functions used
in support vector machines for landslide susceptibility mapping: A case study at Suichuan area (China).
Geomatics Nat. Hazards Risk 2016, 8, 544-569. [CrossRef]

Feizizadeh, B.; Roodposhti, M.S.; Blaschke, T.; Aryal, ]. Comparing GIS-based support vector machine kernel
functions for landslide susceptibility mapping. Arab. J. Geosci. 2017, 10, 122. [CrossRef]

Ballabio, C.; Sterlacchini, S. Support vector machines for landslide susceptibility mapping: The staffora river
basin case study, Italy. Math. Geosci. 2012, 44, 47-70. [CrossRef]


http://dx.doi.org/10.1007/s10064-014-0607-7
http://dx.doi.org/10.1016/j.geomorph.2004.06.010
http://dx.doi.org/10.1023/B:NHAZ.0000007097.42735.9e
http://dx.doi.org/10.1007/s11069-012-0418-8
http://dx.doi.org/10.1016/j.geomorph.2006.10.039
http://dx.doi.org/10.1016/j.catena.2007.01.003
http://dx.doi.org/10.1007/s10346-011-0308-2
http://dx.doi.org/10.1007/s10661-016-5240-4
http://www.ncbi.nlm.nih.gov/pubmed/27358998
http://dx.doi.org/10.1007/s13762-013-0464-0
http://dx.doi.org/10.5194/nhessd-3-1137-2015
http://dx.doi.org/10.1016/j.cageo.2010.04.004
http://dx.doi.org/10.1007/s12517-012-0610-x
http://dx.doi.org/10.1007/s11069-016-2434-6
http://dx.doi.org/10.1007/s11069-011-9804-x
http://dx.doi.org/10.1007/s11629-017-4717-0
http://dx.doi.org/10.1080/19475705.2017.1407368
http://dx.doi.org/10.1016/j.enggeo.2015.04.004
http://dx.doi.org/10.1007/s10064-018-1401-8
http://dx.doi.org/10.1080/19475705.2016.1250112
http://dx.doi.org/10.1007/s12517-017-2918-z
http://dx.doi.org/10.1007/s11004-011-9379-9

Entropy 2019, 21, 218 23 of 23

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Bui, D.T.; Tuan, T.A; Klempe, H.; Pradhan, B.; Revhaug, I. Spatial prediction models for shallow landslide
hazards: A comparative assessment of the efficacy of support vector machines, artificial neural networks,
kernel logistic regression, and logistic model tree. Landslides 2016, 13, 361-378.

Pawluszek, K.; Borkowski, A. Impact of dem-derived factors and analytical hierarchy process on landslide
susceptibility mapping in the region of roznéw lake, Poland. Nat. Hazards 2017, 86, 919-952. [CrossRef]
Yesilnacar, E.; Topal, T. Landslide susceptibility mapping: A comparison of logistic regression and neural
networks methods in a medium scale study, hendek region (Turkey). Eng. Geol. 2005, 79, 251-266. [CrossRef]
Chen, W,; Pradhan, B.; Shahabi, H.; Rizeei, H.M.; Hou, E.; Wang, S. Novel hybrid integration approach of
bagging-based fisher’s linear discriminant function for groundwater potential analysis. Nat. Resour. Res.
2019. [CrossRef]

Rahali, H. Improving the reliability of landslide susceptibility mapping through spatial uncertainty analysis:
A case study of al hoceima, northern Morocco. Geocarto Int. 2017, 1-59. [CrossRef]

Chen, W.; Shahabi, H.; Shirzadi, A.; Tao, L.; Chen, G.; Hong, H.; Wei, L.; Di, P; Hui, J.; Ma, M. A novel
ensemble approach of bivariate statistical based logistic model tree classifier for landslide susceptibility
assessment. Geocarto Int. 2018, 33, 1398-1420. [CrossRef]

Umar, Z.; Pradhan, B.; Ahmad, A.; Jebur, M.N.; Tehrany, M.S. Earthquake induced landslide susceptibility
mapping using an integrated ensemble frequency ratio and logistic regression models in west sumatera
province, Indonesia. CATENA 2014, 118, 124-135. [CrossRef]

Koch, G.G,; Landis, ].R; Freeman, J.L.; Freeman, D.H.; Lehnen, R.C. A general methodology for the analysis
of experiments with repeated measurement of categorical data. Biometrics 1977, 33, 133-158. [CrossRef]
[PubMed]

Eker, AM.; Dikmen, M.; Cambazoglu, S.; Diizgiin, $.H.B.; Akgtin, H. Evaluation and comparison of landslide
susceptibility mapping methods: A case study for the ulus district, bartin, northern Turkey. Int. ]. Geog. Inf.
Sci. 2015, 29, 132-158. [CrossRef]

Chen, W.; Shahabi, H.; Zhang, S.; Khosravi, K.; Shirzadi, A.; Chapi, K.; Pham, B.T.; Zhang, T.; Zhang, L.;
Chai, H; et al. Landslide susceptibility modeling based on gis and novel bagging-based kernel logistic
regression. Appl. Sci. 2018, 8, 2540. [CrossRef]

Hong, H.; Pradhan, B.; Xu, C.; Bui, D.T. Spatial prediction of landslide hazard at the yihuang area (china)
using two-class kernel logistic regression, alternating decision tree and support vector machines. CATENA
2015, 133, 266-281. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11069-016-2725-y
http://dx.doi.org/10.1016/j.enggeo.2005.02.002
http://dx.doi.org/10.1007/s11053-019-09465-w
http://dx.doi.org/10.1080/10106049.2017.1357767
http://dx.doi.org/10.1080/10106049.2018.1425738
http://dx.doi.org/10.1016/j.catena.2014.02.005
http://dx.doi.org/10.2307/2529309
http://www.ncbi.nlm.nih.gov/pubmed/843570
http://dx.doi.org/10.1080/13658816.2014.953164
http://dx.doi.org/10.3390/app8122540
http://dx.doi.org/10.1016/j.catena.2015.05.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Description of the Study Area 
	Methodology 
	Data Preparation 
	Landslide Inventory 
	Landslide Predisposing Factors 

	Preparation of Input Data 
	Frequency Ratio 
	Box-Counting Dimension 
	Correlation Dimension 

	Multicollinearity Diagnosis 
	Selection of Predisposing Factors 
	Description of the KLR Model 
	Model Evaluation and Comparison 
	Statistical Index 
	The Receiver Operating Characteristic (ROC) Curve 


	Results 
	Results of Predisposing Factors Analysis 
	Multicollinearity Diagnosis 
	Predisposing Factors Optimization 

	Application of the Classification Models 
	The KLR Model 
	Integration of the KLR Model and Fractal Dimension 

	Model Evaluation 
	Model Performance 
	Model Validation 

	Model Comparison 

	Discussion 
	Conclusions 
	References

