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The Firuzkuh Road, which traverses the Central Alborz Mountains, is highly 

susceptible to rockfall occurrences. This study aimed to produce a rockfall 

susceptibility map and compare the performance of Logistic Regression (LR), 

Artificial Neural Network (ANN), and Random Forest (RF) models along the Pol-e 

Sefid–Gaduk section of the Firuzkuh Road. Nine conditioning factors, including 

elevation, slope, slope aspect, slope curvature, lithology, land use, distance to 

faults, distance to roads, and distance to rivers, were considered. Rockfall presence 

and absence data were divided into training (70%) and testing (30%) datasets using 

a spatially stratified sampling approach for model development and validation. All 

three models were implemented in Python, and their performance was evaluated 

using Accuracy, Recall, and the Area Under the Receiver Operating Characteristic 

Curve (AUC). Variable importance analysis based on the Mean Decrease in 

Impurity (MDI) and SHAP values indicated that elevation and lithology were the 

most influential factors controlling rockfall occurrence. Furthermore, advanced 

statistical evaluations using the DeLong test and bootstrap confidence intervals 

confirmed that the Random Forest model, with an AUC of 0.993 and an Accuracy 

of 0.947, achieved a statistically significant and definitive superiority over both the 

Artificial Neural Network and Logistic Regression models in rockfall 

susceptibility zonation. The resulting susceptibility map can serve as a valuable 

tool for identifying rockfall-susceptible areas, prioritizing slope stabilization 

measures, and improving safety along the Pol-e Sefid–Gaduk section of the 

Firuzkuh Road. 
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EXTENDED  ABSTRACT 

INTRODUCTION 
Rockfall is one of the most important geomorphological processes in mountainous regions and steep 
slopes, which, due to its sudden and destructive nature, poses a serious threat to human lives, 
infrastructure, and transportation networks. The occurrence of this phenomenon is controlled by 
various geological, topographic, and land-use factors. Lithology, slope gradient, slope aspect, 
elevation, vegetation cover, land use type, and distance from roads and drainage networks can play a 
decisive role in slope instability and rockfall occurrence. The Firuzkuh Road is one of the main 
transportation corridors in northern Iran and, owing to its mountainous topography, active tectonic 
setting, and complex geomorphological conditions, is continuously exposed to various natural 
instabilities, including rockfalls. Rockfall occurrences in the study area cause casualties, economic 
losses, road blockages, and traffic disruptions. Previous studies indicate that susceptibility mapping 
and spatial assessment of rockfalls remain active research areas in which the application of advanced 
models and performance comparison within GIS environments can improve modeling accuracy. The 
present study aimed to compare the performance of the Logistic Regression (LR), Artificial Neural 
Network (ANN), and Random Forest (RF) in rockfall susceptibility mapping along the Firuzkuh Road 
between Pol-e Sefid and Gaduk, and to analyze the relative importance of the factors influencing 
rockfall occurrence. 

 

DATA AND METHODOLOGY  

In this study, a statistical model, Logistic Regression (LR), and two machine learning algorithms, 
Artificial Neural Network (ANN) and Random Forest (RF), were employed to produce rockfall 
susceptibility maps along the Firuzkuh Road and to compare their predictive performance. Data 
processing and spatial analyses were conducted in ArcGIS 10.3, while modeling procedures were 
performed using the Python programming language and the Pandas and Scikit-learn libraries. The 
dependent variable in this study was defined as the occurrence or non-occurrence of rockfall as a 
binary variable with values of one (occurrence) and zero (non-occurrence). To prepare the rockfall 
distribution map, several field surveys were conducted throughout the study area, and the locations of 
rockfall occurrences were recorded using a GPS device. The collected dataset was spatially stratified 
and divided into two groups, where 70% of the data (396 rockfall occurrence points and 397 non-
occurrence points) were used for model training and development, while the remaining 30% (171 
occurrence points and 170 non-occurrence points) were used for model evaluation and validation.  

Independent variables consisted of conditioning factors affecting rockfall occurrence, which were 
selected based on previous studies and the geomorphological characteristics of the study area. 
Continuous variables (such as slope, elevation, and distance from rivers) were  used as continuous 
values without reclassification, whereas categorical variables (such as lithology and land use) were  
considered as nominal variables and, to prevent creating artificial ordinal relationships between 
classes, were converted into binary variables using the One-Hot Encoding method to enable their use 
in modeling procedures. After training and implementing the Logistic Regression, Artificial Neural 
Network and Random Forest models in Python, rockfall occurrence probability was calculated for the 
entire study area. Model accuracy and performance were evaluated using statistical indices derived 
from the confusion matrix and the Receiver Operating Characteristic (ROC) curve.   
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Figure 1: Geographical Location Map of the Study Area in Mazandaran Province Iran  

 

RESULTS AND DISCUSSION 

The performance evaluation results of the Logistic Regression, Artificial Neural Network and Random 
Forest models indicate that all three models have  very high capability for rockfall susceptibility 
mapping. However, considerable differences were observed in their predictive accuracy and 
discrimination ability. The Random Forest model showed better performance, with an Accuracy value 
of  0.947 and an AUC value of  0.993. Furthermore, the Recall value of 0.959 indicates that the model 
successfully identified most of the actual rockfall occurrences. The Artificial Neural Network also 
demonstrated highly competitive performance (AUC = 0.976, Accuracy = 0.941). However, statistical 
significance testing (DeLong test) and bootstrap confidence intervals confirmed the definitive and 
statistically significant superiority of the Random Forest model over both ANN (p < 0.001) and 
Logistic Regression (p < 0.001). Analysis of the Receiver Operating Characteristic (ROC) curves 
further demonstrated that all three models exhibited acceptable discrimination capability for 
identifying rockfall-prone areas. However, the ROC curve of the Random Forest model remained 
above those of the Artificial Neural Network and Logistic Regression models across most false 
positive rate (FPR) values, indicating its superior ability to discriminate between rockfall and non-
rockfall areas. 

The prioritization of variables controlling rockfall occurrence was performed based on the Mean 
Decrease Impurity (MDI) index and SHAP values within the Random Forest model. The results 
indicate that rockfall occurrence in the study area is mainly controlled by morphometric factors, 
particularly elevation and lithology. To produce the final susceptibility maps, the trained models were 
applied to the entire study area. Accordingly, approximately 24.64% of the study area was classified as 
having high and very high susceptibility by the Logistic Regression model, compared with 24.18% by 
the Artificial Neural Network model and 19.24% by the Random Forest model. These findings 
indicate that the Random Forest model identified high-susceptibility areas selectively and in a 
concentrated manner (with higher spatial accuracy). 

 
Table 1: Performance Evaluation of the Logistic Regression, Artificial Neural Network, and Random Forest 

Models for Rockfall Susceptibility Mapping Using Different Statistical Metrics  
Model TP TN FP FN Accuracy Precision Recall F1-score AUC 

Logistic Regression  157  153    17  14  0.909  0.902  0.918  0.910  0.957 

Artificial Neural Network  162  159  11  9  0.941  0.936  0.947  0.942  0.976 

Random Forest  164  159  11  7  0.947  0.937  0.959  0.948  0.993 
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CONCLUSION  

The comparison of Logistic Regression, Artificial Neural Network, and Random Forest models using 
different statistical indices and ROC curve analysis demonstrated that although all three models 
demonstrated predictive performance in rockfall susceptibility mapping, the machine learning 
algorithms, particularly Random Forest, provided higher predictive accuracy and better spatial 
discrimination owing to their ability to model complex nonlinear relationships among the influencing 
factors. These findings highlight the importance of applying machine learning algorithms in rockfall 
susceptibility mapping studies conducted within complex geomorphological environments. According 
to the produced susceptibility map, approximately 160.7 hectares of the study area along the Pol-e 
Sefid-Gaduk section were classified within the high and very high rockfall susceptibility classes. 
Therefore, greater attention should be given to the management of this phenomenon in planning and 
maintenance practices along this mountainous corridor. The produced susceptibility map can serve as 
a decision-support tool for identifying susceptible areas, prioritization of stabilization measures, and 
infrastructure planning within the region. 
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!��� �9  6���567  ( ;�<( ��E�567  .����� ;�<( K�5 ��E���  ( ���2� �"	�3?9��
 :��
  � :��)��' ��M��
,�
 ��(
�� ���?� ,(�  � �!��� �%��47 [��E7  � ���� ������ �E3� :����� :��� ���
 :��3� �� !��  :����$��%4 

�&' ��4	�� ���M�� @$�� .�� !��I	��[	$��"0� �� ��	�� {�E� �$��%� K-Means  ��10 1�2I7 �E���  \x� ( !��
 ��$��%��&' �E��� �9  �70 !��� �P��  l�5�?/�) �9396  ( ;�<( ��E�397 H�� G
�� ( , ��
 :��� (;�<( K�5  �9

 (30 �<�� �P�� ) !����171  ( ;�<( ��E�170 H�� ���$ �� :��� (;�<( K�5 $� .G%�$ T�4	
� �9 @�?�7 ��2$(� @
 6� �2$f�0�	�0 ( �2$f�0�%����gf ;��7 �� ����>0��� ���� ���� ��� �IF !��� �5�?/� (� �9 ��. 

6E	�� :�9��&	� ��9(CD @$� ��  ( �9�	����D �� �Lt� 6���5 ;�<( ,-$� �� ��	�9 �(�� X��� ��@�#�D ��>0��� 
�)C$( ( :�9 �2$f�0�%����gf �E���  �>0��� ������	���#E�  � �9��&	� @$� .���� i !���9�� �$(�47 ( �$�D :�9  :�

 �� ( ����	���$^ ���P :�9  H��� ! ���� �� :�	��30  �	���A7 .���� 1$f�0�%����gf 6���5 �$^ 6���  ;�I7�� :�9

                                                      
1 - Logistic Regression 
2 - Artificial Neural Network 
3  - Random Forest 

4 - Spatially Stratified Sampling  
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 ����� :����� ( 62� ( ����� GA' �N�� �P�� ��$�� ~��  �) ;�I7�� ���<� H��  �DEM(  1�2I7 ���2��� 0(��� 
30  !��/�� �	�ASTER  ����)3�D �� ��'�� ($!�" 7�5q��� USGS ����	�� ����. �$@ ^$� �9 � ���[	� 

 ��4	��WGS 1984 UTM Zone 39N M�7�[ ��)$��� ��� (: �23� h���7 ���: D�6�2 �9 �� ��$� ^$� �9  ,(�  �
���?� �� �����: �(�� $��� �
(��1 .�� !��I	��   � 6���5@��  ������$^ � 6�) {��
 ( .�� \�' :�9  :�9
�E��� @��  �#E�  � ����� X��E� �� 1:100000 [g�<  �A��  ��� �� U��7 ���@ ����� ��>� ��%�#	�� (� �$��� 

 H�� ��1383 !�� �#	��� ���<� ( ��A7  �$^  \x� .�$��)6�)  � ��P�%   � !��I	�� �� ��-���� �%�� �"����7  U���
K�� ��-%� ArcGIS 10.3  ��0�7��. �]?9�@ �23� �9: �#E� X��� �� �E��� ���
�(� ( !��' �9: %��)�D�7� 

1:25000 ����� �#E� ��� ��:  H�� �� {���� ��#�1380 A7�� ��� ( ����: ^ G
��$� �9: �	���:   � ��P�%
�
 ��9  �	%�) ��� �� �����<� ��P�% y��7�� .0(� �#E��� �����: O���� �E��� ���� �>0��� ��- !���  � �9: ��2�� 

3� y���� 6� !�����>� ��) ����	�� ����� �� ��	��$�� .$@ �#E� �9: �D$� �	3�� �E3� ( , ���D �� ���: (�47$� 
!���9�� �:  Landsat 8!��/��)OLI 2I7 �� (�1 ��2�� 30 �	� A7�� !�� ���<�7 ��M�� �� .�h Xq� �9: �����:� 

�� ���� (��  �� =���5  � , ���D �4�: ( �I7�� �$(�47 !���9�� �: �� 2I7�1 ��2�� ^��  �� ���U Google Earth 

Pro  (�47 6���)$� �g��� !�� U��7 Maxar Technologies ( Airbus ���  ! �� �� {����� 2019  �72021(  !��I	��
�A� �� .��$�G �� K�/�� ����� �9: ������ �� ~�� ��E��� ��FqP� K ^ �� (�: ^$� �A��$ H�?5� ��)$�.  �� K ^

 �� G�� ��n&	���9� :H�� �� �(�( :��� �A�
 �7�n �)C$( X��� �� �9(CD @$� 6E	�� !���
 �9  .���� : ��
�� ���
�(�  � ��P�% ( !��'  � ��P�% �6�)  � ��P�% ������ :����� �N�� �;�I7�� 6��� �	���D :�9��&	�  ���P

��E��E3� �(�� ( �	���D �$ H�� ���( ��/� :��� �E3� :�9��&	� .���� �9  ( .�� \�' ������ GA' 6��� :�
�� -�� �O��� :����� �� ( ���� �	%�) �M� �� �?�� :�9��&	� ����5  �5��4� �3�7�7 ����� ��/$�  � :��)��' ��M��

,(�  � !��I	�� �� ���E3� ���� One-Hot Encoding �9��&	� �� H�� �� �9 �N�7�7 @$�� .���� 6$�37 �$(�(� :
 ( �	���D :�9��&	�  � ����2$ �5�?/� X��� �� �%��47 6"�' ( �5��4� �345 �23� �1�	�/0 �����)�

�E3� :�9��&	� :��o)�� :� ���� ��'� !��.   � 6E	�� ���P �� 6���5  � �E3� �9 ��Lk7 ����� ��M�� �� ��	�� ���
� ���(��% G3�� ,(�) �����  � !��I	�� �� 6���5 ��E3� �3�� � ( .G�� !�� !��I	�1.�$��) �3���� (  

)1 (  FR = A / B  

 �
 �� ��A 6�2�D �P��  ��E3� 1$ �� ,-$� :�9B 6�2�D �P��  ( �E3� ��?9 �� ,-$� �<�% :�9FR  G3��
F ����� 1$  � �	#�� �E3� �9 :��� ���(��% G3�� �$��E� �]���e .G�� ���(��% ^�� ,-$� ;�<( �� �E3� �
 G����

�� �x�) ����  ��������� ( ��(1403 .(  

 �� �/�
  �"	�3?9 ��'(� � ^�����  ( �9�	����D&	���9�: � 6E	��� ����7 �	� ��3	5� ( G<� ��$W H�� �9 Lk7�� I��� 
���o"�H�� :��'�  � ��D c  ��9��7�6 [9 �
� ���)��e ��M�� @$� :��� .�� K�/�� V
��  � �9:���
 :  N$�O
6?�72 )TOL��( K��7 6��5 ( ($\��3 )VIF�� !��I	�� (1e�� 6?�7 N$�O ���E� �]���e .   � �71/0  ���E� (

                                                      
1 - Bilinear 
2 - Tolerance 
3  - Variance Inflation Factor 



���  ��� � 	�
� �
����� �� ����� �� ������� ���� .� �  	�! "�#$�%� ���  �
��

$�& '����( .	)� *$�+� �  

 

\��$��( K��7 6��5 (VIF) ��-�   � �75 ��#� ����� [9 ��'( !��9� @e) G��9��&	� @�� �$�� ��
1  �����2?9 (
2017   .(  

 ��F�� ��H��  ( : ����AD H��  � ��	�� .�� ,-$� G����F :���   :���
 !��I	�� 1�	�/0 �����)� .G�� !��
H�� ���)��� 	�/0�1 $1 ,(� ���
: &	���e�!� ��� �� G��: P�7�r � ������@ $1 &	��� (�(� �	���(�$ 

 ;�<()$� � ;�<( K�5$,- ��e ( (.��$@ &	��� ) 6E	��X1, X2, ..., Xn� ��� �� (� �(�  �����2?9 ( .��f)
2023(� �� .$@ �H�� � ������@ &	���9�  ���P ��$1 ����� S  62�$� 	�/0�1 ���� �� ��� (  �� �� �9��(
��

 ! ���IP �7 $1 � ���< (;�<( H�?	F�)� c�9� ��� ��:  ���$��E� �-�$1  ��$1 ��#� � ;�<( H�?	F� !��9���	#  (
�$��E� �-�$1 ��#� �IP �� !��9� �?	F�;�<( �	?� H ,-$� �9�	 �� H�� @$� �� .�� ,-$� ;�<( H�?	F� .�

) U��(� X���2) ( (3�� r$�>7 (  �����2?9 ( �(���2���� :�&P�) ���1399 .(  

)2 (  � = �
�����  

 �
 �� ��� �.�� ,-$� ;�<( H�?	F� e �E7 ���E� �� �x� ��5$3� 718/2  (�  �����  � �� H�� ��
 ��&	�3   ��
�� G�� :�$
  

)3 (  � = 	
 + 	�
� + 	�
� + ⋯ + 	�
�  

 ������ @$� ��	
   �H�� ��3�  � =�5
� … 
�    ( 6E	�� :�9��&	�	� … 	�  .��	�9 �9��&	� �� �}��	� N$��O
 �� G�� ��n �� K ^���: ?������ �E� G�P  �$�� W$�	��  H��	�/0 �����)�1� [	$��"0� �$�� (  :��)��$ :�9

 @����������	�  � !��I	�� �� Scikit-learn  �� U����D$��	  �� ( �5�?/�!��� �9: � ��
� $���2  .���� ��'� ��
1�	�/0 �����)� H�� �$�A� :����2�D�  :(� �9���27 ���>7 �����F1000 �!�(2   � :��)��' :��� ( �� [�M�7

q� � ( �:��)�� ���)�9X �� �9 �	� ���P� �3 �$��) H�?5�.��?9  ��� �	I) ������� ��$�E� ��M��  ��2�?5
H�� �9   � ��7^�� G<� �� �0�� �� ����	�� ([	$��"0�  @���� :��)��$ :�9 !��I	�� .�$��)345 �23�� 5��4�� 

$2� �7�������D  �$@ ��"0�$[	 �9: $)����: ���M� ����7 �� G�� !���$ ^���$ D U��(� ����	�� ���]�!� w (��
�� 
���� &	���9�: 6E	�� �D ;�<( ($!� �9: f�0�%����gf$1 ���� r��$)4  ��?��<��D (2021(� .$@ ��"0�$[	 �D �� ��$� 

� ��	
���f�0�$1 F��� ����� -&�� � �(�� �!��� � D ���� =�% �9: G�� )�����  �7 !�����$y !���  G�� ���< ��9
�9�"0�: �5�?/� �� ��A�D !��� �9: �>���e: ����� ���$ ��	��) ���:  �����2?9 (2019.( � ��$@   � ��9(CD

345 �23�� 5��4�� ^��e �(�	x��D ;��  �$�5 )MLP ( .G�� !�� !��I	��!��� �(�(  � ��D  ��23� �� �9
X��E� ��������	�� ,(�  � !��I	�� �� 6E	�� :�9��&	� :���: 6 $�D U��� ��G%�) K�/�� ��	.  ��5q�� H�� @$�

� ( �� ( !��� G%�$�� :�(�( :�9 �$^  � �� �� {�37�� [9 �� r�	�� :�9 ����?5 .�9� !��]�D :�9  �$^ U��7 �7
�� K�/�� ����� �� ���< X�	�� �� �'(�
 �$^ ���P �� , ���D @$� �/�	� ( ��� �g��) ���)7  �����2?9 (2023 .(

 -�� H�� @$�� �� ������	�  � !��I	�Scikit-learn �� ���U ������ ��$�� ��	$�D ��'� .�� ��	
��  6��� �23�$1 

                                                      
1 - Chen 
2 - max_iter=1000  
3 - class_weight='balanced' 
4 - Youssef 
5  - Multi-Layer Perceptron 

6 - StandardScaler 
7 - Mao 
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^$� �(�(:� ^ ��$�  ( ��A�D$1 ^$� '(�
� ���( ! �(��� ���>7 �9: ^$� �9: �� ��A�D 7�7�N 100 �50  (25  ��
� .�� �	%�) �M�$@ �� ��	
�� �� 
 ���P$#� �-%� @?O �7 �� i��	��$� ����7�$  �� �23�$)����: �9�"0�: 

w��
��� D  ��]�)�� ��� � H�� �F  ��- )��'��: .��� �� ��?7� ^$� �9: H�>% y��7  � ��A�D  ��:ReLU 1 
�� !��I	��. �$@ 0� �� y��7�6  G5��$)����: �23� �� N���� ��2�?5 ( ^�� �9: ^��e$�� $2� ��  �$W �7$@  y���7

H�>%  ��: �9������ ��: $)����: ?5�h �23� ( �9: 345� � i����� ���. H�>% y��7  ��:ReLU   N'��
y$�� :��)��$ �� 1�0���x�9 G��C��7 ( ��g�?"�� y���7 �� G3�� �	A� ��2�?5 ( �7 ���$��) �2 ��	��9 (3 �2010 .(


�%$�� A�  � !��I	�� �� �23� , ��
���  �� Adam �]?9 .G%�) K�/���@ ���: (� ��3A���  u�� �, ��
$)����: 
3�7�E� �� �� �	%�) ���  �7 u�� �H�� ��3A� G5�� �9�� ���P ��$)����: �� �>7 �����
 ���P$6 .��� �����F 

 �23� , ��
 ���27 ���>72000 >7 !�(���@ %�� GP�% �7 ��� ���: ��"?9�$  .���) [9��% H��@��]?9�   �
� �� .�� !��I	�� K�"�9�(  r<�7 ���( ��$@ #�� �,(�� !���  � �9: � ��
� �� /����3	5� �5�?/� ����5� �
��� 

 �M� ���	%�) �]���e �7 !�� � �23� ��2�?5� 0��	� ���27 ��e� � ��3A������ 
�%$�� �� , ��
  r<�	� �����
 ���
 ���� .$@ �  � ��29���� , ��� )��'��: ( !��� ?>7 ���7�[ oD$�: �-%� �� H��$� �� �9�. �� �$@ &	� ��9(CD��9� 

 �L�� 6���5 (�� �(�( ����5: >O( ( �23��G  ;�<($�  ;�<( K�5,-$� �� '(�
 ����5� .�� �	%�) �M� �� H��  

 � �"$� �2$ �%��47 6"�' [	$��"0� ,(� @���� :��)��$ �������D :�9  G����  ����/$�  G
�� :��$  ���>7
 ( [�?47y�?/7 �
 W$�	�  �� ��9��D ���� �� G�� h�<�  @$� .���$[	$��"0� H�� �� ���<  ��
��w U��(� : ��

!��]�D �L�� 6���5 ( .�� ,-$� ;�<( @�� G�� ��D �� !(q5 (  6���5 ( �9��&	� G�?9� :��� G$�0(� ��2�� �����
�� [9��% -�� �� �L�� -"$��(�) � ��4  �����2?9 (2012 .( :��� :��'���?9  � -�� H�� �5�?/� !���  �� ��
 :�9( 

�/����3	5� !��I	��  ���� ( Xq� � ( �H�� :��)��  � :��)��' ��M�� �� �9 � ��	� ���P �$��) [�M�7.  @$� ��
 \x� ( �� r$�>7 H�� ��P� :�9�	����D ��	�� ���F�� ��2�?5�
  ��	�� V
��� � �  � ���
���5(OOB Score)   

���< ���$ �� ���� �)G%. ��"0� ��$[	 �%��47 6"�'� ?47 G
�� �9�[ ���?�  � !��I	�� �� )��: %��47�  ��
�'$��o":6 !���  � �9: � ��
� �� ( !�� �	
�� � ����"���@  �(�F33 !���  � �P�� 
�% �� �9$��  G
�� �9 , ��


 G���������� .$@ !��� �� �� �9 !��� ����5 �9: �  � ���
��� � �	
���� ����� ���:  ��$��� �
���  ���� H�� G<�
� ���< !��I	��� )����. 	��� � OOB �� D G3�� ���P�� ���� �9: �P�~ ���?� 6� �� �9: OOB �>7$r  ( !��

�� ���7 �� �� �
  ���P) �����4 (���� ��?� @?$��)7 �2001(:   

)4 (  ��� ���� = �
�

∑ ���� , � �
!!"#�

�$�  

�� �
 �� �N ���?� 6� ���>7 �� ��
 !��� �5�?/� �� �9 ��� ><�( ���E��� � �
!!" D ���E��� ���� !��   � !��I	�� ��

G
�� �9�$ ���?� �� G��  i�
 , ��
 ��  ( �	���� ���F �9I � V
�� y��7� ����� �� .$@ &7 �� ��9(CD���  ���>7

����	8  ���E� �3���� (OOB Score ���: 9� &7 ����?� �G0�F����� ��7 H�� G<��[ A� ���E� �7 �����  @$�

                                                      
1 - Rectified Linear Unit 
2 - Nair 
3 - Hinton  
4 - Rodriguez 
5  - Out of Bag Score  

6  - Bootstrap 

7 - Breiman 
8 - n_estimators  
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>7 �	����D��@ .���)  6��� H�� �$�A� ��?�M�7 �:���$�D �����F �� ����	�� GA' ( X��� @$� ��70  �G
��
�(����� h?5 �����F 1�)C$( ���>7 ( ����� :�9  H��>� !���9��&	� 6� �o' 2�$��) @��>7. �$@ 
�%$��  ��$��� 

�
���� � ! �'� H�� ��� �9� � �(�� �7� �  ��$1 /����3	5� !��� �5�?/�� ?�7 �� ��
 G<� ����)��'�@  .��-� :���
����� D ���� ���� �A���$ 
�%$��  �� ( G
��$��� ��e ��	
��$@  ���27 ����7 !�� �A� ��$�G D�� ���� �A��$ 

��  � H��$h ��"���@  '(�
� ��?7� G
�� �9: ?47�[ �� .��
 G�� ^ �� K ��n  [�M�7 :�9��$
�% ���� �� G��
H�� ���?7 �� �9�	����D�x$�9  �� l�%�P (�%��47 6"�' ( �5��4� �345 �23� �1�	�/0 �����)�) !����$ :�9

!��� :��3�  ( , ��
 :�9�/����3	5� �9 �� ( �	%�) ���P ��
��!��� �5�?/�  � ����5 � �$�A� ��� 
 :�9  :���
���A� G�� !�#� !��I	�� �9�	����D : ��.$2� ���<  ��G �9: [A� ��"0�$[	 %��47 6"�'�� ��2�� ( �37� @��>7 

�0(�$G ���: ?9��G � ;�<( �� �Lt� 6���5$,- .G�� ���: ��M�� @$�   �V
�� ?9��G �	����D3 � !��I	�� �� � ��
 X��� �� �9(CD @$� @�"����40�
�� �9���4(MDI)   �3���� .�$��)� ��$@ �A� , ��
  � \D �,(��$  �� H��

�9�	����D: A����� ����-  �9 G���#�$1 �9�	����D  �: �(�(: 40�
�� �9�� ��� !�) �9: ?47 ��	
���[  �3����
�� ���) .�9  �� ���$1 � 6�� �	����D�N ���: �E7�[ $1 !�) � !��I	��� ���� 40�
�� ���E�� D �9�� !�)��� 
�� �����"0� .$�[	 40�
�� �9�� ���E�� ����  �9  ��	����D � ( !��� G3L ��$@ �9�� !�) K�?7 �� �� �9  K�?7 ( �9

G
�� � y?' �9� �� . �� �A�$�G ��E�$� H���� !��
 G�� ��  ��: ��! ?9� ;�?/� �7�G �	����D ����� �91$ ��  .���
?9��G  �	����D%&  ��  ���P) �����5( �>7$r �� ��� X����2��)5 �2011.(  

)5 (  '��%&# = ∑ ∑ �(

��∈�*
+ ,�-./ − �-.1/ − �-.2/34

5$�  

 �
 �� ��T  G
�� ���>7  ��96&
5  G
�� �� �$�9 !�) �5�?/�t  ��&	� �� ��%& !�� [��E7  c���6�  �9 ���?� ���>7

 !�) ��.� �-./   ( !�) �40�
�� ���E�.1 , .2   N>#�� :�9 !�) �� G��� ( �e !��  .�����	�$W �9�	����D G�?9� 
� ����?� ���P ����� �: �g��� ��)$� 3�� � ( �7�  �� 6��5 �9;�<( �$,- .��� V�#� V
�� �� !(q5 MDI �� �

:��)�� y%� ��M�� �	���D :�9��&	� �� G3�� V
�� @$� �0�?	F� :�9 h�<� ���I7 �g��� @��]?9 (  !���  � �7
�$��E� �	%�#�D ,(�  � ��9��&	� :��o)�L� _��6 (SHAP)  ��2$(� @$� .�� !��I	�� �%��47 6"�' [	$��"0� �� -��

: �� �$�M� �� ��	3� �� ����F [A� �G��9 �� �3���� H�� �$�A� �'(�
 �� �� ��&	� �9 :�  W$�	� �G$�A� �� .���
����D G�?9���2$(� (� X��� �� �9�	 �$��E� ( ���' V
�� SHAP ���� ����?� ���P �� ��$�E� :�  �$��) �g��� :�

��� V�#� ,-$� ;�<( �� 6��5 �9 �>�< ( �3�� � ( �7. , ��
  � \D :��'� (H��  �1�	�/0 �����)� :�9
( �5��4� �345 �23� %��47 6"�'��	$�D U��� �� �� � ;�<( H�?	F�$,- ��� .��:  6��E���  �>0��� ����

 .�� �3����'(�
� H�� �9 �� ���U GIS �� ( 6E	�� ^ ����5$� :�9 �	��: �?�$�  .�� !�����  ��2�� ��M��
H�� ���� h�<� ��$�E� ��9 �#E� �$�A� H�?	F� ;�<( �$,-  .�� H�� �� �9 :���,(�  � !��I	�� ��  6P��%

                                                      
1 - max_depth=None 
2 - max_features='sqrt' 
3  - Feature Importance 

4  - Mean Decrease in Impurity 
5 - Nicodemus 
6 - Shapley Additive exPlanations 
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(���:1 ���	�
 H�?5� (  W�D �� J�	#� :�9) [� ���
 G����F Xq�0  �72/0) [� �(2/0  �74/0) U��	� �(4/0 
 �76/0) ��$  �(6/0  �78/0) ��$  ����� ( (8/0  �71(  �E3� ���: ��)$�.  

��  ���$ �� ��M���$���� ( G<� H�� �9  �9(CD @$� ��  �V
�� :�9  \$�7�� �� ��	3� :���
��
2 ����� (ROC  
�� !��I	��G�� ! . @$���P� �I0t� ��Ae 6��� \$�7�� �><�( G3�� (TP)�><�( �I�� � (TN)in�� G3�� � (FP)   (
in�� �I�� (FN)  G��V
�� �3���� :��3� ��  :�9 ���$ ����	%�) ���< G<�.  �$  U��(� X��� �� �9 V
�� @$�

.��e) ���� �3����3  �����2?9 (2023:(  

 V
����� G<� (Accuracy) ����� ���P �� �� )6 ( !��� (��D G3�� �"���� ���� ���?� 6� �� ~��P :�9 9:G��  

)6 (  Accuracy = 4=�4�
4=�4��>=�>�

  

 V
����D G<� G3�� ���� (Precision) ) ����� ���P ��7 �� !��� (��D G3�� ����  6� �� G3�� ~��P :�9
��D ���� �� ��#� �� G3�� :�9 ��D :��
 ��-�� �"���� ( �9�  in�� G3�� ������ :����  

)7 (  Precision = 4=
4=�>=

  

G����F V
�� ���$ �� �$ (Recall / Sensitivity) ) ����� ���P �� ��8 ( !��� ( ~��P �$����� �� H�� �$����7
( :�9���
��� ��#� �� .�� ,-$� �><� 9� :�  

)8 (  Recall = 4=
4=�>�

  

V
�� F1-score  ��1������9 @�"���� Precision ( Recall  �� ( ) ����� ���P9 ( ���>� (� @$� @�� �0��>7 ( !���
�� ��/$� ���:  

)9 (  '1 = 2 × JKLMNONPQ×RLMSTT 
JKLMNONPQ�RLMSTT

  

����� ROC ����� �$  ~�� ( (AUC) ����><�( G3�� u�� @�� ���� in�� G3�� u�� ( �� ���	�
 ��  [�?47 :�9
�� �$�?� r�	�� V
�� �� �� ����� @$� �$  ~�� .�9� AUC �� ���� H�� 1�2I7 ���< ��� ���>� ���� �9 

Xq� @�� G�� ,-$� �(�� ( ,-$� :���� :�9���E� �e�9 . AUC 1$�-� 1$ ��5 �� ��#� ����� �7 ��2�?5 !��9� 
��D ( �9 Xq� 1�2I7 �� H�� �	A� G�� ,-$� �� ^�� G����F �� h���� ~��P ����. �� in�� G3�� u��  ���P

) �����10( �� �3���� ���:  

)10 (  FPR = >=
>=�4�

  

�A� ��$�G �E� ��M�� ��$�� ���
:  �� ($��� �����>�: � Bq	
��@   ~��$� ����� )AUCH�� �� ( �9:   � r�	��
?�� 6P��%���� 95 �	3�) �P��� ���?� ,(� �� �����: ��� ��/�  �� _�	��5000 ���
 ��� 
 ( (���27: 

�	����D��$1 .�^�4 .�� !��I	��  

  

  

                                                      
1 - Equal Interval 
2  - Confusion Matrix 
3 - Chang 
4 - DeLong 
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�KG�� N%D3& ��0  

�� ��	�� ��9(CD @$� ��  ���(��% G3�� �.�� ,-$� ;�<( �� 6���5 ( �9��&	�  � 1$ �9 6E	�� �L� ����� ��M��
) 62� �� .�� �3���� 6��5 �9 r�	�� ��E3� �� ,-$�2 ( �E��� �� .�� ,-$� ;�<( �� �L�� 6���5 ��E3� �(

) H(�' ��1�g��� �A�
 ��E3�  � 1$ �9 �� ���(��% G3�� N$��O (   � �	#�� ���(��% G3�� ���E� �' �9 .G�� !��
 ,-$� �� �E3� �
 G����F ��/�	� �� ( !��� ,-$� ;�<( �� �E3� �
 !���� G$�E7 �E� !��9� ��#� ����� 1$

 W$�	� .���� �� ^�� .��@��  :�9�F�( �����  �� ��� ��#� ������>0��� ���� �E���  ��^ �� �� ��  � l�7�?5
1#?� ( ��0^ ���� h�>7 1#?� �� �� �� �E��� ~�� �	#�� .G�� !�� 6�2#7c  �� ���(��% G3�� @$�7^�� ���

 ���E�95/1  �� G�� �^ �� �� �� {������#� ���F !��9��G ���	# �$@ � ;�<( �� �� ��$,- .G�� .��  !�9�#�
) H(�' �� �9��&	� �$�� W$�	�1�� ��#� (  ��P�% �� �9�200  �7300 :�	� �6�)  � �5�I7�� ��E3� 1200  �7

1800 �	�   � �7^�� :�9 N�� ��$�� ~��  �70 ����� ��P��  ��P�% �i��� ����� 62� ��<�� i��' GA' �� :�9
100  �7150  ��P�% ����
�(�  � :�	�50   �7100  G3�� ���E� @$�	#�� ��E% y7�� �O��� :����� ( !��'  � :�	�

� ��
 �� �� ,-$� ���(��%!��� T�4	
 .��	�9 �����
�� :�7^�� G����F  � ( ���  

 @��#1�%�) �2) *
 ���%G *!�# $! �O
� ���
- P,K
� 4�D�5 $! JQ�$ ������G 	��� :-  .(R��S��)����"� :y3�� 

   ������G 	���  

JQ�$ 

��F� �T$!  ��0  

JQ�$ ���G  

��F%2 �T$!  ��0  

JQ�$ 
���
- 4�D�5  

 
  �O
� ���
-  

10/0 86/24 46/2 ��0^ �� ��  

U�) V�#  92/0 34/47 33/43 1#?� �� ��  

95/1 80/27 21/54 �^ �� ��  
78/1 18/13 40/23  100 -0 

��S �� �,T�G  

(�	�)  

43/0 42/11 89/4  200 -100 

26/2 66/8 57/19 300 -200 

97/1 58/6  98/12 400 -300 

35/1 20/5  02/7 500 -400 

58/0 97/54  13/32 500 > 

24/0 79/10  64/2 10 -0  

W%�  

(�P��)  

34/0 49/17  99/5 20 -10  

64/0 38/17  09/11 30 -20  
70/0 00/18  68/12 40 -30  

85/0 66/13  62/11 50 -40  

50/1 65/9  44/14 60 -50  
54/2 89/5 96/14 70 -60  

72/3 15/7 58/26 70 >  

32/0 16/11 57/7  H�?�  

����! 	�#  

30/0 98/8 81/5  ��� H�?�  

42/0 96/20 84/18  ��� 

00/1 98/18 49/40  ��� i��'  

25/0 32/2 23/1  i��'  

00/0 79/0 00/0 i�w i��'  

90/0 07/9 43/17 i�w 
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   ������G 	���  

JQ�$ 

��F� �T$!  ��0  

JQ�$ ���G  

��F%2 �T$!  ��0  

JQ�$ 
���
- 4�D�5  

 
  �O
� ���
-  

15/0 72/27 63/8 i�w H�?�  

00/0  54/18  00/0 1200 -1000 

 "��&$�  

(�	�)  
   

34/1 33/18 65/24 1400 -1200 

96/1 24/12 94/23 1600 -1400 

42/2 20/16 26/39 1800 -1600 

58/0 06/21 15/12 2000 -1800 

00/0 62/13 00/0 2000 > 

83/0 52/59 30/49 �>E�   

����! ���3��  39/1 95/31 39/44 i���   
74/0 53/8 32/6 [�E	��   

50/0  3/27 51/13 50 -0    
  

 �� �,T�G

���X!�$  

(�	�)  
  

39/1  23/22 88/30  100 -50 

77/1  89/18 51/33 150 -100  

15/1 93/11 68/13 200 -150 

62/0  81/8  44/5 250 -200  
27/0  1/11 98/2 250 >  

06/1 86/26 60/28  50 -0 
*!�# �� �,T�G  

 (�	�)  
  

20/1 08/24 95/28 100 -50  

11/1 19/25  89/27  150 -100  

61/0  88/23 56/14 150>  

00/0  35/5  00/0  : �(�#� ( ���    
  

�Y�$� ���$�   

  

00/0  69/18  00/0   !�3�� 6"�'  

20/1  83/4  79/5  �3$��7 6"�'  

52/1  63/55  39/84  ��E% y7��   

85/0  91/10  30/9  U��	� y7��   

11/0  58/4  53/0  i�
 y7��    
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 �F�2: �/D� R��S) *
 ���%G *!�# $! JQ�$ "
�� �� �O
� ���
- � �0�%MK� ��0- .(�%�) �2 ��)����"� :y3��  

V
�� �6E	�� :�9��&	� ( 6���5 ���� ���)��e ��
 [9 ��'( ����� ��M�� �� ) \��$��( K��7 6��5 :�9VIF ( (
) 6?�7 N$�OTOL) H(�' �� W$�	� �� �� �3���� (2 .G�� !�� �g��� (��?9  !�9�#� H(�' @$� �� �� ���

�� ���� ��9   � 1$��&	�!��I	�� ���� :�9 �9(CD @$� �� [9 62#� �� �$��E� .��	��� �'��� ��
 VIF  :���
������ ���	�
  � �	?� �9��&	� ���?7 5  -�� 6?�7 N$�O �$��E� ( !�������� �?9 �� �	#��   �1/0 ��	�9  ��

 HqE	�� �"����  i�����&	� �9� �� �(�( :���H�� �9G�. ���E� @$�	#�� VIF  ��&	� �� {���� ;�I7���� G��  �����
@�$�D ��#� ( !��� ���	�
 @$�  � �7 62#� �"	�3?9 ���E% !��9� !�$� ( N���� lq��� U$��� (  �� !��� H
  :��� �9
H�� G�� : ��.  ��&	� �6��E� �� GA' �� �����VIF   �� �����053/1  ($�O6?�7 N 902/0 [9 ��-�� @$�	?�  ��


 .G�� !��� ��#� ��V
�� @$� ����� H��  � ��D �9 �� �9(CD @$� W$�	� :���
 ��3	5� �$�-%� N'�� : ��  .���  

  

 @��#2 �%,3& Z��K� :[0 �X\X�� �� �DK�� ��0�%MK� '�%� ���S��� �  .�+3& W��Y � V���$�� ]$
& ���- ��0��)����"� :y3��  

�Y�W +3&�  $�� ]$
& ���-�V��  �DK�� ��0�%MK�  P�!$  

 155/0   537/2  ;�I7��  1  
 399/0   584/1  ���
�(�  � ��P�%  2  

 483/0   439/1  N��  3  

 533/0   370/1  .�� \�'  4  
 543/0   357/1  6�)  � ��P�%  5  

 669/0   223/1  !��'  � ��P�%  6  

 863/0   077/1  �O��� :�����  7  
 882/0   065/1  ����� :�����  8  

 902/0   053/1  ����� GA'  9  
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H�� ��	
�� �� �(�I7 �� �'�7 ��  :�9 ��%��47 6"�' ( �5��4� �345 �23� �1�	�/0 �����)� [�M�7 ��$
�%
�)C$( �� N���	� �9�	����D  �� �9�	����D ��
�� ���$ �� ��2�� �%��47 6"�' H�� �� �/�
  � .�� K�/�� H�� �9 :�9

� h$��  �����  � ���
  ��	� (OOB Score) �� [9��%  N���� �$��E� i��	�� :��� V
�� @$� �����&7 ����
G%�) ���< ����� ���� �9�	����D. @$��� GA' �X��� 	������ �7^�� ��$@ �����$ H��  �%��47 6"�'� ��7���3 

�	���I  G
�� h?5 �����F ( ��	
�� ���>7  ����< ���$ �� ���� G%�) .W$�	� ����  � ���
  ��	�� �����&7  62�)
3� (�� ��# �	
�� ���>7 �$�-%� �� �� �9�� ��D G<� �[�?47 H�� ���� ��	�� �� ��   G5�� \x� ( �	%�$ �$�-%�

�� ���$�D G�>O( 1$ �� ���E� .��� OOB Score �	
�� [� ���>7 ��� @�$�D  !��� �7 ( ���>7 �����  � \D�A�
  ��
 �(�F 70 �7  100 � ��	�� OOB Score   �0��F �� ( !���� ��
 ���E� �����F ��96/0 �� -�e�� �
 �����&7  .���

�D  � H�� �! �� @$� ��$���: 3����� �	
�� ��(-%� ( !�� �����
���  .����� G<� ��3A� �� :�����>� ��Lk7 �	#�� ��
[�?>7  � ����?�� GA' ( X��� @�?9 �� 6��� :���$�D ( :�$oD :(� �� ��	
�� �$�A� ���>7 �H70 �$��) [�M�7. 

�$@ M�7���?  �������F X��� �� OOB Score �� i��	�� c�  (��  ��� � ����  ��$-9 :�(�O��w �$�-%� (
�7�3���� )��'��: �� .���  

  
 �F�3 :M& $�!
+�%%4�� K��%��   �� _$�X%�� 	X$! !��7& ����� $! �0 .��)����"� :y3�� 

  � \DM�7�[ h�<� �9�	����D ��'� (: H�� �9: ��)���� 	�/0��1 345 �23�� 5��4�� %��47 6"�' (�� 
'(�
� �� H�� �� �9 � ;�<( H�?	F� �#E� ���P$,- ��� .��: A7 �>0��� ���� �E����� �]?9 .G�� !���@ 

H�� ��2�?5 V
��  � !��I	�� �� �9 �9: ���
: ���� (� �#7�V 3�� ��2�?5� )ROC� (���  ��$���  ( G%�) ���<
?9��G 3��� � ;�<( �� �Lt� 6���5$,- � .���-   � !��I	�� ���$��E� ( �40�
�� �9�� @�"���� V
�� SHAP 

%��47 6"�' H��� >7��@ .��  

  

`3� � Z��K� 

�	�H�� ��2�?5 ���$ �� W$ �9�%��47 6"�' ( �5��4� �345 �23� �1�	�/0 �����)� : �� ��#�  �9 �� �9��� 
�9(CD @$� �� !�� !��I	�� H��  �$����7  � �$^�� ����� ��AD �� �������
�� .�� ,-$� ;�<( G����F :��� 

 H(�')3( . H���� �%��47 6"�' ���E� Accuracy   �� �����947/0 ���E� ( AUC   �� �����993/0  ����� ��2�?5
 ���E� .G�� !��� �g��� �0�5AUC   � �7^��9/0 !��9� ��#�  ( 1�2I7 ���< -$�?7 ���7 i�
 ����� @��h����  :����
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 ,-$� �(�� ( ,-$�G�� . @��]?9���E� Recall  �� �����959/0 �� �9� �� ��#� �$@ !�?5 ��� G����7 H�� �: 
�9���
�  �: ><�(� �$,- �E��� �� �� �� 	���� ������$ � ( ������- ��
: ) K(� ;��FN=7 6<��F �� �� (

������ .�� ��2�?5 -�� �5��4� �345 �23� H ������ ����� �� c��� ��#� ��
  � :��� ���E� �� �� Accuracy  
 �� �����941/0 ( AUC  �� �����976/0  1$�-� ����� �	��<� �� ���E� .G%�) ���< K(� �37� �� �%��47 6"�'  � \D 

Recall  �� ����� H�� @$� 947/0 ,-$� �><�( :�9���
� �$����� �� �
 :^�� ����� �$����7 �"���� �� ���  �E��� ��
�>0��� ����  cG���� :���  �A�7 �� 9 ,-$� ;�<( {�E�  � ���� (FN=9)  .�#� �$����� H�� U��7  �@��]?9

���E� Precision  [<� �� H�� @$�936/0 �� ��#� �� ���>7 �^�� G����F ���� �� �� �9�G3 in�� :�9  �

)FP=11( G�� !��� �%��47 6"�' [	$��"0� �� ���#� lq��� ( 6<��F ~�� �� -��. ��  �����)� H�� �6��E�

�� 1�	�/0 ���E� Accuracy  �� �����909/0 ���E� ( AUC   �� �����957/0  ��� �G��� ���
 ����� �$���� �e�)�
@�$�D ��2�?5 ��� :��)��$ H�� (� �� G3�� :�7 .��� ��#� @� ���E�Recall �$@  H�� [<� ��918/0 � ��#�� �9� 

 ��14  �����9���
�  �: ><�(� �$,- )FN=14����� H�� U��7 (�$ !�#� � .���$@ � �� ��2�?5 �(�I7� ���7  ��
9���G �
� ��)� H����� 	�/0�1 �� c��� G3�� ���) �: � ��$@ �	����D ,(�$1 H�� �� ���<  ��:  U��(� 6���

w��
�� D (�]�!� ���� &	���9�  �L�� 6���5 (� �>0��� ���� �E��� ���G�.   

 @��#3 :@�� !�F,+- �����$� a%K�.� '
%)�S$ ��0�-
�:� ��:- �F�� 8 ���2 $! �G!�:& �<�# �  JQ�$ "
�� 	%)��b ����

\X�� �� *!��K)� �� U�) P,K
� �$��c ��0 .��)����"� :y3��  

@�� TP TN FP FN Accuracy Precision Recall F1-score AUC 

)�S$%'
 K�.�%a (LR)  157  153  17  14  909/0  902/0  918/0  910/0  957/0 

�F�� �:-� -
�:�� (ANN)  162  159  11  9  941/0   936/0  947/0  942/0  976/0 

�<�# G!�:&� (RF)  164  159  11   7  947/0  937/0  959/0  948/0  993/0 

  

��7�6 ����� V��#7  ��2�?5�3�� )ROC ��#� (�� �9�  ����H  �345 �23� �1�	�/0 �����)� :�9
�%��47 6"�' ( �5��4� 2I7 ���7  ��1 0�3< 6��<� ���: �#7�V F����  �>	�� ;�<(�$,- .�� �����
�� 

��	�9  62�)4.( �� $�@ ���� �H�F� ROC  �� {����%��47 6"�' H���  ���$��E� �	#��  u��) in�� G3��FPR (
  � �7^���"$� H�� (� 	%�) ���<� � ����"�� 	������  ���E�EF G3�� u�� )TPR� (��	# ��� ��$U ��
:  ���#�

G������� �	#�� �� �5��4� �345 �23� H�� ����� �@��]?9 .  1$�-� ( 1�	�/0 �����)� �����  � �7^�� �9
��#� �� ���� ���< �%��47 6"�' ����� ��  H�� @$� :^�� 1�2I7 ���< ( N���� ��2�?5 !��9��� ���� �� .

@�$�D 1�	�/0 �����)� H�� �6��E� ���E� @$�7 AUC ����� ( �	��� �� ROC ����� �	#�� �� �
 @�$�D �9  (�  � �7
 .G�� �	%�) ���< @���� :��)��$ H��N�7�7 @$� ������� W$�	� � ROC  �	A� �	3�� ��2�?5 ��%��47 6"�' H��

 �� �
 1$�-� ����� G��<� r�>O ��2�?5 ( �5��4� �345 �23�  @�� 1�2I7 �� �� 1�	�/0 �����)� �7
Xq� -$� ;�<( K�5 ( ;�<( :�9�� ��$k7 .�� , ���. �	%�$ �� W$�	� @$� ) ����2?9 ( X���% :�92018 ( X���% �(

) ����2?92020 �(����2?9 ( ��)�A� )2022 �(����2?9 ( !�� ��?�� )2023(  (9� ����2?9 ( )2025( �  ����� 
��AD ���: [9 .�� ,-$� G����F c���� ����
 �9(CD �� -�� �A�
 ��$  � ��	%�$�� ��
 :�9H�� � �%��47 6"�' 

�E� ��$�� H�� �� �9: ���
: �q��1 H�� �"$� ( �9� �	A� ��2�?5: � ��#� ��
  �� �9�.  
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 �F�4�/D� ��3�� ��� e�) � ���� !�F,+- \%
/& ��3�� : ���2 ��0  .�7���� �D��� $! JQ�$ 	%)��b ������)����"� :y3�� 

�����>� ��3L� ��M�� ��: H�� ��2�?5 �(�I7 9�D ( �9�- 	�  ���/ )��: P�7 l�%�P�I�� ?�� 6P��%���� 95  �P��
�	3�)� ��� ,(� ��  �� _�	��5000 �����>� ��� 
 ( (���27: ���
: ��� .�^�:  V
��AUC  �� �3����

 H(��')4  (5�	� .($W %��47 6"�' H�� �� ��� ��#�� % ����P� ?������ )1-982/0( $�D�7���$@  .G����� �� ��2�?5
!(q5 ��� �	�$W �7�� �� ��� G��L .�^� ��� 
: %��47 6"�' H��� 345 �23� �� G3��� 5��4�� )Z = -3.306, 

p = 0.0009�]?9 ( (�@ ��)� �� G3����� 	�/0�1 )Z = -4.315, p < 0.001��
 ~�� �� (: �	?�   �001/0  � 
���
 �M�: ��#� �� G�� �����>� ��?���7 !��9�: 7�n� �$@ ��"0�$[	 H�� ��  ��: D U��(��]�!� w (��
�� �$,- 

� �>0��� ���� ���� �� .��� ����.  

  

 @��#4�D� :���  \X��AUC @�� +5� �T�
G *��+0 �� �0%'�� 95 4
� J�$) �T$!  �� ��K)�5000 ($��F& .��)����"� :y3��  

*�� �����$� @�� ��D� !$�c�� �� AUC   �2 �b%�� )5/2٪( �b j�� )5/97٪( �,T�G %+5�'�� 95٪ 

)�S$%'
 K�.�%a (LR) 957/0 917/0 994/0 957/0  )994/0 -917/0( 

�F�� �:-� -
�:�� (ANN) 976/0  946/0 999/0 976/0  )999/0 -946/0( 

�<�# G!�:&� (RF) 993/0 982/0 1 993/0  )1 -982/0( 

  

 @��#5�K� :�Z $��c '
��c� ��� U�j!� �D���� $�!��7�� #��� AUC �%� @�� �0 .��)����"� :y3��  

�D���� #��� @�� �0 AUC @�� @�� AUC ]�! @�� 
�$�  lEKX���   

)ΔAUC( 

 *$��cZ 

'
��c 

 $��D�P-Value  

ANN  ����� $!LR 9762/0 9566/0 0196/0+ 083/4+ 000/0 (p < 0.001)  

RF  ����� $!LR 9930/0  9566/0 0364/0+ 315/4 - 000/0 (p < 0.001)  

RF  ����� $! ANN 9930/0 9762/0 0168/0+ 306/3 - 0009/0 (p < 0.001)  
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�0(�$G ���: 6���5 ( �9��&	� � ;�<( �� �Lt�$,- X��� �� .�� (� � V
���"���@ 40�
�� �9��� )MDI ( �$
 �	%�#�D �$��E� ( ���'SHAP %��47 6"�' H�� ��� �� K�/�� ���$ �� ���>� (� @$� W$�	� .?9� ���P ���G $� 

 �37� 6��5 �9 62� �� �� !�� V�#�5   .G�� !�� �g�����?9 �� ��#� H�� W$�	� �� ���  ( ;�I7�� 6���5 ���9�
@��  �	��� �>0��� ���� �E��� �� ,-$� ;�<( ���2� :�"0� @��37 �� �� [A� @$�	#�� ����� �� :��3� �� .��� V


  � ��� �� ;�I7�� 6��5 ����'24  ( H(� �37� �� �P��\�' .��  �(�F ��16  �� .G%�) ���< K(� �37� �� �P��
�$��E� 6���7 �6��E� SHAP  6��5 �� ��� ��#�\�' .��   � ��� ��)22  G�� 6��5 @$�7��o)��Lk7 (G�?9� �P��

 �(�F ��) ;�I7�� �
  � \D (19 ���� ���< (�P��. �M��  � �� :f�0�%����gf   � �'�� @$� �� ��� {�3�	�� ���7
 6��5 :��� G�?9�\�' .�� ��'�7 lq���  �>	�� ( ~0�4� @��k7 �� :����� �E� �E��� :f�0�	�0 ��$  �G�� �$oD

����� ���� �� :���
 W$�	� @$� ���I7 �� .���� ,-$� :��� �9 �	%�$ �� ���7  H(�') ���(��% G3�� 6���7 :�91 (
'�) ���(��% G3�� @$�7^�� �� �^ �� �� �
 �� �� ��� ;�95/1 :�9�F�( ���� �� �� G����F @$�	#�� �(

.�� �)C$(  � ���� l^�?	F� ��� @$� .��� ��#� �����  �)� ��9 ����� �� �	?� G�(�E� ��M� �� �� @$� :��	
�� :�9
B�2� (  �� ��'( ( �2$-�% ��5�I7�� �� ��(��% :�9 �� �E��� �>0��� ��G��.  �:���� 6��5 (� @$�  � \D

 GA' :�9��&	�������37� �� �O��� :����� ( 6�) �N�� �  G3�� N�� �37� �e�)� .����� ���< G�?9� :�>� :�9
H�� �� : �� ��#� :���
 ��Lk7 ��� �G�� !�� 6$�>7 ��0(� :�9 !��� �H�� U��7 !�� ��7 ���6 ��(��% G3��� ��- 
����?9� ����c �� ���) �: � ��E3� ���N   � �7^��70 � �P����	#$@  ���E����(��% G3��  .����� ��#� �� ���I7 ��

�� {�37�� @$� �� �(-%� ���7 �-%� ��$� ���N ���9(�: #���� !�� �	#�� ���	D (�6 �D��$���: ��� ��7 ( ������ 
�-%�$� �� $��� . GA' :^�� G�?9� @��]?9����� O��� :����� (����?� @$� �� � ��#� ?9� !��9��G [9  ��� 
���$U ��� ���D�  (�#��7 :f��� G%�$�� �(�I7 ���
�� �D�� H�	�� ��$���: ����� .G��9 E% y7�� ��E3� ���� 

�7^�� ��$@ ��(��% G3��� �$,-  �� �E��� �� �O��� :����� ;���� ���� ��) ���D r>O ������ ��#��9��  �9�� (
�E7 �E�$G !���� �$�# �9 �� ����7 ���F�G �-%� �� �����$� .�9�  ���#� ��� ������� �� �9: i��' <��-�� � 

���	#$@ ��(��% G3��� �� !�9�#� ,-$�  ��^�?	F� ���� E	�� ���7 �L�  ��[ ���
��� &7����� ����F �'�� 
��% ( ��� (�$�9��: %�-$2� ��7$N  .��G�� .��  �6��E�9 [�E	�� W$�	��� ��#� ���$ �� V
�� (� � �� ��9� 

&	���9�: ���
�(�  � ��P�%  �(�F  ��5  �P�� !��'  � ��P�% (���#� ���<�� �� G�?9� ( �E�  ��#� �� :�	?�
!��� ���� .$@ � ��#� ;�O��� �9� ��% �e�)� ��$�9��: ���%$� �D: ,�� ( ����� �9: 5��4�� ����  m��F�  �
!��' 
�� ��� � {�E�� �����7 �D�� J���$���:  ����������c E� �� ����X�  6���5 ��E��� 6�\�' ( ;�I7��  .��

H�?	F� �� �� ��Lk7 @$�	#�� � ;�<($,-  �G$�A� �� .������	?�$@ ����- ?9��G  �� ( 62������:  ����� �� �$��E�
  � �	?�4 V
�� (� �9 �� �P��  T�4	
�G�� !��� ���D � ����"�� ���L �E�$� �$@ �E� �� 6��5$��  �� 6���5

�L�� �"$�  ���E���  �>0��� ����.G��  (� @$� W$�	� ��� �����?9���>� [� ( @$�7�Lt� �$����� �� ���$ ��  @$�7�L�
6���7 ��3	5� ��9��&	� �� ����e(� �� �9(CD @$� :�9 � ��.  
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 �F�5   �%<��%� m�)� �� JQ�$ "
�� $! �O
� ���
- 	%+0� '�Q%� : ��!�D� � �:��X�� H0�SHAP .��)����"� :y3��  

H�� ��9(CD @$� ��   � !��I	�� �� �%��47 6"�' ( �5��4� �345 �23� �1�	�/0 �����)� :�970  �P��
!��� �� H�� �� �9 �'(�
 ( �	%�$ �>��7 �� ��
 :�9  .�� ��0�7 6�2�D �9 :��� ,-$� ;�<( H�?	F� ���P

��D �$��E� ����  !����  �� .�� ,-$� ;�<( �� 6�2�D �9 G����F ��� ������ ���< 1$ �7 �IP ! �� �� ����
!�� (��% �� ��#� �� �� .��9� �#E� ��A7 ��M�� ��AD �$�A� :�9 H�� �G����F :��� , ��
 :�9  6� :��� !�$�

 H�?5� �>0��� ���� �E���( !��  ,(�  � !��I	�� �� W$�	� :�9 ���	�
 �� :(��� 6P��% H�� ���?7 :��� ���2$  �9
�E3� (��$  ���
 �7 [� ���
) G����F Xq� W�D ��  62�) �$��) :���6 H��  � 6P�F �?� W$�	� X��� �� .(

 �(�F �1�	�/0 �����)�64/26 Xq� �� �E��� GF���  � �P��  @$� .���� ���< ��$  ���
 ( ��$  G����F :�9
(�F �� �5��4� �345 �23� H�� �� ���E� �18/24  �P��  �9�� �A�7 �%��47 6"�' H�� �� �0�F �� cG%�$

�(�F 24/19 Xq� @$� �� �� �E���  � �P�� �� G�� �
 �"���� �(�I7 @$� .��� ���< �9 H��  1�	�/0 �����)� :�9
( ��AD �5��4� �345 �23�  ��(
�� :�	#�� �)��	�) �� �� X��F :�9c��?� ���  ��'( �� �%��47 6"�'@	��� 

�� �� ��$  G����F �� �F��� ��7^�� 1�2I7 ���< ( G<� G�� !��� �$����� -��?	� ( �(��� ���P.  @$� h���7
��AD  :�9X��F G�><�( �� H�� ��(�O ������� :�9 �� ��$�?� ��D  � ��� �� h�<� : �� ��?9 .� ��  �� �� ���

 62�) �E��� :�9���
�  � ������ ���9�#�7�<( �G�� V�#� (���' �� l�%�P �>	�� ��F��� @$� �� ,-$� ;  �$�'
!-$��( �?� �(��� 1e�� :�9 J��� {�E� 6��� �2�� c���  �� !�$�D @$� .G�� ��$  ����� � ( ( ��>�� �� �"�� :�9

�� �{�E� ���  �� ^�� �#3�' :f��� 6�0� �� N$��7 �� !��' G
���$  ( ���
 ���� �A�7  ��P� 6��5 �2�� ����
~���� !��' �� ���� @$� �� :��35 ���E� 6$��( �� ���' ( :�30�� �$�� �����
 ���
 ���( ( :� ���.�  
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 �F�6: �/D� ���2 ��0 @�� m�)� �� �7���� !$
� �D��� $! U�) JQ�$ "
�� 	%)��b ���� a%K�.� '
%)�S$ ��0 ��:- �F�� 8

�-
�:� �G!�:& �<�# � .��)����"� :y3��  

  
 �F�7���2 $! 4�$��X 4�� �� ����%� �0�
� : �2 $
3� $! j�� 	%)��b �� ��0 �%�)-R
,� o$Q� !�7�� 8����:& pR��S  �<�) ��0 �

JQ�$ "
�� �� '�/� �$ �$
�- �%,D� ���)� ���� W��
& � *!�# �%��b $! .��0! ��)����"� :y3��  

 

�.%K� ��%S 

� i��� ( [A� :�9��$
�%  � �2$ .�� ,-$����� ����� ��' �� G�� ���	�9�� h���� �� :�  �H���� ��9
G
���$  6?F 6$��( ( �9 �� �$�A7 �� 6E�( !��' .���  @��  �	�� �� �� !�� (��% ����� ( !��]�D �����  :�9

N�� �� cG�� �	%�) ���< :-���  �30� ���  !�(��� �� !C$( ����I� 6D �7 �J(�) ��   � ;�� @$� ;�<( =�>�
D��:���$� ������ ( ���$�� :��� .�� ,-$� ;�<( G����F  � h�<� �#E� 1$ �@$������ .���� ���< �9   � !��I	�� ��-$�

@$�� .G�� :�(�O @��   @$� �� ���M�� �9(CD�� ��AD G����F :��� ;�<(  �� .�� ,-$��� !�� ��$ !�(��� 
!�A� :��)  � H�� 1$ :���
 [	$��"0� (� ( :��)��$ @����  ���$ �� ( ��$�E� �"$�2$ �� �A�
 �$���� ( �� �	
���D

W$�	� .�$��) 6���7  � 6P�F �	%�#�D :�9 MDI  (SHAP  ��#� ��� �� ;�<( ,-$� �� �E��� l�7�?5 G�7 ��Lk7 



���  ��� � 	�
� �
����� �� ����� �� ������� ���� .� �  	�! "�#$�%� ���  �
��

$�& '����( .	)� *$�+� �  

 

6���5 �1$�	��%��� �� !C$(  ;�I7�� (  @��  \�' ���� ���< ��$�E� . �$����H�� �9 �23� �1�	�/0 �����)� :
� �345 �%��47 6"�' ( �5��4V
��  � !��I	�� �� �9: ���
: r�	��  @��]?9 (��7�6 ����� ROC  ��� ��#�

 �9 �e�)� ��H�� ��   ���D G����<  �3���� ����c����� �����
��  ���[	$��"0�  @���� :��)��$  �� �%��47 6"�'
H�� �� �$����7 6�0� h�<� ��2�?5 ��9��&	� ���� ��
��w U��(� : �� 1�2I7 ( �7  �g��� :�	A� ���2� :�$oD !���

G��. !(q5 � ��$�@ ?�� 6P��% �3�������� 95 �	3�) �P��� ��� ,(� �� �	� ( (_�	��$W �����>� ��� 
: ���
: 
�7�� �� ��� G��L .�^�: H�� ��2�?5 %��47 6"�'� 345 �23� �� G3��� 5��4�� )p = 0.0009( ��)� (��� 

	�/0�1 )p < 0.001 (���
 �M�  �: >�< ( �����>�� �G�. �� G�?9� �	%�$ @$� [	$��"0� :��)���  @���� :��)��$ :�9
��AD ��>0��� ��  :���:���$�D�� G����F  :�9����� U��� �� �� :�  1$f�0�%����gf !��]�D :�9�� ��#�  �� c�9�

�� �� :��� ��AD �� ���7  .��� ���< Jq� �� �
  � 6P�F �#E� ( !��� ��?	5� �E��� �� !�� V�#� G����F :�9
 �(�F �!�� ��A7 :��� ��AD �$�A� �#E� X��� ��7/160 6D ���� �� �>0��� ���� �E��� GF���  � ��	29  �7 ��I�

Xq� �� J(�)   ���
 ( ��$  G����F :�9 ����� !�$�D @$� �� �'�7 �@$������ .���� ���< .�� ,-$� ;�<( ��$
�� ��A�#�D ( G�� :�(�O   � ����#E�  7 G����F��A �� !�� [�?47 ��3�	#D ��-�� ����5 :��)  �$����� :���

�>	�� �F���G$�0(� � ������ ( : �����$�D �����<� :���  �� �	
���$  :-$��E���  !��I	�����$� �� . @�?9 W$�	� �
 ( G�I�� ��Lk7 G�7 �9(CD @$� ���<!��� 1�2I7 :�(�( :�9 @��]?9 (  �$��% ��	
�� ( 62� ���� �E���

!��� �>0��� .G�� G$�(���  � �2$  GA' 6E	�� lq��� !��� !�"$�D 1$ �� ���	�� K�5 ��9(CD @$� :�9
�'��
 �/����3	5� H�� ��� �9 . �>0��� @$� �� �e�)� �@��]?9���?� ,(�  � ��(�/� ���L� H�	�� :���  :�����

�E3� :��� @"?9�� ( -��?	� y$ �7 ( !��' ��
 ��	
�� 6�0� �� ��� ��� !��I	�� ���2� !��  [A� :�9��&	� �
��
�(  ( .�� \�' ��M�) (���) :�9J��� y��E	� �/����3	5� :��'� � ���2�1 ��2�� 6��� ��� �� ��3� �$oD� .  

@$�  �(����[�?>7 G����< �>�< ��3L� : H�� :�$oD �� ��A�#�D �9 �7
 ��>0��� �� ��� �O�F X��E� �� !C$( ��) (:� 
!���  � !��I	�� @?O ,(�  � 6E	�� lq��� ����  :�9   !����$ ���$ �� .��� �	%�) !�A�  

  

q����  

% ,���
�� :��$��I����3$� �?�F� ���>�� �!��  i�9(� �����A) .1403��AD .(  �� .�� ,-$� !����� :���' �� �(�9�� �� H���
 !��
��e �(�	x��D [	$��"0�  �$^.  '���� ������� ( ��%��& ��13)4 �(26-1  .https://doi.org/10.22067/geoeh.2024.87847.1482    

�(���2���� :�&P�� P���� !��  @�F� H���� �%�g�� ) .6�A�1399��AD ( �"�� ,-$� �� �L�� 6���5 ����� .(  �� �
 ��
 :���
��5 -$��
 �O�F �� 1�	�/0 �����)�  .�����9 :�e ���
:f�0�%����gf(���9� 7)23(� 38-21    .  

https://doi.org/10.22034/hyd.2020.11004 
�&P�: P ��(���2�������� �IM�:� ) .@�F1398 �� .($��� �E� ($�� �9 H��: �O$N ��(��% G3��� ��7 (�6 ��� ��AD �� �23�: 

�$,-  ..����7�6 ��%�$ �� ����������� 6)4  �(123-142 .https://doi.org/10.29252/jsaeh.6.4.123  
J�D .@�F �2	?F  ��0� �-5 �7���< ���5 :���
�?F� ��3$�% ��C� )1402.( ��AD ��$�' :���� �>	�� h���� :��� !-$��( :�9  !��I	�� �� :�

[	$��"0�  � (��	��) ��	�� !��"�7 �O�F ::���� �>0���) @���� :��)��$ :�9CD ������ �$���% :�9 �9(� 13 )1( �1 -28 .  
fa.html-702-1-.hormozgan.ac.ir/articlehttp://magazine  

����' "�9�� ����5 ��!��-��5� 5�0��3) .1393 ,-$� ��
 :��� ��AD �� ��5q�� , �� ( ���(��% G3�� :�9 H�� �$���� ���$ �� .(
�9 !�� :���� �>0��� ..�� . ��% �$��%��&' �$��
 ��/�� �4)11 �(163-151 .https://gps.gu.ac.ir/article_7402.html?lang=en   

                                                      
1- Spatial Block Cross-Validation 



���  ��� � 	�
� �
����� �� ����� �� ������� ���� .� �  	�! "�#$�%� ���  �
��

$�& '����( .	)� *$�+� �  

 

�?�F�� ��>��� :��$��I��� �3$�%� !��  �� � ����� !��  i�9(� :�)� � ) .����A�1404��AD �$����� .(  ,-$� ��
 �>	�� :�9   �� .��
@�"#� ���37�� !��'  �A�-  .�5��4� �345 �23�  � !��I	�� �� �9��>�3� U��� �������� 14)64(� 23-42. 

https://doi.org/10.22111/jneh.2025.50028.2072   
�$�	�(�� K��A�� :��	��� �(��� �$��
� ) .�?��%1394��AD �� 1�	�/0 �����)� ,(� ������ .( :���$�D�� ;�<( ��
 :��� ����� :�9  :�
!��' ��  .(-$� !�� �"�7) ���	�9�� :�9�>�3� U��� �������� 4)6(� 89-103.https://doi.org/10.22111/jneh.2016.2525   
��( �x�� �O���5� ��������� ) .@$���1403��AD .( @��  ;�<( G����F :��� [	$��"0�  � !��I	�� �� ,-&0   � �#��) @���� :��)��$ :�9

 .( ��9 -���
 � �F G$�$�� ( : �� H��J�
 ( i
 �4)2(� 261 -278 .https://doi.org/10.22098/mmws.2023.12678.1263  
).!��A� ���?��< ��0���5 ��$(�� ���?�� @�(� ��C� N�3F �[$�� ���?��� ��0���5 :�� ���1394 �1�	�/0 �����)� :�9 ,(� ��$�E� .(

,-$� G����F : �#E� : ��A7 �� �37��� ����� 6���7 ( ���(��% G3��  (���
 ����P ����) ���	���� ��	�� ::���� �>0���) .��
D  �F G$�$�� ����#9(C-���
 ! � 6 )12(�204 -193 . en.html-570-1-https://jwmr.sanru.ac.ir/article 

5���$��� ����� �IM�:� @�F� H�>% o�$�:� �A�.:  )1401 .( ����� �E� ($�� ����$� H�� �9: �O ( ��5q�� , ��$N ��(��% G3��� 
 (
D(�	�� ��AD �� ����� ���: � ��
$,- ���� �>0���) .��:.(K��� � [A7 � ��/�  !��': %��&' ��>0��� �����4%���$  h����

��	�9���� 3)9( �57-77 .https://doi.org/10.52547/gsma.3.1.55  
����� �5�� �3�� �:���F� ��3	/) .1400��$� i�w �����/�) �	�$��7 �E��� �� .�� {�E� ��
 -�0��
 .( .�>�3� U��� ������� ��

10)28( �1-14 .https://doi.org/10.22111/jneh.2021.31304.1553  
Abedini, M., Mozafari, H., & Faal naziri, M. (2022). Investigating and comparing the effectiveness of information value 
models and frequency ratio coefficient and Shannon's entropy in zoning rock fall risk (case study: Zanjan-Teham-Taram 
Road). Geographical Studies of Mountainous Regions, 3(1), 55-75. https://doi.org/10.52547/gsma.3.1.55.  [In Persian] 
Asghari Saraskanrood, S., Hasan zadeh, R. and Raoofi, S. (2020). Investigation of Factors Influencing rock fall and Its 
Zoning with Logistic Regression in Ali Bayad Basin of Horand Abstract. Hydrogeomorphology, 7(23), 38-21.  
https://doi.org/10.22034/hyd.2020.11004.  [In Persian] 
Asghari Saraskanrood, S., & Mozafari, H. (2020). Estimate and Comparison of Frequency Ratio and Network Analysis 
Models in Rockfall Zoning (Case study Zanjan road to Taham and Tarom). Journal of Spatial Analysis, Environmental 
Hazards, 6(4), 123-142.  https://doi.org/10.29252/jsaeh.6.4.123.  [In Persian] 
Bhagat, N. K., Mishra, A. K., Singh, R. K., Sawmliana, C., & Singh, P. K. (2022). Application of logistic regression, CART, 
and random forest techniques in prediction of blast-induced slope failure during reconstruction of railway rock-cut slopes. 

Engineering Failure Analysis, 137, 106230.  https://doi.org/10.1016/j.engfailanal.2022.106230 

Breiman, L., 2001. Random forests. Machine Learning, 45(1), 5-32. https://doi.org/10.1023/a:1010933404324 
Chang, Z., Huang, F., Huang, J., Jiang, Sh.H., Yuting Liu, Y., Meena, S.R., & Catani, F. (2023). An update of landslide 
susceptibility prediction from the perspective of space and time. Geoscience Frontiers, 14(5), 101619. 
https://doi.org/10.1016/j.gsf.2023.101619 
Chen W, Xie X, Wang J, Pradhan B, Hong H, Tien Bui D, Duan Z, Ma J. 2017. A comparative study of logistic model tree, 
random forest, and classification and regression tree models for spatial prediction of landslide susceptibility. Catena. 151, 
147-160. https://doi.org/10.1016/j.catena.2016.11.032 
Esfandyari Darabad, F., Rahimi, M., & Vahabzadeh, M. (2024). Rockfall risk zoning on the Khalkhal to Shahroud road using 
multilayer perceptron algorithm. Journal of Geography and Environmental Hazards, 13(4), 1-26.  
https://doi.org/10.22067/geoeh.2024.87847.1482.  [In Persian] 
Fanos, A. M., & Pradhan, B. (2019). A Spatial Ensemble Model for Rockfall Source Identification from High-Resolution 

LiDAR Data and GIS. IEEE Access, 7, 74570–74585.  https://doi.org/10.1109/ACCESS.2019.2919977 

Fanos, A. M., Pradhan, B., Alamri, A., & Lee, C.W. (2020). Machine Learning-Based and 3D Kinematic Models for Rockfall 
Hazard Assessment Using LiDAR Data and GIS. Remote Sensing, 12(11), 1755. https://doi.org/10.3390/rs12111755 
Fanos, A. M., Pradhan, B., Mansor, S., Yusoff, Z. M., & Abdullah, A. F. B. (2018). A hybrid model using machine learning 
methods and GIS for potential rockfall source identification from airborne laser scanning data. Landslides, 15(9), 1833-1850. 
https://doi.org/10.1007/s10346-018-0990-4 
Ferrari, F., Giacomini, A., & Thoeni, K. (2016). Qualitative rockfall hazard assessment: a comprehensive review of current 
practices. Rock Mechanics and Rock Engineering, 49, 2865-2922.  https://doi.org/10.1007/s00603-016-0918-z 
He, X., Lang, Q., Zhang, J., Zhang, Y., Jin, Q., & Xu, J. (2025). Interpretable Machine Learning for Explaining and 
Predicting Collapse Hazards in the Changbai Mountain Region. Sensors (Basel, Switzerland), 25(5), 1512. 
https://doi.org/10.3390/s25051512  
Jokar sarhangi, E., & Alizadeh, A. (2014). An Investigation into the Efficiency of Frequency Ratio and Information Value 
Models in Rockfall Hazard Zonation (Case Study: Haraz Valley). Geographical planning of space quarterly journal, 4(11), 
151- 163.  https://gps.gu.ac.ir/article_7402.html?lang=en.  [In Persian] 



���  ��� � 	�
� �
����� �� ����� �� ������� ���� .� �  	�! "�#$�%� ���  �
��

$�& '����( .	)� *$�+� �  

 

Mahmoodzadeh, A., Alanazi, A., Mohammed, A., Ibrahim, H., Alqahtani, A., Alsubai, S., & Elhag, A. (2023). 
Comprehensive analysis of multiple machine learning techniques for rock slope failure prediction. Journal of Rock 
Mechanics and Geotechnical Engineering, 16(11), 4386-4398.  https://doi.org/10.1016/j.jrmge.2023.08.023 
Mao, K., Zhu, J., Su, L., Cai, G., Li, Y., & Dong, Z. (2023). FinalMLP: An Enhanced Two-Stream MLP Model for CTR 
Prediction. Proceedings of the AAAI Conference on Artificial Intelligence, 37(4), 4552–4560. 
https://doi.org/10.1609/aaai.v37i4.25577 
Mokhtari, M., Abedian, S. and Almasi, S. A. (2020). Rockfall Susceptibility Mapping Using Artificial Neural Network, 
Frequency Ratio, and Logistic Regression: A Case Study in Central Iran, Taft County. AUT Journal of Civil Engineering, 
4(1), 63-80.  https://doi.org/10.22060/ajce.2019.15368.5538 
Momeni, A. and Heidari, M. (2021). Rockfall hazard analysis in the Ganjnameh tourist area, west of Iran. Journal of Natural 
Environmental Hazards, 10(28), 1-14. https://doi.org/10.22111/jneh.2021.31304.1553.  [In Persian] 
Nair, V., & Hinton, G. E. (2010). Rectified linear units improve restricted Boltzmann machines. In Proceedings of the 27th 
International Conference on Machine Learning (ICML-10), 807–814. Omnipress.  
https://www.cs.toronto.edu/~hinton/absps/reluICML.pdf 
Nanehkaran, Y. A., Licai, Z., Chen, J., Azarafza, M., & Yimin, M. (2022). Application of artificial neural networks and 
geographic information system to provide hazard susceptibility maps for rockfall failures. Environmental Earth Sciences, 
81(19), 475. https://doi.org/10.1007/s12665-022-10603-6   
Nguyen, K. A., Jiang, Y.J., Huang, C.S., Kuo, M.H., & Chen, W. (2024). Leveraging Internet News-Based Data for Rockfall 

Hazard Susceptibility Assessment on Highways. Future Internet. 16(8), 299. https://doi.org/10.3390/fi16080299 

Paknejad F., Ahmadabadi A., Qanavati E., & zahmatkesh H. (2023). Zoning of Susceptible Areas with Debris Flows Using 
Machine Learning Algorithms (Case study of Tangarah Basin -Golestan Province). Environmental Erosion Research 
Journal, 13 (1), 1-28. http://magazine.hormozgan.ac.ir/article-1-702-fa.html. [In Persian] 
Rahimi, M., Esfandiari, F., Zakizadeh, O., & Vahabzadeh Zargari, M. (2025). Identification of Rockfall Hazard Zones Along 
the Meshginshahr-Ahar Road Using Artificial Neural Networks. Journal of Natural Environmental Hazards, 14(46), 23–42. 
https://doi.org/10.22111/jneh.2025.50028.2072.  [In Persian] 
Rodriguez, V., Ghimire, B., Rogan, J., Chica Olmo, M., & Rigol Sánchez, J.P. (2012). An assessment of the effectiveness of 
a Random Forest classifier for land cover classification. ISPRS Journal of Photogram Remote Sens, 67, 9-104.  
https://doi.org/10.1016/j.isprsjprs.2011.11.002 
Roostaei, S., Mokhtari, D. and Khodaiae, F. (2015). The application of Logistic Regression in the zoning of slope instabilities 
on the mountain roads (case study: Dare Diz Strait). Journal of Natural Environmental Hazards, 4(6), 89-103. 
 https://doi.org/10.22111/jneh.2016.2525.  [In Persian] 
Sepahvand, A., & Beiranvand, N. (2024). Landslide susceptibility mapping using various soft computing techniques (Case 
study: A part of Haraz Watershed). Water and Soil Management and Modelling, 4(2), 261-278. 
 https://doi.org/10.22098/mmws.2023.12678.1263.  [In Persian] 
Shirzadi, A., Solaimani, K., Habibnejad Roshan, M., Kavian, A., & Ghasemian, B. (2016). Comparison of Logistic 
Regression, Frequency Ratio, and AHP in Rockfall Susceptibility Mapping. Journal of Watershed Management Research, 
6(12), 193– 204. https://jwmr.sanru.ac.ir/article-1-570-en.html.  [In Persian] 
Youssef, A. M., & Pourghasemi, H. R. (2021). Landslide susceptibility mapping using machine learning algorithms and 
comparison of their performance at Abha Basin, Asir Region, Saudi Arabia. Geoscience Frontiers, 12(2), 639-655. 
https://doi.org/10.1016/j.gsf.2020.05.010 
Zhang, S., Tan, S., Liu, L., Ding, D., Sun, Y., & Li, J. (2023). Slope Rock and Soil Mass Movement Geological Hazards 
Susceptibility Evaluation Using Information Quantity, Deterministic Coefficient, and Logistic Regression Models and Their 
Comparison at Xuanwei, China. Sustainability, 15(13), 10466. https://doi.org/10.3390/su151310466.  
 




