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Abstract

:

Lithology identification is the fundamental work of oil and gas reservoir exploration and reservoir evaluation. The lithology of volcanic reservoirs is complex and changeable, the longitudinal lithology changes a great deal, and the log response characteristics are similar. The traditional lithology identification methods face difficulties. Therefore, it is necessary to use machine learning methods to deeply explore the corresponding relationship between the conventional log curve and lithology in order to establish a lithology identification model. In order to accurately identify the dominant lithology of volcanic rock, this paper takes the Carboniferous intermediate basic volcanic reservoir in the Hongche fault zone as the research object. Firstly, the Synthetic Minority Over-Sampling Technique–Edited Nearest Neighbours (SMOTEENN) algorithm is used to solve the problem of the uneven data-scale distribution of different dominant lithologies in the data set. Then, based on the extreme gradient boosting tree model (XGBoost), the honey badger optimization algorithm (HBA) is used to optimize the hyperparameters, and the HBA-XGBoost intelligent model is established to carry out volcanic rock lithology identification research. In order to verify the applicability and efficiency of the proposed model in volcanic reservoir lithology identification, the prediction results of six commonly used machine learning models, XGBoost, K-nearest neighbor (KNN), gradient boosting decision tree model (GBDT), adaptive boosting model (AdaBoost), support vector machine (SVM) and convolutional neural network (CNN), are compared and analyzed. The results show that the HBA-XGBoost model proposed in this paper has higher accuracy, precision, recall rate and F1-score than other models, and can be used as an effective means for the lithology identification of volcanic reservoirs.
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1. Introduction


Lithology identification plays an important role in the field of oil exploration and development [1]. Precisely distinguishing formation lithology can efficiently and reasonably optimize oil and gas-rich reservoirs, clarify the space-time configuration relationship of source–reservoir–cap of oil and gas reservoirs, and provide theoretical guidance for the deployment of development wells in the development process [2]. Due to the complex structure of volcanic reservoirs, the large difference in physical properties and the rapid change of lithology in the vertical direction [3,4], the boundary of log response characteristics of different lithologies is fuzzy, and the traditional lithology identification methods face difficulties.



With the rise and development of computer technology, an increasing number of scholars are using artificial intelligence algorithms for lithology identification. Machine learning algorithms can effectively solve the issues of strong nonlinearity and information redundancy between log curves [5] to realize the efficient, accurate and continuous identification of lithology [6,7,8,9,10,11,12,13]. In addition to the application of a single model, integrated models have also achieved good results in lithology prediction. Yang et al. [14] integrated the decision tree algorithm with AdaBoost to fuse multiple base classifiers into a strong classifier, which significantly improved the poor generalization of a single model. Another Boosting ensemble algorithm, XGBoost, and the random forest algorithm have been successfully applied to volcanic rock recognition in Liaohe Basin, with high recognition accuracy [15,16,17]. Due to the strong nonlinear relationship between log curves, machine learning algorithms can easily fall into local optimal values when classifying high-latitude spatial samples. Therefore, it is necessary to adjust the model parameters to make the model break out of the local optimal value, so as to obtain the global optimal value. Yu et al. and Zhang et al. [18,19] used the grid-search method to optimize the hyperparameters in the GBDT and Stacking models, respectively. However, this method proved to be less efficient owing to the various data types and multiple hyperparameters of the machine learning model, and hence a heuristic algorithm may effectively address this issue. The genetic algorithm [20] and particle swarm optimization algorithm [21,22] can efficiently find the optimal value in the hyperparameter high-dimensional space of the model. The combination of optimization algorithm and machine learning model can effectively solve the problem of machine learning models falling into local extrema and further improve the accuracy of machine learning models for lithology identification.



At present, there is no research on the integration of the HBA algorithm and the XGBoost model for application in volcanic rock lithology identification. The XGBoost model has been slightly effective in lithology prediction [23,24]. The HBA algorithm is a swarm intelligence optimization algorithm with proven and obvious advantages in convergence speed and optimization accuracy [25,26,27]. This algorithm has not been applied to lithology identification. In this paper, the traditional log curve data are used to optimize the structure of the XGBoost model based on the HBA algorithm, so as to carry out research on the lithology identification of basic volcanic rock in the Hongche fault zone. In addition, the performance differences between XGBoost, KNN, GBDT, AdaBoost, SVM, CNN and HBA-XGBoost are analyzed and compared. After that, the HBA-XGBoost model is applied to two actual wells in the study area. The prediction results are basically consistent with the real lithology, which provides a reference for lithology interpretation in volcanic reservoirs.




2. Geological Settings


The Hongche fault zone is located in the foreland thrust belt at the southern end of the northwestern margin of the Junggar Basin. It is generally oriented north–south [28,29]. The terrain is characterized by a high northwest and a low southeast, with a total length of about 70 km. The northern part is adjacent to the Kebai-Wuxia fault zone, the eastern part is bounded by the Zhongguai uplift and the Shawan sag and the western part is bordered by the Chepaizi uplift (Figure 1). The Carboniferous reservoir in the study area is a monoclinic structure with southeast tendency [30,31,32], which has been located in the high part of the structure for a long time. It is the oil and gas migration direction area of the Shawan sag and Sikeshu sag, and it is a favorable reservoir area for oil and gas accumulation.



The Carboniferous reservoir is an intermediate-basic volcanic reservoir with volcanic breccia, tuff rock, pyroclastic sedimentary rock, basalt, andesitic rock and sedimentary tuff [33,34], and mainly volcanic breccia in the eruptive phase [35]. The distribution of various volcanic rocks in the study area is relatively concentrated on the plane, showing a flaky distribution and poor continuity. In the vertical direction, various types of volcanic rock appear alternately. Affected by volcanic eruptions and paleotopography [36], the thickness distribution of different lithologies is uneven and the lithology is complex and changeable. These problems lead to the low accuracy of traditional lithology identification methods. Therefore, a machine learning method is urgently needed to deeply explore the relationship between log response characteristics and lithology, so as to predict volcanic lithology efficiently and accurately.




3. Principle of the HBA-XGBoost Model


3.1. Honey Badger Algorithm


The honey badger algorithm is a new intelligent optimization algorithm proposed by Hashim et al. in 2021 [37]. The honey badger algorithm imitates the group behavior of the honey badger foraging in nature to achieve the purpose of global search. The honey badger’s foraging is divided into two behaviors: digging and honey-picking. Digging behavior means that the badger uses its olfactory sense to find the approximate location of the prey, and captures the prey to complete its foraging through the digging behavior. Honey-picking behavior refers to the cooperative relationship between the honey badger and the honeyguide bird. The honey badger is not good at locating the position of beehives, but the honeyguide bird guides the honey badger directly to the beehive’s position after locating it. The honey badger destroys the beehive and both parties complete their foraging behavior.



In the honey badger algorithm, the global optimal value of the search feature space is achieved by simulating the foraging behavior of a honey badger group. Suppose that the position of the D-dimensional feature space of the ith honey badger in a honey badger population of size N is    l i  = [  x  i 1   ,  x  i 2   ,  x  i 3   , ⋯ ,  x  i D   ]  , where   i = 1 , 2 , 3 , ⋯ , N  .



In its digging behavior, the badger only relies on the smell of the prey to roughly locate the prey. The odor intensity of the prey is related to the density of the prey and the distance between the prey and the badger. It is expressed by the inverse square law. When the odor intensity is large, the badger will accelerate its movement speed. On the contrary, when the odor intensity is small, the badger will slow its movement speed. In order to ensure the smooth transition from locating prey to digging prey and reduce the randomization in the iterative process, a density factor α that gradually decreases with time is introduced, which is defined in Equation (1).


  α = C × exp  (  −  t   t  max      )   



(1)




where α is the density factor; tmax is the maximum number of iterations; t is the current number of iterations; and C is a constant, generally set to 2.



In the digging behavior of honey badgers, the population position is constantly updated. The location update of the digging behavior is defined in Equation (2). In this process, the search action of the badger is similar to the shape of a heart. In this process, the location update of the badger is affected by the smell I of the prey, the distance di between the badger and the prey and the density factor α. In addition, in the process of capturing prey, the badger will be disturbed by other signals, thus changing the direction of its search for prey, which makes it possible to find a better prey location. The location update of the honey-picking behavior is defined in Equation (3). During the honey-picking process, the honey badger is directly guided by the honeyguide bird to locate the honey. Similarly, the process will also be disturbed by other signals to change the search direction. With the continuous updating of the population position, the badger will capture its prey and complete its foraging behavior (i.e., find the global optimal solution).


   x  n e w   =  x  p r e y   + F × β × I ×  x  p r e y   + F ×  r 2  × α ×  d i  ×  |  cos ( 2 π  r 3  ) × [ 1 − cos ( 2 π  r 4  ) ]  |   



(2)






   x  n e w   =  x  p r e y   + F ×  r 5  × α ×  d i   



(3)




where xnew is the location of the honey badger after updating; xprey is the prey position, that is, the optimal position currently searched in the global space; β is a constant, generally set to 6, reflecting the ability of badgers to search for prey; di is the distance between the badger and the prey; r2, r3, r4, r5 are four different random numbers between 0 and 1 and F is the sign of changing the search direction, taking a value of 1 or −1.




3.2. XGBoost Model Principle


XGBoost is a Boosting ensemble learning model proposed by Chen. [38]. The main idea is to use the gradient boosting algorithm [39] to combine multiple weak classifiers (linear classifiers or Cart decision trees). In this paper, the Cart decision tree is used. In each iteration, by correcting the residuals of the constructed weak classifiers, a new base classifier is generated using the gradient descent algorithm, which constantly makes the objective function approach the minimum direction, and the gap between the predicted value and the real value becomes smaller, with the ultimate goal of obtaining a strong classifier. The prediction result is the addition model of all weak classifiers. The XGBoost model shows excellent results in both classification and regression problems.



The XGBoost model is further optimized based on the GBDT model. Compared with GBDT, the loss function of XGBoost is expanded by the second-order Taylor formula, which further improves the prediction accuracy. Moreover, a regular term is added on the basis of the objective function to prevent over-fitting of the tree model and increase the robustness and versatility of the model algorithm. In addition, the XGBoost model adopts a block storage structure, which can be operated in parallel when the tree is generated, which significantly improves the running speed. The objective function can be written as follows:


   X  o b j   =   ∑  j = 1  T    [   (    ∑ i    g i     )   w j  +  1 2   (    ∑ i    h i  + λ    )     w j   2   ]    + λ T  



(4)




where    g i  =  ∂   y ^  ( t − 1 )   l (  y i  ,   y ^   ( t − 1 )   )   represents the first derivative of the loss function term and    h i  =  ∂   y ^  ( t − 1 )  2  l (  y i  ,   y ^   ( t − 1 )   )   represents the second derivative of the loss function. T is the number of leaf nodes, wj is the weight of leaf nodes and γ is a penalty coefficient.



When the objective function is the smallest, the optimal solution wj* of each leaf node weight and the optimal target value Xobj* can be obtained as follows:


     w j *  = −     ∑ i    g i        ∑ t    h i  + λ          X  o b j  *  = −  1 2    ∑  j = 1  T        (    ∑ i    g i     )   2      ∑ i    h i  + λ       + γ T    



(5)








3.3. HBA-XGBoost Model Principle


XGBoost is affected by multiple hyperparameters in solving the problem of lithology classification. Therefore, the input of non-optimal hyperparameters when constructing the XGBoost model will reduce the prediction accuracy and model generalization of the model. In order to solve this problem, the HBA algorithm is introduced to optimize the XGBoost lithology prediction model. The HBA algorithm improves the prediction accuracy and robustness of the XGBoost lithology classification model by finding the optimal parameters in the hyperparameter feature space as the input of the XGBoost model. The workflow of the HBA-XGBoost model is as described in the list below (Figure 2). The complexity of the model mainly depends on the number of iterations of the HBA algorithm, and the overall complexity is the product of the complexity of the HBA algorithm and the complexity of the XGBoost algorithm.



	
Data cleaning of the volcanic rock data set, missing value processing, log curve standardization, data feature selection, data set division and other pre-processing work are carried out to ensure data quality and consistency.



	
Using the honey badger optimization algorithm, the honey badger population is initialized according to the XGBoost hyperparameter feature. Each honey badger represents a combination of XGBoost hyperparameter features. Initial conditions are defined, such as density factors (α), sign to change direction (F) and the honey badger’s ability to catch prey (β).



	
The XGBoost model is used as the fitness evaluation function of the HBA model. The XGBoost model is trained according to each individual of the badger population. The model performance is evaluated by cross-validation, and the calculated performance index is passed to the HBA model.



	
The HBA model uses Equations (2) and (3) to update the positions of the individuals of the badger population to complete the foraging behavior according to the badger’s two foraging strategies (digging behavior and honey-picking behavior), that is, the its seeks the best combination of hyperparameters. After the population position is updated, the fitness function is recalculated and the population positions are continuously iterated. Finally, the globally optimal individual is selected as the optimal hyperparameter combination.



	
The XGBoost model is trained with the globally optimal hyperparameter combination, and the HBA-XGBoost optimization model is obtained to evaluate and predict the lithology of volcanic rock.







3.4. Model Evaluation Index


The confusion matrix can clearly reflect the difference between the true label and the predicted label (Table 1). When the true label is positive and the predicted label is also positive, it is defined as a true positive (TP). False negative (FN), false positive (FP) and true negative (TN) are also defined in the table. According to the confusion matrix, the four indicators Accuracy, Precision, Recall and F1-score can be calculated. Accuracy reflects the prediction accuracy of the model as a whole. Precision and recall mainly reflect the prediction accuracy of the model for a certain type of lithology. F1-score is the harmonic average of precision and recall. The higher the four indicators, the better the performance of the model in the volcanic rock lithology recognition task.


  A c c u r a c y =   T P + T N   T P + F N + F P + T N    



(6)






  Precision =   T P   T P + F P    



(7)






  Recall =   T P   T P + F N    



(8)






   F 1 - score  =   2  × Precision  × Recall    Precision + Recall     



(9)









4. Data Analysis and Processing


The data needed in this study are from the log and mud-log data of 38 wells in the Hongche fault zone. Every 0.125 m of log data is taken as a sample point. The target task is to complete the identification of the six lithologies pyroclastic sedimentary rock (H1), volcanic breccia (H2), sedimentary tuff (C1), tuff (N1), andesite (A1) and basalt (X1). In order to complete the task of lithology identification, this study adopts eight conventional log curves as important features of lithology identification: natural gamma curve (GR); caliper curve (CALI); spontaneous potential curve (SP); electrical curves—original formation resistivity (RT) and flushing zone formation resistivity (RXO); and physical property curves—acoustic curve (AC), density curve (DEN) and neutron curve (CNL). Table 2 shows the range of different curve values for each target lithology.



At present, the method of log curve cross plot is often used to identify lithologies [40]. The cross plot can clearly reflect the distribution of log response characteristics corresponding to different lithologies. Figure 3 shows the two-dimensional kernel density maps of all log curves intersected by lithology, and the diagonal shows the distribution of log response characteristics among different lithologies. It can be clearly seen that although the concentration degree of log response characteristics of different lithologies is slightly different, much of the data are in a mixed or superimposed state. This is due to the large amount of redundant information in the log curves. Therefore, it is not possible to identify volcanic rock lithology according to the intersection of log curves alone. It is necessary to adopt a machine learning method that can analyze multi-dimensional and multiscale data efficiently to divide the lithology characteristics.



There is an imbalance in the number of samples in the volcanic rock data set, which will lead to the loss of accuracy and universality in the created model. In this study, the SMOTEENN oversampling method [41] is used to increase the number of minority samples, improve the classification performance of the model for minority samples, and introduce a certain degree of new information to enrich the diversity of samples. The sampling results for each lithology are shown in Figure 4. The number of minority samples increased, balancing the proportion of different lithologies in the data set. At the same time, a large number of H2 lithology samples removed redundant data and reduced the over-fitting in the model training. The specific operation process is as follows (taking sedimentary tuff as an example):




	
For all samples x in the sedimentary tuff, the Euclidean distance to other samples is calculated to obtain K-nearest neighbor samples.



	
The oversampling coefficient is determined according to the proportion of sedimentary tuff and most samples. For each sample of sedimentary tuff, xi, n samples are obtained by oversampling with Equation (10) to increase the number of minority samples.










   x  n e w   =  x i  + r a n d ( 0 , 1 ) * (  x i  −  k i  )  



(10)




where xnew is a new sample obtained by oversampling, xi is a sedimentary tuff sample, rand(0,1) is a random number between 0 and 1 and ki is a neighbor sample.



	3.

	
After increasing the number of samples, the redundant and repeated data samples are deleted to prevent over-fitting in subsequent training.




	4.

	
The data set is standardized after sampling, eliminating the influence of different dimensions, increasing the operation speed and preparing for the following modeling.








5. Results


5.1. HBA-XGBoost Application Effect


The model effect of XGBoost will be affected by the input hyperparameters when constructing the model. Therefore, the HBA algorithm was used to optimize the hyperparameters. The default values and meaning of different hyperparameters are shown in Table 3. In this study, the seven hyperparameters in Table 3 were optimized at the same time. The number of badger populations in the HBA model was set to 50 and the dimension of each badger was 7, corresponding to 7 hyperparameters. The ability of badgers to capture prey was 6, and the accuracy of the XGBoost model was used as the fitness function. Figure 5 shows that the accuracy of the model was basically unchanged after 6 iterations. The accuracy of the XGBoost model was increased from the initial 93.2% to 95.7%, and the convergence speed was fast. At this time, the global optimal value was found (Table 3). The global optimal value searched for by the HBA model was used as the input of the XGBoost model to construct the HBA-XGBoost model.



The data set was divided into a training set and a test set according to the ratio 7:3, and the final accuracy of the test set was 95.70%. In Table 4, the F1-score of the HBA-XGBoost model for different lithologies was above 92%, with an average of 95.64%. The average accuracy and recall rate of different lithologies were also basically above 95%. Figure 6 is the confusion matrix predicted by the HBA-XGBoost model. The prediction accuracy of each lithology was greater than 92%, of which C1 had the highest prediction accuracy, followed by A1. In short, HBA-XGBoost had a good recognition effect in the volcanic rock classification task.




5.2. Model Comparison


In order to highlight the performance of the proposed HBA-XGBoost model, the six models XGBoost, GBDT, AdaBoost, KNN, SVM and CNN were selected, and the same data set was trained via five-fold cross-validation. The performance of the HBA-XGBoost model was compared with that of the other six models. Among them, HBA-XGBoost, XGBoost, GBDT and AdaBoost models are all integrated models using a Boosting algorithm. KNN and SVM are machine learning models identified as having a better lithology recognition effect in previous studies [42,43,44,45]. CNN is a deep learning algorithm that has recently seen a great deal of use and has remarkable effects in computer vision, natural language processing and other fields.



Figure 7 shows the comparison between the prediction results of the different models and the test set. Among them, the HBA-XGBoost model proposed in this paper had the best effect, followed by the XGBoost model. Although AdaBoost and GBDT are also integrated based on a Boosting algorithm, the prediction results were poor. The lithology of H2 and X1 predicted by the AdaBoost model deviated seriously from the real value, and KNN had a higher prediction accuracy than the SVM model. Although convolutional neural networks have demonstrated powerful capabilities in many fields, they are not necessarily superior to classical machine learning algorithms for small and medium-sized table-type data. This is because in these cases the number of features in the data set is small and the convolution kernel set in the convolution operation is small, so it is difficult to fully perceive the features of the data neighborhood, which also leads to an increase in the time of the convolution operation. Figure 8 is a confusion matrix based on real lithology and predicted lithology. Taking the HBA-XGBoost model as an example, the prediction accuracy of the C1 lithology was the highest—where 1% of the proportion was predicted as other lithologies. The worst prediction result was the H2 lithology, where 8% of the proportion was predicted as other lithologies. The main reason for these errors is that the corresponding characteristics of logging between different lithologies are intertwined, which makes lithology identification more difficult. Table 5 lists the specific performance indicators of the different models. The accuracy of HBA-XGBoost was the highest, reaching 96%. Compared with the untuned XGBoost model, the accuracy was increased by 3%. The model effects of KNN, GBDT and CNN were second, and the effects of the support vector machine and AdaBoost models were poor.




5.3. Practical Application Effect


By quantitatively analyzing the performance indicators of the HBA-XGBoost model and the other six models, it can be said that the HBA-XGBoost volcanic rock lithology identification model has stability and accuracy. On this basis, in order to evaluate the applicability of the HBA-XGBoost model, the Carboniferous volcanic rock strata of well A and well B, which were not involved in the training in the Hongche fault zone, were selected for verification, and the recognition effect of the HBA-XGBoost model was compared with the recognition effect of the six other models. For wells with missing curves, intelligent algorithms can be used to complete the curves [46,47]. The results shown below show that it is feasible to use the HBA-XGBoost model to identify volcanic lithologies. In Figure 9 and Figure 10, the first channel is the depth channel, the second to fourth are the conventional log curve channels, the fifth is the real lithology channel and the sixth to twelfth are the identification results of the seven models.



The main dominant lithologies of well A are andesite, tuff, sedimentary tuff and basalt. In addition to the AdaBoost model and the radial-basis SVM model, other machine learning models roughly predicted the trend of lithology change from top to bottom. The GBDT model predicted andesite when the ground truth was basalt. KNN and CNN’s prediction results showed multiple thin-layer when predicting thick formations. The prediction results of the HBA-XGBoost model and the XGBoost model were higher, but these models could not clearly distinguish between sedimentary tuff and tuff. This is because sedimentary tuff contains 50–90% tuff and the rest is normal sedimentary material, which is similar in log response characteristics, so there was a certain prediction error. The prediction results of the HBA-XGBoost model were closer to the real lithology. The main dominant lithologies of well B are pyroclastic sedimentary rock and volcanic breccia. The prediction results of the latter three models had great errors deviating from the real lithology. GBDT could not distinguish between sedimentary tuff and volcanic breccia. AdaBoost basically predicted the lithology in the depth section as basalt, and SVM basically predicted the lithology in the depth section as volcanic breccia. The prediction accuracy of the HBA-XGBoost model, the XGBoost model, the KNN model and the CNN model decreased in turn and the prediction accuracy of thin-layer lithology increased in the same order.



Figure 11 and Figure 12 reflect the prediction error of the models; The red areas are the depths where the models made incorrect predictions. It can be clearly seen that the prediction effects of the models decreased in the following order: HBA-XGBoost > XGBoost > KNN > GBDT, CNN, AdaBoost > SVM. Through the comparison of actual well prediction, it can be said that the HBA-XGBoost model can be applied to volcanic rock lithology prediction.





6. Discussion and Prospects


In this study, eight conventional curves were used as the input of the HBA-XGBoost model to accurately identify the lithologies of six volcanic rocks in the Carboniferous reservoir of the Hongche fault zone, and the identification effect was better than that obtained using the lithology identification map classification method [33] and other classical machine learning algorithms. Volcanic rocks have significant regional and heterogeneous properties and complex structural components, leading to fuzzy log characteristics. The model proposed in this paper can predict the lithology of volcanic rocks well, and can also be used to distinguish the lithologies of clastic rocks whose diagenesis is relatively simple. In addition to lithology identification, the model can also be applied to oil–water layer identification, interlayer identification, sedimentary facies classification and other fields.



The application effect of the AI model will be affected by the data type, data size, geological region and other factors. Currently, geological data are subregional, and better results may not be obtained if the established models are directly applied to other regions. Therefore, in the follow-up work, the strategy of transfer learning can be adopted to simplify the training process by using small sample data sets in other areas, and by slightly adjusting the model parameters to adapt the model to other research areas. The data used in this paper are all numerical, and other types of data, such as image type and text type, will be generated in the logging process, which means that the data pre-processing process will be more complicated when classifying other types of data, and the analysis and prediction of multi-type and multi-feature data volume types will be the next research trend.




7. Conclusions


The lithology of Carboniferous reservoir volcanic rocks in the Hongche fault zone is complex and changeable, and the accuracy of traditional lithology identification charts is low. In order to solve this problem, this paper proposes a lithology identification model based on HBA-XGBoost. The main conclusions are as follows:




	
Based on the log data of the Hongche fault zone, a volcanic rock lithology data set was established. The data set includes eight curve features: GR, CALI, SP, RT, RXO, DEN, AC and CNL. There are six dominant lithologies: pyroclastic sedimentary rock, volcanic breccia, sedimentary tuff, tuff, andesite and basalt.



	
SMOTEENN can effectively solve the problem of the unbalanced data scale of different dominant lithologies in a data set, increasing the sample size when there is a small number of samples, reducing the sample size when there is a large number of samples, and balancing the amount of data for various lithology labels.



	
The HBA model can optimize the hyperparameter space of XGBoost, obtain the optimal hyperparameter combination of XGBoost, optimize the model structure of XGBoost and improve the indicators of the XGBoost model in volcanic rock lithology prediction. The overall prediction accuracy was improved by about 3%. The recognition accuracy of HBA-XGBoost for various lithologies in the study area was above 92%, whick is higher than the prediction accuracy of XGBoost, KNN, GBDT, AdaBoost, CNN and SVM.



	
The proposed model was applied to the lithology identification of data from two actual wells in the study area. The HBA-XGBoost model accurately and continuously predicted different lithologies, and also accurately predicted at the boundaries of lithology changes. Compared with other models, the prediction accuracy was higher, and provides a certain reference for the lithology identification of volcanic rocks.
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Figure 1. Structural location map of the Hongche fault zone. 
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Figure 2. Flow chart of establishing the HBA-XGBoost model. 
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Figure 3. Two-dimensional nuclear density maps of different lithologies. 






Figure 3. Two-dimensional nuclear density maps of different lithologies.



[image: Processes 12 00285 g003]







[image: Processes 12 00285 g004] 





Figure 4. Comparison of the number of different lithology samples before and after SMOTEENN sampling. 
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Figure 5. HBA optimization iterative process. 
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Figure 6. Confusion matrix of the HBA-XGBoost model. 
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Figure 7. Comparison of the evaluated models’ prediction results for different lithologies. 
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Figure 8. Confusion matrices of different models: (a) HBA-XGBoost, (b) XGBoost, (c) GBDT, (d) KNN, (e) CNN, (f) SVM, (g) AdaBoost. 
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Figure 9. The application of the different models in well A. 
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Figure 10. The application of the different models in well B. 
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Figure 11. The prediction error of the different models in well A. (The red areas are the depths where the models made incorrect predictions). 
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Figure 12. The prediction error of the different models in well B. (The red areas are the depths where the models made incorrect predictions). 
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Table 1. Confusion matrix diagram.
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True Label

	
Predicted Label




	
Positive

	
Negative






	
Positive

	
TP (True Positive)

	
FN (False Negative)




	
Negative

	
FP (False Positive)

	
TN (True Negative)











 





Table 2. Log response range of different lithologies (RT and RXO data have been log-transformed).






Table 2. Log response range of different lithologies (RT and RXO data have been log-transformed).





	

	
GR

	
CALI

	
SP

	
RT

	
RXO

	
DEN

	
AC

	
CNL






	
H1

	
7.89~92.25

	
7.66~11.66

	
−45.81~18.00

	
0.21~2.36

	
−0.06~2.65

	
2.01~2.75

	
54.61~127.92

	
0.13~49.82




	
(43.24)

	
(8.98)

	
(−13.60)

	
(1.10)

	
(1.11)

	
(2.45)

	
(76.88)

	
(24.54)




	
N1

	
6.02~95.28

	
7.66~10.68

	
−67.67~22.20

	
0.10~2.75

	
−0.36~2.08

	
1.75~2.78

	
56.16~124.06

	
0.16~53.44




	
(43.20)

	
(8.84)

	
(−16.26)

	
(1.34)

	
(1.31)

	
(2.45)

	
(75.36)

	
(22.60)




	
H2

	
3.75~75.67

	
7.63~12.02

	
−63.02~17.09

	
0.41~2.97

	
0.21~3.24

	
2.18~2.77

	
52.94~102.12

	
0.17~46.10




	
(19.77)

	
(8.83)

	
(−22.69)

	
(1.59)

	
(1.52)

	
(2.54)

	
(67.64)

	
(26.50)




	
A1

	
7.63~88.12

	
8.07~10.14

	
−52.17~10.92

	
0.46~2.68

	
0.02~3.02

	
2.18~2.81

	
53.54~98.29

	
0.10~41.17




	
(39.35)

	
(8.65)

	
(−18.13)

	
(1.41)

	
(1.40)

	
(2.53)

	
(69.64)

	
(17.51)




	
X1

	
5.15~95.78

	
7.64~10.91

	
−85.20~1.16

	
0.33~3.27

	
−0.20~3.21

	
2.10~2.83

	
52.00~107.24

	
0.09~46.36




	
(18.04)

	
(8.65)

	
(−23.84)

	
(1.72)

	
(1.65)

	
(2.60)

	
(63.61)

	
(22.04)




	
C1

	
15.99~89.40

	
8.17~9.84

	
−61.93~16.46

	
0.22~1.74

	
−0.36~2.46

	
1.55~2.58

	
60.76~120.88

	
0.23~56.06




	
(54.73)

	
(8.63)

	
(−13.10)

	
(0.93)

	
(1.00)

	
(2.40)

	
(82.05)

	
(23.57)








The format of the data in the table is:      minimum   value   ~   maximum   value     ( average   value )     .













 





Table 3. Default value and significance of different hyperparameters in the XGBoost model.
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	Hyperparameter
	Default Value
	Hyperparameter Meaning
	Region of Search
	Global Optimum





	n_estimators
	100
	Number of weak classifiers
	[50~200]
	196



	learning_rate
	0.3
	Learning rate
	[0.01~1.0]
	0.4987



	subsample
	1
	Proportion of samples taken from a sample
	[0.5~1.0]
	0.8154



	max_depth
	6
	Maximum weak classifier depth
	[3~10]
	9



	gamma
	0
	Decrease of the minimum objective function required for weak classifier branching
	[0~5]
	0



	min_child_weight
	1
	Minimum sample weight required on the leaf node of the weak classifier
	[0.01~10]
	0.01



	colsample_bytree
	1
	Proportion of features extracted by constructing a weak classifier for all features
	[0.5~1.0]
	0.97










 





Table 4. Performance evaluation of the HBA-XGBoost model.






Table 4. Performance evaluation of the HBA-XGBoost model.





	

	
Precision (%)

	
Recall (%)

	
F1-Score (%)

	
Accuracy (%)






	
A1

	
96.91

	
97.32

	
97.11

	
95.70




	
C1

	
97.02

	
99.29

	
98.14




	
H1

	
96.23

	
96.34

	
96.28




	
H2

	
93.80

	
92.04

	
92.91




	
N1

	
94.85

	
92.84

	
93.84




	
X1

	
95.14

	
96.00

	
95.57




	
Mean value

	
95.66

	
95.64

	
95.64











 





Table 5. Performance analysis of different models.
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Model

	
Performance

Index

	
A1

	
C1

	
H1

	
H2

	
N1

	
X1

	
Mean

Value

	
Accuracy






	
HBA-XGBoost

	
Precision

	
0.97

	
0.97

	
0.96

	
0.94

	
0.95

	
0.95

	
0.96

	
0.96




	
Recall

	
0.97

	
0.99

	
0.96

	
0.92

	
0.93

	
0.96

	
0.96




	
F1-score

	
0.97

	
0.98

	
0.96

	
0.93

	
0.94

	
0.96

	
0.96




	
XGBoost

	
Precision

	
0.94

	
0.95

	
0.94

	
0.89

	
0.93

	
0.91

	
0.93

	
0.93




	
Recall

	
0.95

	
0.99

	
0.93

	
0.87

	
0.88

	
0.94

	
0.93




	
F1-score

	
0.95

	
0.97

	
0.94

	
0.88

	
0.9

	
0.93

	
0.93




	
KNN

	
Precision

	
0.85

	
0.89

	
0.86

	
0.84

	
0.87

	
0.86

	
0.86

	
0.86




	
Recall

	
0.91

	
0.96

	
0.87

	
0.75

	
0.78

	
0.88

	
0.86




	
F1-score

	
0.88

	
0.92

	
0.86

	
0.79

	
0.82

	
0.87

	
0.86




	
GBDT

	
Precision

	
0.78

	
0.84

	
0.79

	
0.69

	
0.76

	
0.75

	
0.77

	
0.77




	
Recall

	
0.83

	
0.90

	
0.75

	
0.70

	
0.61

	
0.81

	
0.77




	
F1-score

	
0.80

	
0.87

	
0.77

	
0.69

	
0.68

	
0.78

	
0.77




	
CNN

	
Precision

	
0.73

	
0.61

	
0.77

	
0.77

	
0.73

	
0.77

	
0.73

	
0.75




	
Recall

	
0.71

	
0.40

	
0.81

	
0.83

	
0.72

	
0.69

	
0.69




	
F1-score

	
0.72

	
0.48

	
0.79

	
0.80

	
0.73

	
0.73

	
0.71




	
SVM

	
Precision

	
0.58

	
0.63

	
0.59

	
0.49

	
0.63

	
0.62

	
0.59

	
0.58




	
Recall

	
0.65

	
0.82

	
0.52

	
0.65

	
0.26

	
0.57

	
0.58




	
F1-score

	
0.61

	
0.71

	
0.55

	
0.56

	
0.36

	
0.60

	
0.57




	
AdaBoost

	
Precision

	
0.52

	
0.55

	
0.36

	
0.35

	
0.46

	
0.42

	
0.44

	
0.46




	
Recall

	
0.53

	
0.78

	
0.30

	
0.10

	
0.21

	
0.80

	
0.46




	
F1-score

	
0.53

	
0.64

	
0.33

	
0.15

	
0.29

	
0.55

	
0.42
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