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ABSTRACT: The precise identification of date palm tree diseases is essential for maintaining agricultural productivity
and promoting sustainable farming methods. Conventional approaches rely on visual examination by experts to detect
infected palm leaves, which is time intensive and susceptible to mistakes. This study proposes an automated leaf
classification system that uses deep learning algorithms to identify and categorize diseases in date palm tree leaves
with high precision and dependability. The system leverages pretrained convolutional neural network architectures
(InceptionV3, DenseNet, and MobileNet) to extract and examine leaf characteristics for classification purposes. A
publicly accessible dataset comprising multiple classes of diseased and healthy date palm leaf samples was used for the
training and assessment. Data augmentation techniques were implemented to enhance the dataset and improve model
resilience. In addition, Synthetic Minority Oversampling Technique (SMOTE) was applied to address class imbalance
and further improve the classification performance. The system was trained and evaluated using this dataset, and two
of the models, DenseNet and MobileNet, achieved classification accuracies greater than 95%. MobileNetV2 emerged as
the top-performing model among those assessed, achieving an overall accuracy of 96.99% and macro-average Fl-score
0f 0.97. All nine categories of date palm leaf conditions were consistently and accurately identified, showing exceptional
precision and dependability. Comparative experiments were conducted to assess the performance of the Convolutional
Neural Network (CNN) architectures and demonstrate their potential for scalable and automated disease detection.
This system has the potential to serve as a valuable agricultural tool for assisting in disease management and monitoring
date palm cultivation.

KEYWORDS: Deep learning; convolutional neural networks; date palm disease classification; InceptionV3; DenseNet;
MobileNet; precision agriculture; smart farming; sustainable agriculture; disease monitoring

1 Introduction

Date palm trees are of immense cultural and economic importance in many regions of the world,
particularly in dry and semidry climates. These trees serve as crucial crops, enhance food security, provide
income for farmers, and support various industries including agriculture and food processing. However,
leaf diseases in date palms can significantly reduce both the yield and quality [1]. The timely and precise
identification of these diseases is vital for maintaining sustainable agricultural practices and implementing
effective disease control measures.
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This research utilized the “Dataset of Infected Date Palm Leaves for Palm Tree Disease Detection
and Classification” by Namoun et al. [1] to tackle this issue. This comprehensive dataset comprises a wide
array of leaf images, encompassing multiple disease categories and healthy specimens, captured in diverse
environmental settings. This serves as a crucial resource for developing machine learning models capable of
classifying infected leaves with high precision and consistency.

Compared with earlier studies on date palm disease detection, such as the work by Al-Shalout and
Mansour [2], who applied a deep CNN architecture to a small, manually collected date palm dataset, our
methodology diverges from that of Al-Shalout and Mansour [2] in several significant ways. Their research
concentrated on a manually assembled, relatively small dataset of date palms, using a single deep CNN model.
In contrast, we employed a more varied and extensive dataset that reflected real-world differences, including
lighting and background noise. Furthermore, our study investigates and contrasts multiple pre-trained CNN
architectures—MobileNet, DenseNet121, and InceptionV3 through transfer learning, allowing for a more
thorough assessment of model performance. This expanded scope enhances generalizability and robustness,
particularly in practical applications. Furthermore, unlike the DPXception model proposed by Safran
et al. [3], which was designed specifically for species classification, our work focuses on disease classification
and explores multiple transfer learning architectures (MobileNet, DenseNet121, and InceptionV3), allowing
for a richer evaluation of model efficiency and performance trade-offs.

In the realm of general plant disease classification, several reviews demonstrated the success of CNNs
on datasets such as PlantVillage [4]. However, these datasets are often collected in controlled settings and do
not translate well into real-world environments. By integrating efficient models such as MobileNetV2 with
this realistic dataset, our research pushes the boundaries for developing practical plant disease-detection
systems for use in the field.

Deep learning models, known as Convolutional Neural Networks (CNNs), have revolutionized image
classification by automatically extracting hierarchical features from the input data [5]. Unlike traditional
image processing techniques that rely on manually engineered features, CNNs learn directly from raw
images, making them highly effective for complex tasks, such as plant leaf classification. Transfer learning
with pretrained CNN architectures, such as InceptionV3, DenseNet, and MobileNet, has demonstrated
exceptional performance across various domains.

Several review studies, such as those by Kamilaris and Prenafeta-Boldu [6] and Hasan et al. [7] have
highlighted the growing role of deep learning, particularly CNNs, in plant disease classification using
leaf images.

CNNs have been extensively applied to the detection of diseases in crops. The reader can refer to a
review paper for an extensive review of this area [8-12]. As evidenced in studies by Agarwal et al. [13] for
tomatoes and Asif et al. [14] for potatoes. These studies have primarily focused on classifying leaf diseases
in various plant species. However, the application of deep-learning techniques to date palm leaf disease
detection remains relatively unexplored, with a notable scarcity of comprehensive datasets. Prior research
has often utilized limited datasets comprising only three or four classes, which fails to capture the full range
of conditions in which date palms grow, as noted in studies by Abu-zanona et al. [15].

The proposed method for automated phenotyping of Cymbidium seedlings using 3D point cloud data
successfully addressed the issues of tiller segmentation and trait measurement. This approach employs a
two-phase segmentation process in line with the natural growth orientation of the plant to accurately extract
essential morphological characteristics. This resulted in high precision across various traits including plant
height, leat count, and leaf measurements. Consequently, the need for manual measurements is greatly
reduced, while maintaining reliable phenotypic data. Although it is effective in controlled environments,
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additional testing in diverse real-world settings is required. In summary, this technique offers a scalable and
accurate method for automated phenotyping of plants.

Recent developments, such as the Dynamic Feature Network with Point-wise Spatial Attention Network
(DFN-PSAN) network, have shown remarkable precision in identifying plant diseases by utilizing deep
feature fusion and attention mechanisms, which enhance both interpretability and performance. Similarly,
the ITF-WPI model successfully integrates image and text features for pest detection, effectively addressing
the challenges of complex agricultural settings [16]. These methods collectively highlight the increasing shift
towards intelligent multimodal systems for automated plant analysis and precision farming.

This study marks the first comprehensive investigation of date palm leaf disease detection using an
extensive dataset and multiple transfer learning architectures. It not only examines the efficacy of these
architectures in classifying date palm leaf diseases but also compares their performance to determine the
most suitable architecture for this specific application. By employing a large and diverse dataset, this study
addresses the limitations of previous studies and contributes to the field by offering a scalable solution for
disease detection in date palms, thereby supporting sustainable agricultural practices.

2 Materials and Methods
2.1 Dataset Overview

As illustrated in Fig. 1, the dataset consists of 3089 processed images (totaling 1.6 GB) of infected date
palm leaves that have undergone filtering, cropping, augmentation, and classification into specific disease
categories [1]. This collection can be employed to develop deep learning models for classifying infected date
palm leaves, thereby facilitating early disease prevention in palm trees. The dataset was organized into nine
distinct classes:

« class 1 Potassium Deficiency: Encompasses 831 augmented leaf images.

« class 2 Manganese Deficiency: Includes 415 augmented leaf images.

« class 3 Magnesium Deficiency: Contains 566 augmented leaf images.

o class 4 Black Scorch: Comprises 106 augmented leaf images.

o class 5 Leaf Spots: Features 69 augmented leaf images.

+ class 6 Fusarium Wilt: Consists of 210 augmented leaf images.

+ class 7 Rachis Blight: Incorporates 402 augmented leaf images.

+ class 8 Parlatoria Blanchardi: Holds 101 augmented leaf images.

+ class 9 Healthy Sample: Encompasses 389 augmented images of healthy date palm leaves.

Notably, the dataset exhibited an imbalance with significant variations in sample sizes across different
classes. To mitigate this issue, additional data augmentation techniques are implemented during the training
process. We employ oversampling using the Synthetic Minority Oversampling Technique (SMOTE) [17].

2.2 Data Preprocessing

The dataset employed in this study was previously processed and categorized into images of the diseased
and unaffected date palm leaves. All the images were consistently resized to 224 x 224 pixels to satisfy the
input specifications of the CNN models. The dataset comprises RGB-format images with a pristine white
backdrop, eliminating the need for additional noise reduction or artifact correction.

To prepare the dataset for training, the pixel values were normalized by scaling to the [0, 1] range by
dividing each pixel value by 255. This process ensures a uniform input distribution and promotes faster
convergence during model training.
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Figure 1: A sample of date palm leaf diseases/disorders and a healthy set

Finally, the dataset is randomized to prevent the model from detecting unintended patterns based on the
inherent data sequence. These minimal modifications to the preprocessed dataset ensured their suitability
for the augmentation and subsequent training procedures.

2.3 Data Augmentation

We employed image augmentation techniques using TensorFlow to address the issue of dataset imbal-
ance and enhance the variety of the training data. To achieve a balanced training set and better represent the
less frequent categories, approximately 30% of the images underwent augmentation, specifically targeting
the minority classes. The augmentation process includes the following modifications [18]:

« Rescaling: Pixel values were standardized to the [0, 1] range by dividing them by 255. This normalization
enhances the model training stability and facilitates faster convergence.

» Shear Transformation: A 0.2 shear range was implemented to geometrically alter the images, introduc-
ing perspective variations.

e Zooming: Random zoom factors up to 0.2 were applied to images, simulating differences in size
and focus.

« Horizontal Flipping: Images were randomly flipped horizontally to create mirrored versions, adding
orientation variations.

Dynamic augmentation was employed throughout the training process to create diverse input samples
in each batch to prevent overfitting and to enhance the generalizability of the model. These augmentations
were implemented with a 20% validation split, to maintain the integrity of the validation set. To address
class imbalance, we employed the Synthetic Minority Oversampling Technique (SMOTE) along with image
augmentation. Following the extraction of deep features from the images using a feature extractor, SMOTE
was applied to the resulting feature vectors. This technique synthetically generates new samples for minority
classes by interpolating existing instances, thereby balancing the class distribution without duplicating data.
The combination of data augmentation and SMOTE improved the robustness and fairness of the classifier
across all the disease categories in the date palm leaf dataset.
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SMOTE was utilized at the feature level following the feature extraction. While this helped to balance
the class distribution, future research could investigate other methods, such as class-weighted loss functions
or generating synthetic images with GAN, to enhance sample diversity.

2.4 Convolutional Neural Networks and Selected Models

Convolutional Neural Networks (CNNs) represent a category of deep learning algorithms specifically
engineered for image-related applications, including classification, object identification, and segmentation.
These networks utilize convolutional layers to capture spatial characteristics from images, rendering them
highly efficient for tasks that require pattern recognition and visual-feature extraction. The layered structure
of CNNs enables them to acquire basic features, such as edges and textures, in the initial stages, progressing
to more intricate features in the deeper layers.

In this study, we assessed the efficacy of three cutting-edge CNN architectures for categorizing date palm
leaf images: InceptionV3, DenseNetl21, and MobileNetV2. Each model has distinct advantages in terms of
its effectiveness, computational efficiency, and capacity to adapt to various datasets.

To fine-tune the hyperparameters, a grid search was conducted by examining the following parameter
ranges for the three models: learning rates of 0.001, 0.0005, and 0.0001, along with batch sizes of 16, 32, and 64.

2.4.1 InceptionV3

Fig. 2 illustrates the InceptionV3 model, an advanced deep convolutional neural network known for
its distinctive structure incorporating inception blocks. These blocks facilitate multiscale feature extraction
within individual layers, thereby achieving an optimal balance between high precision and computational
efficiency. In this study, we utilized a pretrained InceptionV3 model initialized with ImageNet weights. To
tailor the model to the specific characteristics of the palm-leaf dataset, we unfrozen and fine-tuned the upper
layers, thereby enabling the model to acquire domain-specific features effectively.

The architecture of the model was modified by removing the last 15 layers of the InceptionV3 network,
while maintaining the remaining layers intact. This approach preserves the pre-trained features from
the earlier layers while allowing fine-tuning of the dataset using a modified architecture. The following
components were integrated into the base model:

+ GlobalAveragePooling2D: This layer diminished spatial dimensions while maintaining key features
extracted by convolutional layers.

« Dense Layer: A fully connected layer comprising 512 neurons with ReLU activation was introduced to
process complex input data representations.

« Dropout Regularization: To mitigate overfitting, a dropout layer with a 0.3 rate was implemented,
randomly deactivating neurons during the training phase.

o Output Layer: The final dense layer, consisting of 9 neurons and employing a softmax activation
function, was designed for multiclass classification corresponding to the nine disease categories.

For InceptionV3, we removed the following layers:

+ Fully Connected Layers: These layers were specific to the original classification task that the model was
trained on (e.g., ImageNet). The last fully connected layer, often with softmax activation for classification,
is removed.

« Global Average Pooling (GAP) Layer: This layer was removed or modified depending on the task.

After removing these layers, a new fully connected layer is added to match the number of classes for the
new task.
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Figure 2: InceptionV3 architecture (adapted from Zorgui et al. [19])

To address class imbalance, SMOTE was employed following the feature extraction from the training
dataset. This method generates synthetic samples for underrepresented classes and improves the ability
of the model to generalize across all categories. The optimal training parameters were determined by
hyperparameter tuning. A grid search exploring various learning rates and batch sizes revealed that peak
performance was achieved with a learning rate of 0.0005 and a batch size of 16. The performance of the
model was assessed using 5-fold Stratified Cross-Validation to ensure a balanced class representation across
all folds. The Adam optimizer and categorical cross-entropy loss functions were used for model compilation
and training. The model that exhibited the highest validation accuracy during the cross-validation was
retained. This comprehensive approach facilitated the effective adaptation of a robust pretrained model to
the task of leaf disease classification while minimizing overfitting and addressing class imbalance issues.

2.4.2 DenseNet121

DenseNetl21 is a sophisticated convolutional neural network architecture that enhances feature utiliza-
tion through direct connections between each layer and all subsequent layers in a feed-forward manner.
This interconnected design maximizes information flow across the layers, reduces the parameter count, and
addresses the vanishing gradient problem. In this study, a pretrained DenseNet121 model with ImageNet
weights was adapted for the palm leaf dataset. The pre-existing layers were kept frozen to maintain their
learned representations, whereas new layers were introduced to tailor the model for a specific task. Fig. 3
illustrates this modified architecture.
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Figure 3: DenseNetl21 architecture (adapted from Huang et al. [20])

Architectural Modifications:
The following changes were made to the DenseNet121 model:

« A GlobalAveragePooling2D layer was applied to the pre-trained DenseNet121 output, reducing spatial
dimensions while preserving key features.

« A Flatten layer transformed the pooled feature maps into a one-dimensional vector.

o A fully connected Dense layer with 512 units and ReLU activation was incorporated to facilitate learning
of complex dataset patterns.

« Dropout regularization with a 0.3 rate was implemented after the dense layer to combat overfitting.

« A final Dense layer with 9 units (matching the class count) and a softmax activation function was used
for multiclass classification.

For DenseNet121, we removed the following layers:

« Fully Connected Layers: DenseNet has a dense block structure followed by a classifier layer (fully
connected layer). The last fully connected layer was removed to suit the new task.

« Classification Layer: The original output layer used for classification was removed and replaced with a
new layer that matches the target class count for fine-tuning.

« Insome cases, the Global Average Pooling (GAP) Layer at the end was removed depending on the task.

DenseNet uses the growth rate and dense blocks to retain feature reuse; therefore, the focus during
fine-tuning is primarily on modifying the final classifier layers to adapt to the new task.

Training Approach:
The DenseNetl121-based model was trained using a stratified 5-fold cross-validation approach. Before

classification, feature maps from DenseNet12] were extracted and rebalanced using SMOTE to address the
class imbalance. Optimal hyperparameters were identified through hyperparameter tuning.

o Learning Rate: 0.0005
« Batch Size: 16

Each fold utilizes an identical architecture compiled using the Adam optimizer and categorical cross-
entropy loss. To prevent overfitting, dropout and L2 regularization were employed during training. The class
weights were calculated dynamically based on label frequencies to further combat class imbalances.
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The model with the best performance across folds was retained for subsequent evaluation. The
robustness of the model and its generalization abilities for disease classification were confirmed through
various evaluation metrics including accuracy, confusion matrix, and classification reports. The modified
DenseNetl21 architecture exhibited notable performance enhancements by utilizing its dense connectivity
and efficient gradient flow to effectively classify complex visual patterns.

2.4.3 MobileNetV2

MobileNetV2 is a streamlined CNN architecture designed for deployment in mobile and edge devices.
It utilizes depth-wise separable convolutions and linear bottleneck layers to reduce the computational
requirements while maintaining high accuracy. MobileNetV2 provides a balanced performance in terms of
speed and accuracy, which makes it suitable for swift inference on resource-constrained hardware [21], as
illustrated in Fig. 4.
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Figure 4: MobileNetV2 architecture (adapted from Golcuk et al. [22])

In our study, we utilized MobileNetV2 as a feature extraction tool, leveraging its pretrained weights
from ImageNet. We removed the final layers responsible for classification, retaining only the convolutional
foundation to facilitate the transfer learning.

Following feature extraction, a Global Average Pooling (GAP) layer reduces the spatial dimensions of
the feature maps, followed by a flattened layer that transforms the pooled features into a one-dimensional
array. A fully connected (dense) layer with 512 units and ReLU activation were then applied to learn more
intricate patterns from the extracted features.

The SMOTE technique is employed to address the issue of class imbalance. This method generates
artificial samples for underrepresented classes using extracted feature vectors, thereby ensuring a balanced
distribution across all classes.

For MobileNet, we removed the following layers:

o Fully Connected Layers: Similar to other CNNs, we removed the last fully connected layer(s) and
replaced them with a new one designed for the target task.

« Global Average Pooling (GAP) Layer: Although the GAP layer is generally kept for fine-tuning, we
adjusted it in some cases to better suit the specific task.

We adopted a 5-fold Stratified Cross-Validation approach to ensure robust performance evaluation
across imbalanced classes. The best hyperparameters were obtained through tuning:



Comput Mater Contin. 2025;84(1) 1337

o Learning Rate: 0.0005
o Batch Size: 16

The model was trained using the Adam optimizer and categorical cross-entropy loss functions, which
are ideal for multiclass classification. The performance was evaluated for each fold using the accuracy,
classification reports, and confusion matrices.

The best-performing model across the five folds was saved for final evaluation and deployment. This
approach ensures a balanced and generalizable classifier that is capable of robust disease classification across
all classes.

MobileNetV2 is designed to be lightweight; therefore, fewer modifications are required for its structure
compared with larger models, resulting in fewer layers being removed or adjusted during fine-tuning.

Assessing these models offers valuable insights into their effectiveness in categorizing date palm leaf
diseases. Each model underwent fine-tuning and transfer learning processes to adjust its pre-existing weights
to a particular dataset, capitalizing on its inherent capabilities for this specific application.

2.5 Model Training and Evaluation

This section describes the setup and methods used for training and assessing the convolutional neural
network (CNN) models. This includes model preparation, training protocols, assessment criteria, and
technical specifications.

2.5.1 Model Preparation

The Adam optimizer was used to compile the models, employing a learning rate of 0.0005 to ensure
an effective gradient-based optimization. For effective multiclass classification, categorical cross-entropy is
selected as the loss function [23]. The primary metric for evaluating the model performance was accuracy.

2.5.2 Training Procedure

The models were trained using batches of 16 samples over 20 epochs, striking a balance between
sufficient learning and overfitting. Class imbalance was addressed by applying SMOTE. The model that
exhibited the best performance across all folds was retained for subsequent analysis.

2.5.3 Evaluation

The effectiveness of the model was assessed using stratified 5-fold cross-validation, which preserved the
class distribution across all the folds. In each iteration, four folds were used for training and the remaining
fold served as the validation set. Accuracy served as the primary metric for evaluating performance. Upon
the completion of all folds, the average and standard deviation of the validation accuracies were computed
to gauge the generalizability of the model. Furthermore, the top-performing model was retained, and its
predictions were used to create a classification report and a confusion matrix.

2.5.4 Callbacks

The training framework implemented a specialized technique for preserving the most effective model,
despite not explicitly using conventional callback functions such as early stopping and model checkpoint-
ing [24]. Throughout the cross-validation process, the system tracked the validation accuracy for each fold
and saved the model that exhibited the highest accuracy across all folds for final evaluation. This method
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ensures that only the most successful model is maintained for eventual deployment, effectively capturing the
best performance without relying on the traditional callback mechanisms.

2.5.5 Hardware Specifications

This study was performed using Google Colab’s cloud-based platform, which features an NVIDIA T4
GPU. This powerful graphics processing unit allowed for efficient management of the extensive dataset
and enhanced the speed of training the convolutional neural network (CNN) models. By leveraging Colab,
researchers were able to conduct experiments smoothly without the need for significant local computing
resources, making it an optimal choice for deep-learning investigations and advancements.

These methodologies ensure systematic training and evaluation of the models, resulting in dependable
and replicable outcomes.

3 Results
3.1 Dataset Splitting

An 80-20 ratio was employed to separate the dataset into the training and validation portions. The
training segment consisted of 2474 images spread across nine classes, while the validation segment included
615 images. This distribution ensured that all the classes were adequately represented in the assessment.

3.2 Model Training Performance Using InceptionV3

The InceptionV3 architecture was trained using 5-fold cross-validation with a learning rate of 0.0005.
The training process was aimed at ensuring robust generalization across the different subsets of the dataset.
The performance of the model across all folds can be summarized as follows:

o Cross-Validation Accuracies: [91.97%, 92.80%, 95.56%, 93.89%, 96.15%]
o Mean Accuracy: 94.08%
o Standard Deviation of Accuracy: 1.27%

The robustness of the learning ability of the model and generalization is evidenced by the consistent
outcomes observed across various folds, suggesting reliable performance.

3.2.1 Validation Classification Report

To thoroughly assess the ability of the model to classity, various performance metrics were calculated
for each category, including precision, recall, F1-score, and support. A comprehensive classification report
derived from the validation data across all folds is presented in Table 1.

Table 1: Classification report on the validation dataset

Class Precision Recall Fl-score Support
Potassium deficiency 0.89 0.81 0.84 664
Manganese deficiency 0.94 0.96 0.95 664
Magnesium deficiency 0.89 0.82 0.85 664

Black scorch 0.98 1.00 0.99 664

Leaf spots 0.98 1.00 0.99 664
Fusarium wilt 0.91 0.97 0.94 664
Rachis blight 0.94 0.95 0.94 664

(Continued)
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Table 1 (continued)

Class Precision Recall Fl-score Support
Parlatoria blanchardi 0.97 1.00 0.98 664
Healthy sample 0.96 0.96 0.96 664
Overall accuracy 94.08%
Macro average 0.94 0.94 0.94 5976
Weighted average 0.94 0.94 0.94 5976

3.2.2 Confusion Matrix and ROC curves

Fig. 5a shows a confusion matrix that visually depicts the classification accuracy of the model by
comparing the actual and predicted labels across all the nine categories. Furthermore, Fig. 5b shows the
ROC curves that offer an in-depth perspective of the capability of the model to differentiate between classes,
emphasizing its sensitivity and specificity at different threshold levels.
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Figure 5: Performance metrics and ROC curves of InceptionV3 model

The AUC-ROC scores across all categories remained consistently high, with an average AUC-ROC
score of 0.9991, demonstrating excellent category separability. Furthermore, the model attained a Cohen’s
Kappa score of 0.9625, indicating a strong correlation between the predicted and actual classifications, which
further underscores its dependability. Table 2 presents a comprehensive breakdown of the AUC-ROC scores

for each category.

Table 2: AUC-ROC scores for each class across models

Class

InceptionV3 DenseNet

MobileNet

Potassium deficiency
Manganese deficiency
Magnesium deficiency

0.9959 0.9976
0.9999 1.0000
0.9972 0.9987

0.9997
1.0000
0.9999

(Continued)
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Table 2 (continued)

Class InceptionV3 DenseNet MobileNet

Black scorch 1.0000 1.0000 1.0000

Leaf spots 1.0000 1.0000 1.0000
Fusarium wilt 0.9998 0.9998 1.0000
Rachis blight 0.9994 0.9995 0.9999
Parlatoria blanchardi 1.0000 1.0000 1.0000
Healthy sample 0.9997 1.0000 0.9999
Mean AUC-ROC Score  0.9991 0.9995 0.9999

3.2.3 Observations

The InceptionV3 model demonstrated exceptional performance across all categories, with notably high
Fl-scores exceeding 0.98 in classes such as Black Scorch, Leaf Spots, and Parlatoria Blanchardi.
Some misclassification was evident in categories like Potassium Deficiency (0.81recall) and Magnesium
Deficiency (0.82 recall), potentially due to visual similarities with other deficiencies or intra-class vari-
ations.

The stability of the model and consistent generalization ability are indicated by the minimal standard
deviation observed across the fold accuracies.

The effectiveness of the model in handling multiclass classification with inter-class variability was
confirmed by its balanced performance across the precision, recall, and F1-score metrics.

3.3 Model Training Performance Using DenseNet121

The DenseNetl2] model was trained utilizing a 5-fold cross-validation approach. The following

accuracies were recorded across various folds during the cross-validation process:

Fold 1 Accuracy: 95.90%
Fold 2 Accuracy: 96.40%
Fold 3 Accuracy: 97.41%
Fold 4 Accuracy: 97.32%
Fold 5 Accuracy: 95.06%

Mean Cross-Validation Accuracy: 96.42%
Standard Deviation of Accuracy: 1.25%

These consistently high values reflect the robust learning and generalization capabilities of the model

across different data splits.

3.3.1 Validation Classification Report

To assess the effectiveness of the model on the validation set, performance metrics such as precision,

recall, Fl-score, and support were calculated per class. Table 3 summarizes the results.

Table 3: Classification report on the validation dataset using DenseNet121

Class Precision Recall Fl-score Support
Potassium deficiency 0.87 0.93 0.90 664
Manganese deficiency 0.99 0.98 0.99 664

(Continued)
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Table 3 (continued)
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Class Precision Recall Fl-score Support
Magnesium deficiency 0.96 0.86 0.91 664
Black scorch 0.99 1.00 1.00 664
Leaf spots 0.99 1.00 0.99 664
Fusarium wilt 0.94 0.95 0.94 664
Rachis blight 0.97 0.97 0.97 664
Parlatoria blanchardi 0.99 1.00 1.00 664
Healthy sample 0.99 0.99 0.99 664
Overall accuracy 96.42%
Macro average 0.96 0.96 0.96 5976
Weighted average 0.96 0.96 0.96 5976
3.3.2 Confusion Matrix

Fig. 6a presents the confusion matrix, which provides a visual representation of the classification
behavior of the model across different classes. Fig. 6b shows the ROC curves that offer an in-depth
perspective on the capability of the model to differentiate between classes, emphasizing its sensitivity and
specificity at different threshold levels.
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Figure 6: Performance metrics and ROC curves of DenseNet121 model

The AUC-ROC scores across all categories remained consistently high, with an average score of 0.9995,
indicating the model’s excellent capability to differentiate between various classes. Moreover, Cohen’s Kappa
score of 0.9746 further validated the reliability of the model by showing a strong agreement between the
actual and predicted labels. Table 2 summarizes the AUC-ROC scores for each category.

3.3.3 Observations

o The DenseNetl2l architecture exhibited exceptional results, with a mean cross-validation accuracy of
96.42%. This uniformity across different folds underscores the robustness of the model and its capacity
to extract the pertinent features.
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3.4 Model Training Performance Using MobileNet

for each fold are as follows:

Fold 1 Accuracy: 97.32%
Fold 2 Accuracy: 97.41%
Fold 3 Accuracy: 97.41%
Fold 4 Accuracy: 96.07%
Fold 5 Accuracy: 96.74%

3.4.1 Validation Classification Report

wise precision, recall, and Fl-scores.

Mean Cross-Validation Accuracy: 96.99%
Standard Deviation of Accuracy: 1.30%

Comput Mater Contin. 2025;84(1)

Precision, recall, and F1-scores surpassed 0.90 for all categories, with certain classes such as Black Scorch,
Leaf Spots, and Parlatoria Blanchardi attaining near-perfect scores. This highlights the robustness of
the model’s ability to differentiate between classes even when faced with class diversity.

DenseNetl21 displayed enhanced generalization capabilities compared to InceptionV3, potentially due
to its densely connected structure. This architecture promotes feature reuse and addresses the issue of
vanishing gradient.

A 5-fold cross-validation approach was employed to train the MobileNet. The accuracy results achieved

The consistently high values observed across all folds demonstrate the ability of MobileNetV2 to
effectively generalize and maintain stability throughout the training process.

Table 4 outlines the performance of the MobileNetV2 model on the validation set, including the class-

Table 4: Classification report on the validation dataset using MobileNet

Class Precision Recall Fl-score Support
Potassium deficiency 0.92 0.89 0.91 664
Manganese deficiency 1.00 0.98 0.99 664
Magnesium deficiency 0.93 0.92 0.92 664
Black scorch 1.00 1.00 1.00 664
Leaf spots 0.99 1.00 0.99 664
Fusarium wilt 0.96 0.98 0.97 664
Rachis blight 0.96 0.98 0.97 664
Parlatoria blanchardi 1.00 0.99 0.99 664
Healthy sample 0.99 0.99 0.99 664
Overall accuracy 96.99%
Macro average 0.97 0.97 0.97 5976
Weighted average 0.97 0.97 0.97 5976
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3.4.2 Confusion Matrix

Fig. 7a shows the confusion matrix generated from the validation results, visually representing classifi-
cation performance of MobileNet. Fig. 7b shows the ROC curves that offer an in-depth perspective on the
capability of the model to differentiate between classes, emphasizing its sensitivity and specificity at different
threshold levels.
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Figure 7: Performance metrics and ROC curves of MobileNetV2 model

The model demonstrated a robust capability to accurately classify various categories, as evidenced by the
high AUC-ROC scores across all classes, with an average AUC-ROC score of 0.9999. Additionally, Cohen’s
Kappa score of 0.9932 highlights a strong agreement between the predicted and actual labels, underscoring
the dependability of the model. Table 2 summarizes the AUC-ROC scores for each class.

3.4.3 Observations

+ The MobileNetV2 model achieved a strong mean cross-validation accuracy of 96.99%, demonstrating
its efficiency and suitability for lightweight, high-accuracy tasks.

o The model maintained consistently high scores across all classes, with particularly impressive results for
Black Scorch, Leaf Spots, and Parlatoria Blanchardi classes, achieving nearly perfect metrics.

o MobileNeV2t is well-suited for resource-constrained environments due to its compact architecture
while still delivering competitive performance compared to heavier models such as DenseNetl121 and
InceptionV3.

3.5 Final Result

The experimental setup for training MobileNet, DenseNet121, and InceptionV3 was identical, utilizing
SMOTE augmentation, 5-fold cross-validation, and consistent hyperparameters. All models underwent
training on the same dataset division, utilizing identical hyperparameters, which included batch size of 16 and
20 training epochs. The training process was performed on Google Colab with an NVIDIA T4 GPU to ensure
uniform runtime conditions for all models. On average, each model took approximately 40 min to complete
training under these standardized conditions. The compact design of MobileNetV2 excelled in terms of speed
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and memory efficiency, making it ideal for deployment in environments with limited resources. Nevertheless,
this streamlined architecture occasionally resulted in a slightly lower accuracy compared with the more
intricate DenseNetl21 and InceptionV3 models. Table 5 presents a comparison of CNN. Although these latter
models demand more computational power, they deliver enhanced classification accuracy. When selecting
a model for practical agricultural applications, it is essential to consider the trade-off between the efficiency
and precision.

Table 5: Comparison of CNN models on key performance metrics

Model Accuracy Training time (min) Inference time (s) GPU utilization
MobileNetV2 97.0% 40 0.012 40.92%
DenseNetl21 96.0% 40 0.018 40.92%
InceptionV3 94.0% 40 0.025 40.92%

To assess the real-time practicality of various deep learning models, we tested their inference speeds
on a Redmi 12 5G smartphone (Qualcomm Snapdragon 4 Gen 2, 4 GB RAM) using AI Benchmark. Since
MobileNetV2 was not available in the benchmarking tool, we conducted evaluations using MobileNetV3,
which recorded the shortest inference times across different precision formats (INT8, FP16) compared
to other architectures, as shown in Table 6. During training, we monitored GPU utilization using built-
in TensorFlow/Keras functions in Google Colab. The final GPU utilization check shows 40.92% usage,
which indicates that the computational resources are not fully utilized during training. While MobileNetV3
introduces architectural enhancements for improved efficiency, our training experiments with MobileNetV2
indicate that it is also a suitable choice for mobile-based deep learning applications, balancing speed and
accuracy effectively.

Table 6: Inference time (ms) of different models on Redmi 12 5G

Model INT8 FP16

MobileNetV3 72.4 147
InceptionV3 114 338
EfficientNet-B4 232 437

Heatmap Visualization

To gain a clearer insight into which parts of the input leaf images the model emphasized during classifi-
cation, we utilized a heatmap visualization method using the MobileNetV2 model, as shown in Fig. 8a. The
highlighted regions indicate the focus areas of the model for an accurate classification. This approach helps
to pinpoint crucial areas that influence the predictions of the model, thereby improving the interpretability
and reliability of the system.
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Figure 8: Grad-CAM based attention visualization of the model’s prediction behavior on date palm leaf images

To enhance model interpretability, we analyzed the failure cases using Grad-CAM visualizations,
as shown in Fig. 8b. These visualizations revealed that the model occasionally misfocused on non-
discriminative regions, leading to misclassification. This analysis provides insights into potential areas
for improvement, such as refining feature extraction or incorporating attention mechanisms for better
localization of disease-specific patterns.

4 Discussion

This research explored the effectiveness of three CNN models, MobileNet, DenseNet121, and Incep-
tionV3, in detecting and categorizing diseases in date palm leaves. Each performance of the model was
assessed based on accuracy, precision, recall, computational efficiency, and their capability to manage class
imbalance to tackle the dataset’s inherent imbalance, the Synthetic Minority Over-sampling Technique
(SMOTE) was utilized to create synthetic samples for underrepresented classes, which significantly enhanced
the classification of minority classes and reduced bias. In addition, hyperparameter tuning was conducted
for all three models using a grid search, and the optimal batch size and learning rate were identified as
16 and 0.0005, respectively. Cross-validation with 5-fold stratified splitting was performed to assess the
generalizability and robustness of the model.

To thoroughly assess model stability, we presented the Mean and Standard Deviation of accuracy
across all five folds. This evaluation sheds light on the variability in model performance, highlighting
its consistency across various data partitions. By incorporating standard deviation, we provide a more
dependable evaluation of the robustness and generalizability of the model.
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Although confusion matrices were employed to illustrate classification performance, a more detailed
examination of errors showed that Potassium Deficiency and Magnesium Deficiency were sometimes
mistaken for one another. This confusion might stem from the visual resemblance of symptoms, such as leaf
discoloration, particularly when the lighting conditions vary. Future research should explore the integration
of domain-specific visual indicators or expert annotations to enhance the distinction between classes.

Although this study incorporates heatmaps for the MobileNetV2 model to highlight class-specific
regions, a more in-depth examination of the focus of the model on disease-related areas could improve its
interpretability. The heatmaps produced for the MobileNetV2 model were reviewed by a plant pathologist for
expert validation. The specialist confirmed that the highlighted sections in six of the nine images accurately
matched the diseased area, and the other three (Manganese Deficiency, Magnesium Deficiency, and Black
Scorch) were slightly inaccurate, demonstrating that the model effectively learned pertinent visual features.
This validation enhanced the interpretability of the model and its potential application in real-world plant
disease diagnostics.

We explored the effects of various fine-tuning methods by evaluating both full fine-tuning and feature-
extraction-only techniques. In the feature extraction scenario, the pretrained weights remained unchanged,
with only the classifier layers being trained, whereas in full fine-tuning, the entire network underwent
updates. Our findings revealed that full fine-tuning achieved slightly better accuracy, but demanded consid-
erably more training time and was more susceptible to overfitting, particularly with smaller datasets. On the
other hand, feature extraction strikes a balance between performance and computational efficiency, making
it a more suitable option for lightweight deployment.

In our study, MobileNetV2 exhibited a notably lower number of parameters (2.26M) when compared
to InceptionV3 (21.80M) and DenseNetl2l (7.04M). This makes it a more efficient option for real-time
applications, especially for use on mobile devices where computational resources are constrained.

4.1 Analysis of Results
4.1.1 Model Strengths

o InceptionV3: Showed strong performance by capturing multi-scale features through inception mod-
ules. It effectively balances the accuracy and resource efficiency, making it suitable for mid-range
hardware environments.

o DenseNetl2l: Achieved high precision and recall scores, leveraging its dense connectivity to promote
feature reuse and efficient gradient flow. It performed particularly well at detecting subtle disease
patterns.

« MobileNet: Outperformed others in computational efficiency while maintaining high accuracy, espe-
cially after SMOTE and hyperparameter tuning. The depth-wise separable convolutions enabled
real-time performance on resource-constrained devices.

4.1.2 Model Limitations

« Computational Demands: While effective, both DenseNet121 and InceptionV3 required considerable
training time and memory, making them less ideal for deployment in low-resource settings.

« Minor Class Sensitivity: Although SMOTE reduced class imbalance effects, certain minority classes
still exhibited slightly lower performance metrics, indicating room for improvement through advanced
data augmentation or ensemble methods.

o Training Time: The use of hyperparameter tuning and cross-validation extended the training duration
considerably, especially for complex architectures like InceptionV3.
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4.1.3 Practical Applicability Insights

« InceptionV3: Suitable for use cases requiring high accuracy and moderate computational resources,
such as centralized agricultural analysis systems.

« DenseNetl2l: Best suited for scenarios requiring detailed pattern recognition, such as expert-level
diagnostics in controlled environments with sufficient GPU support.

+ MobileNet: Ideal for real-time disease detection on smartphones or embedded systems, especially in
remote agricultural areas where computational resources are limited.

4.2 Training Methodology and Performance Evaluation

The dataset was divided into 80% training set and 20% validation set. SMOTE was applied to balance
the training data. All three models underwent hyperparameter tuning, where a batch size of 16 and learning
rate of 0.0005 yielded optimal performance. Subsequently, 5-fold cross-validation was used to validate model
consistency and generalization. The results confirmed reliable convergence, with MobileNetV2 achieving the
highest validation accuracy and lowest inference time, DenseNet121 achieving strong precision and recall,
and InceptionV3 maintaining a balance between performance and efficiency.

Although the dataset currently comprises 3089 images, its relatively small size presents challenges for
generalization. Future efforts will aim to expand the dataset by gathering real-world data from a range of
environments, thereby enhancing the robustness and generalization capabilities of the model.

5 Conclusion

In this study, a range of deep learning models such as MobileNet and DenseNetl21 were assessed
for their effectiveness in classifying palm leaf diseases. MobileNetV2 stood out as the best-performing
model, achieving a mean cross-validation accuracy of 96.99% and an overall classification accuracy
of 97%. Its impressive precision, recall, and Fl-scores across all nine disease categories underscore its
robustness and efficiency. These outcomes further validate MobileNet’s strong feature extraction capabilities
and suitability for real-time, lightweight applications, particularly for mobile and edge devices with
limited computational power. Although DenseNet121 also demonstrated strong results, MobileNetV2 offered
a superior balance between accuracy and computational efficiency. These findings emphasize the importance
of selecting architectures that align with specific deployment needs. To further improve the accuracy
and reliability of palm leaf disease detection systems, future research could explore more advanced and
cutting-edge architectures, such as

« Vision Transformers (ViT)—for capturing long-range dependencies and global context in images.
«  Swin Transformers—providing hierarchical representations and enhanced scalability.

Our model, especially MobileNetV2, is well-suited for real-time deployment in the field because of its
lightweight design. Although it is currently utilized for research purposes, future plans will involve creating
mobile applications for disease detection. While ViT and Swin Transformers have not yet been evaluated,
they hold promise for identifying complex patterns and will be investigated in upcoming projects.

Additionally, incorporating cross-attention mechanisms, self-supervised learning, and hyperpa-
rameter tuning, along with the use of larger and more diverse datasets, can significantly enhance the
generalizability and effectiveness of future palm leaf disease classification models.

In future research, we intend to test this system in a real-world setting to evaluate its robustness.
Moreover, the use of synthetic image generation methods can enhance the generalization. Although
MobileNetV2 appears promising for use in devices with limited resources, further investigation is necessary
to address real-world deployment issues, such as performance in diverse environments and adaptation
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to mobile or embedded platforms. As our study used an existing dataset, further investigation may be
required on environmental factors such as lighting conditions and background complexity, which may affect
real-world deployment.
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