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Abstract

Background: Cassava (Manihot esculenta) is a staple food crop for millions, particularly in sub-Saharan
Africa, where it is a primary source of calories. Despite its importance, cassava cultivation faces significant
challenges from various diseases, including Cassava Mosaic Disease (CMD) and Cassava Bacterial Blight
(CBB), which can cause devastating yield losses and threaten food security. Early and accurate detection
of these diseases is crucial to mitigate their impact and ensure stable food production. Traditional
methods of disease identification, relying on visual inspection, are often inaccurate and time-consuming,
making them inadequate for large-scale monitoring. Recent advancements in deep learning, specifically
Convolutional Neural Networks (CNNs), offer a promising solution by enabling automated, rapid, and
precise identification of plant diseases from images. These techniques can significantly enhance disease
management strategies and improve agricultural productivity by providing timely information to farmers
and agronomists.

Aims: The primary aim of this study was to evaluate the effectiveness of CNNs in detecting and classifying
cassava leaf diseases using image data. The research also aimed to compare the performance of different
CNN architectures, optimisers, and loss functions to identify the most effective model configuration for
disease detection in cassava leaves.

Methods: A dataset of cassava leaf images, labelled with five classes (four disease classes and one healthy
class), was used. Data augmentation techniques were applied to address class imbalance. The images
were processed using CNNs with various configurations, including different optimisers (Adam, RMSprop),
activation functions (ReLU, softmax), and loss functions (Categorical Cross Entropy, Focal Loss). The models
were trained using a stratified 80-20 data split, ensuring a balanced representation of all classes in the
training and validation sets. The best-performing models were evaluated based on accuracy, precision,
recall, and F1 score.

Results: The CNN model using Categorical Cross Entropy with the Adam optimiser achieved the highest
accuracy of 93%, demonstrating superior performance across all evaluation metrics, including precision
(0.93), recall (0.94), and F1 score (0.94). Models using RMSprop and Focal Loss showed lower accuracy of
68% with lower metrics as well, highlighting the effectiveness of the Adam optimiser in this context.
Despite efforts to address the class imbalance, the model showed a strong bias towards detecting CMD,
indicating areas for further improvement in dataset balancing and model refinement.

Conclusions: This study underscores the importance of balanced datasets and appropriate model
configurations in improving the accuracy and reliability of disease detection systems. The effectiveness of
CNNs in detecting cassava leaf diseases, particularly with the Adam optimiser and Categorical Cross
Entropy loss function, is demonstrated. The findings suggest that future work should focus on enhancing
the model’s ability to assess disease severity and provide treatment recommendations, as well as
integrating more advanced machine learning techniques for comprehensive agricultural management
solutions.




1. Introduction

Cassava (Manihot esculenta) is a crucial crop for food security and subsistence agriculture in various
regions, particularly in East and Central Africa. The productivity of cassava is significantly impacted by
several diseases, with the most notable ones being cassava mosaic disease (CMD) and cassava brown
streak disease (CBSD) (Tomlinson et al., 2017). These viral diseases pose a severe threat to cassava
cultivation, leading to substantial yield losses and food insecurity (Chavarriaga-Aguirre et al., 2016). The
clonal propagation method commonly used for cassava planting, where stems are exchanged between
farmers, contributes to the rapid spread of diseases such as bacteria, fungi, phytoplasmas, and viruses,
including CMD and CBSD (Chavarriaga-Aguirre et al., 2016).

Figure 1: A healthy cassava leaf

In addition to CMD and CBSD, cassava is susceptible to various other diseases such as Cassava Vein Mosaic
Disease (CVMD), Cassava Common Mosaic Disease (CCMD), Cassava Witches’ Broom Disease (CWBD),
Cassava Frog skin Disease (CFSD), and root rot (Carvajal-Yepes et al., 2014; Pardo et al., 2023; Pardo et al.,
2022; Pham & Tran, 2021). These diseases affect different parts of the cassava plant, including leaves,
stems, and roots, further exacerbating the challenges faced by cassava farmers (Onah, 2022; Maruthi et
al., 2019). Moreover, the impact of Cassava Mosaic Disease (CMD) on cassava plants is significant and
devastating. CMD causes various symptoms in cassava plants, including chlorosis in leaves, which reduces
photosynthetic activity, leading to stunted growth, lowered vyields, or even complete crop loss for the
season. Studies have shown that CMD can reduce crop yields from 50% to 70% in Zambia, with some
recent reports indicating even higher yield losses (Patrick et al., 2022). Furthermore, the economic impact
of CMD is substantial, with annual losses in East and Central Africa estimated to be between $1.9 and $2.7
billion. CMD poses a significant threat to cassava production by affecting plant growth, reducing yields,
and causing substantial economic losses in affected regions. Overall, cassava diseases threaten food
security and have far-reaching environmental implications that can disrupt the delicate balance of
agricultural ecosystems and natural resources.

The spread of these diseases is facilitated by factors such as the exchange of infected planting materials,
the presence of insect vectors like whiteflies (Bemisia tabaci), and the movement of diseases across
regions (Namuddu et al., 2023; Mugerwa et al., 2021). Efforts to combat these diseases include genetic
mapping for resistance, generating virus-free planting materials, and implementing optimal control
measures (Akano et al., 2002; Maruthi et al., 2019; Onah, 2022). Moreover, studies have highlighted the
importance of disease management strategies, such as increasing planting densities to reduce disease
incidence and utilising virus-free planting materials to mitigate the spread of diseases (Horowitz et al.,
2011; Colvin et al., 2004).




Moreover, research has concentrated on comparing data from literature with field data to contribute to
the existing knowledge of cassava disease control and prevention, highlighting the importance of data-
driven approaches in disease management (Onah, 2022). Studies have also explored the use of molecular
and serological methods for the detection and quantification of specific cassava diseases, showcasing the
diverse applications of data science in disease diagnosis (Munganyinka et al., 2018). Optimal control
measures, including the introduction of resistant cassava plants and the application of pesticides, have
been suggested to prevent and eradicate diseases in cassava production (Onah, 2022). These measures
aim to reduce disease spread and maintain optimal production levels while maximising yield and
profitability.

Data science has been widely utilised in the field of disease detection in cassava plants. Several studies
have emphasised the importance of machine learning algorithms, particularly deep learning techniques,
in the early identification and detection of cassava diseases, leading to enhanced crop yields (Abayomi-
Alli et al.,, 2021; Anitha & Saranya, 2022; Ramcharan et al., 2017). These technologies have been
specifically applied to detect and measure various cassava diseases such as bacterial blight, brown streak,
and mosaic disease (Elliott et al., 2022; Ramcharan et al., 2017). The utilisation of convolutional neural
networks (CNNs) and image-based recognition systems has demonstrated promising results in automating
the identification of cassava diseases based on leaf images (Ramcharan et al., 2017; Okokpujie et al., 2023;
Oyewola et al., 2021; Ramcharan et al., 2019).

Furthermore, the integration of spectral data and machine learning algorithms has enabled the early
detection of plant diseases in cassava crops even before visible symptoms appear, underscoring the
significance of proactive disease management strategies (Owomugisha et al., 2020). Additionally, the
development of web and mobile applications for cassava disease classification using CNNs has facilitated
accessible and efficient disease diagnosis (Okokpujie et al., 2023). These advancements in data science
have not only improved disease detection accuracy but have also provided cost-effective and rapid
solutions for farmers and agricultural extension agents (Mrisho et al., 2020).

Detecting diseases in plants, such as in cassava plants, is crucial for ensuring agricultural productivity and
food security. Artificial Intelligence (Al) techniques, particularly machine learning and deep learning, have
shown significant promise in automating and enhancing disease detection in plants (Varshney et al., 2021).
These technologies offer accurate and efficient methods for early identification of plant diseases, which is
essential for timely intervention and effective management (Pranav Ranaware & Wagh, 2023).

Researchers have explored various approaches for plant disease detection, including transfer learning
based on deep neural models (Hasan, 2023), deep convolutional neural networks utilising hybrid features
(Kusumo et al., 2020), and soft computing-based systems using support vector machines (Sriram et al.,
2023). These methods leverage advanced technologies to analyse images of plants and diagnose the
presence of diseases accurately. The integration of deep learning techniques with image processing has
enabled the development of automated systems for detecting plant diseases (Shoaib et al., 2022). By
utilising computer vision and Al, these systems can provide early identification of plant illnesses, thereby
preventing the negative consequences of diseases and overcoming the limitations of manual monitoring
(Shoaib et al., 2022).

Recent studies have highlighted the importance of deep learning methodologies in addressing the
pressing concern of plant diseases (Reddy, 2024). These cutting-edge approaches aim to ensure precise
and effective disease identification, contributing to improved plant health and agricultural sustainability.
Leveraging Al technologies, for disease detection in cassava plants can revolutionise agricultural practices.
By automating the identification of plant diseases, these advanced systems enable early intervention,
accurate diagnosis, and tailored treatment, ultimately enhancing crop yield and food security.




1.2 Research Aim, Objectives and Questions

Research Aim: The aim of this research is to develop, evaluate, and compare deep learning models for
the accurate detection of diseases in cassava leaves, with a focus on Convolutional Neural Networks
(CNN). This study seeks to identify the most effective model for classifying various cassava leaf diseases
from images by assessing the performance of each approach in terms of accuracy, efficiency, and
generalisability. The ultimate goal is to enhance early disease detection capabilities, thereby supporting
improved crop management practices and contributing to increased cassava yield and quality, which are
essential for food security in regions where cassava is a staple crop.

1.2.1 Research objective
RO1: To review and synthesise existing literature on the application of machine learning in the
classification of diseases on cassava leaves.

RO2: To apply exploratory data analysis techniques to identify images and diseases infecting the leaves
and description of the disease.

RO3: To develop and implement CNN model for the detection and classification of cassava leaf diseases
using image data.

1.2.2 Research questions
RQ1: How can machine learning models be effectively utilised to detect and classify diseases in cassava
leaves based on image data?

RQ2: What impact do the identified diseases have on cassava crop health and yield, and how can early
detection improve agricultural outcomes?

RQ3: Which machine learning model of CNN demonstrates the highest accuracy and effectiveness in
detecting and classifying diseases in cassava leaves?

1.3 Significance of the study

The significance of this study lies in its potential to enhance the early detection and management of
cassava diseases through the application of advanced machine learning techniques. By leveraging models
like CNNs this research aims to develop accurate, efficient, and scalable tools for the automated
identification of cassava diseases. These tools can lead to improved crop management practices, reducing
yield losses and supporting food security in cassava-growing regions (Ramcharan et al., 2017; Abayomi-
Alli et al., 2021). The integration of these Al-driven approaches into agricultural practices can mitigate the
negative impacts of diseases like CMD and CBSD, which have been responsible for significant economic
losses in regions reliant on cassava production (Tomlinson et al., 2017; Patrick et al., 2022). The findings
from this research will contribute to the broader field of precision agriculture, offering valuable insights
into the practical application of Al technologies in disease detection and agricultural sustainability (Pranav
Ranaware & Wagh, 2023; Varshney et al., 2021).

In conclusion, the application of data science, particularly deep learning techniques, has significantly
advanced disease detection in cassava plants. By leveraging advanced algorithms and image recognition
systems, researchers have made substantial progress in automating disease identification processes,
enabling early intervention and improved agricultural outcomes.




2. Literature Review

Machine learning techniques are becoming increasingly popular for identifying plant diseases, and existing
literature showcases various approaches to leaf disease detection using deep learning and machine
learning algorithms. In the early days of artificial intelligence, traditional machine learning methods such
as Support Vector Machines (SVM), k-Nearest Neighbours (k-NN), and Decision Trees were extensively
used due to their simplicity and effectiveness with small datasets. However, with the advent of deep
learning, there has been a significant shift towards Convolutional Neural Networks (CNNs) and transfer
learning, which have demonstrated superior performance in image classification tasks. This section
critically assesses the literature available on these methodologies, exploring the transition from traditional
techniques to modern deep learning models, the adoption of hybrid approaches and ensemble methods,
as well as advancements in data augmentation and synthetic data generation to enhance plant disease
detection.

Many research studies used traditional machine learning techniques in the early days of Al. Traditional
machine learning techniques have been widely utilised for disease detection in cassava plants using
images. Studies have shown that approaches such as image recognition combined with deep learning have
been successful in classifying cassava leaf diseases (Ravi et al., 2021). These methods leverage machine
learning algorithms to enhance the early identification and detection of cassava diseases, ultimately
improving crop yields (Abayomi-Alli et al., 2021). Furthermore, the use of deep learning techniques in the
identification and detection of cassava leaf diseases has been explored, emphasising the significance of
these methods in plant health management (Anitha & Saranya, 2022). While deep learning has shown
superior performance compared to traditional machine learning algorithms in plant disease detection,
visible range images are commonly preferred over spectral images for this purpose (Bhagwat &
Dandawate, 2021). Various machine learning strategies, including random forest, support vector
machines, convolutional neural networks, and deep learning, have been employed to accurately detect
and classify plant diseases, including those affecting cassava plants (Chimate, 2023).

2.1 Convolutional Neural Networks

Convolutional Neural Networks (CNNs) are extended deep neural networks that have gained significant
prominence in various fields due to their exceptional capabilities in image analysis and pattern recognition
(Hoeser et al., 2020). CNNs have been extensively utilised in tasks such as image recognition, object
detection, and image segmentation (Hoeser & Kuenzer, 2020). In the medical field, CNNs have been
particularly valuable, with applications in medical imaging for tasks like cholangiocarcinoma diagnosis
(Njei et al., 2023). The effectiveness of CNNs lies in their ability to extract intricate features from images,
making them highly suitable for tasks requiring detailed analysis (Vidyasagar, 2024).

CNNs are essential in image data processing due to their exceptional capabilities in recognising, classifying,
and extracting features from images. They have transformed the field of image processing by
automatically learning abstractions from raw data, enabling precise image classification (Eftekhari et al.,
2019). CNNs have been extensively utilised in various applications such as medical image analysis, disease
classification, and detection tasks (Momeni et al., 2018; Garifulla et al., 2021). CNNs have demonstrated
remarkable success in tasks like image classification, object detection, and segmentation in medical image
analysis (Byra et al., 2020). Their proficiency in extracting complex patterns from images makes them
suitable for tasks like classifying medical images, including high-resolution CT scans (Sreeja, 2024).

CNNs have shown superiority over traditional algorithms in various domains, especially in image
interpretation applications like radiology (Chatterjee, 2019). Their success can be attributed to their
capacity to learn complex representations from data, enabling them to excel in tasks that involve image-
related applications (Shamshad et al., 2022). In neuroradiology, CNNs have been widely adopted for
radiomics and deep learning tasks, showcasing their effectiveness in pattern recognition within imaging
data (Park et al., 2020; Wagner et al., 2021).




Furthermore, CNNs have been employed in real-time image processing applications, underscoring their
importance in addressing issues related to real-time image and video processing (Zhang & Yifang, 2010).
Their capability to handle multiple labels in image classification tasks has been addressed through
frameworks like CNN-RNN (Recurrent Neural Networks), providing a unified approach for multi-label
image classification (Wang et al., 2016). Moreover, using CNNs in conjunction with transfer learning has
optimised image processing tasks by enhancing feature extraction and improving image classification
accuracy (Essa, 2023).

Plant disease classification using Convolutional Neural Networks (CNNs) has become a significant area of
research, with various studies demonstrating the effectiveness of CNN models in accurately identifying
and categorising different plant diseases. (Lu,2023) explored the application of popular CNN models such
as EfficientNetB5, MobileNet, ResNet50, InceptionV3, and VGG16 for plant disease classification,
highlighting the versatility and robustness of CNNs in this domain. Similarly, Lee et al. (2020) emphasised
the promising outcomes achieved in plant disease classification through CNNs, underscoring the pivotal
role of deep learning techniques in this field.

The use of CNNs for plant disease classification is further supported by Kamble (2024), who employed
state-of-the-art CNNs on a large dataset of annotated leaf images to accurately detect various plant leaf
diseases, including fungal, bacterial, and viral infections. Toda et al. (2019) also demonstrated the success
of CNNs in diagnosing plant diseases, indicating significant advancements in leveraging deep learning for
plant disease classification tasks.

A study by Burak Gilmez (2024) specifically applied multiple CNN algorithms such as VGG, ResNet,
YOLOv3, RestNETV2 101, YOLOvV5, and many more to classify diseases on rice plant leaves with an accuracy
of over 98%, showcasing the adaptability of CNN architectures across different plant species. Guo (2023)
provided an in-depth analysis of plant disease identification using deep learning methods, emphasising
the remarkable performance of CNNs in accurately classifying plant diseases.

(Nerkar & Talbar, 2020) Proposed a hybrid CNN architecture to enhance the accuracy of plant leaf disease
classification, showcasing continuous efforts to improve the efficiency and precision of CNN-based disease
classification systems. (Panigrahi et al., 2020) Emphasised the superior accuracy of CNNs in classifying corn
plant diseases based on leaf images, showcasing the robustness of CNNs in automatically extracting
features for precise disease classification.

Deep learning methods, particularly those based on Convolutional Neural Networks (CNN), have gained
significant traction in plant disease classification, including identifying and diagnosing diseases in cassava
plants. Several studies have demonstrated the successful application of CNN models for classifying various
diseases affecting cassava plants (Ali et al., 2021; Lu et al., 2021). These studies have leveraged transfer
learning techniques, where pre-trained CNN models are fine-tuned to classify cassava diseases based on
image datasets (Ramcharan et al., 2017; Anitha & Saranya, 2022). Transfer learning has been particularly
effective in improving the accuracy of disease classification models (Liu et al., 2022).

Researchers have explored different approaches to enhance the performance of CNN models for cassava
disease classification. For instance, integrating attention mechanisms and multi-scale fusion models has
shown promising results in improving the recognition rates of cassava leaf diseases (Liu et al., 2022).
Additionally, developing web and mobile applications based on CNN models has facilitated the creation
of user-friendly interfaces for cassava disease classification (Okokpujie et al., 2023). These advancements
have improved the accuracy of disease classification and enhanced the accessibility of diagnostic tools for
farmers and researchers.

Moreover, studies have highlighted the importance of data augmentation and model optimisation in
enhancing the robustness and efficiency of CNN-based disease classification systems for cassava plants
(Abayomi-Alli et al., 2021; Oyewola et al., 2021). Researchers have detected cassava mosaic disease from
low-quality images with a high accuracy of over 80% by employing deep residual CNN architectures and
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block processing techniques. Furthermore, lightweight transfer learning-based architectures have
enabled the accurate detection of leaf diseases across multiple plants, including cassava, even with limited
image data (Mazumder, 2024).

The effectiveness of CNN models in cassava disease classification has been further validated through
comparative analyses of different CNN architectures. These studies have aimed to identify lower-capacity
models suitable for deployment on mobile devices, ensuring that disease classification tools are accessible
and practical for on-field applications. Additionally, the fusion of CNNs with other deep learning
techniques, such as Generative Adversarial Networks (GANs), has shown promise in early prediction and
improved classification of plant diseases, including those affecting cassava plants (Gomaa & El-Latif, 2021).

Several recent studies have provided empirical evidence supporting the effectiveness of CNNs in
classifying cassava leaf diseases. (Pai et al., 2023) demonstrated high accuracy in classifying cassava leaf
diseases using a modified CNN architecture with parallel pathways, multiple convolutions, and pooling.
Their model achieved a training accuracy of 98.54% and a testing accuracy of 98.08%. (Mehta et al., 2023)
explored a federated CNN model for cassava leaf disease classification, achieving precision values ranging
from 0.74 to 0.85, recall values from 0.70 to 0.88, and an overall accuracy of 78.6%. It also examined a
privacy-protecting federated learning CNN model for cassava leaf disease severity assessment. This model
achieved an overall accuracy of 95% and an F1-score of 0.91875, highlighting high precision and recall for
healthy and severe disease classes. (Sapre et al.,2023) utilised an Artificial Neural Network (ANN) model
for cassava plant leaf disease classification into five classes, achieving a training data accuracy of 61.45%
and a test data accuracy of 61.88%. (Guo, 2023) reported that a trained CNN model achieved 92.23%
accuracy in disease classification, showcasing the potential of CNN technology in agricultural innovation.

These studies collectively underscore the efficacy of CNNs in cassava disease classification, illustrating
various approaches and enhancements that have been successfully implemented to improve accuracy and
robustness in disease detection.

2.2 Ethics and research gaps

Ethical considerations are crucial in applying machine learning and Al for disease detection in agriculture.
Addressing bias, transparency, and privacy issues is essential to ensure fair and responsible technology
use (Sreerama, 2022). Studies highlight the significance of detecting and mitigating bias for equitable
outcomes and stress the importance of transparent decision-making processes to build stakeholder trust
(Dara et al., 2022). Robust data privacy measures are vital to safeguard sensitive information and maintain
the integrity of Al applications (Sreerama, 2022). Research has delved into ethical implications, including
developing frameworks for transparent model evaluation, implementing bias mitigation techniques, and
ensuring robust data privacy and security (Dara et al.,, 2022). By analysing extensive datasets with Al
algorithms, actionable insights for early intervention and management in agriculture can be provided,
empowering farmers with valuable information (Sahoo, 2024). Al algorithms can analyse satellite imagery
and other data sources to detect anomalies, stress, and disease outbreaks in crops, aiding in optimising
irrigation and nutrient management (Kumar, 2023).

Moreover, integrating Al and machine learning in agriculture underscores the need to address bias and
fairness in machine learning models, emphasising the importance of ethical considerations in Al
applications (Huang, 2024). Techniques such as fairness-aware machine learning, bias detection, and
algorithmic auditing are crucial in identifying and mitigating biases in Al systems (Markan, 2024).
Additionally, Al in agriculture focuses on identifying damaged crops and enhancing the yield of healthy
crops, contributing positively to the industry (Das, 2024).

Despite the significant advancements in using machine learning and deep learning techniques for cassava
plant disease detection, several research gaps need to be addressed to enhance the efficacy and
applicability of these models in real-world scenarios. One major issue identified in the literature is the
handling of unbalanced datasets. Many studies have noted the need for improved model accuracy and
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efficiency when dealing with imbalanced data, suggesting further fine-tuning and optimisation for better
classification performance (Alford, 2024; Gopi, 2024; Yadav, 2022). This challenge is particularly pertinent
given that unbalanced datasets can skew the model's predictions, leading to less reliable outcomes.

Another notable gap is the limited exploration of disease management beyond detection. While numerous
studies have focused on detecting diseases, more work is needed to predict the recovery of affected plants
and develop comprehensive disease management strategies (Omaye, 2024). This gap highlights the need
for more integrated approaches that detect diseases and provide actionable insights for managing and
mitigating their impact.

Moreover, the efficiency of transfer learning in disease detection has shown promise, yet research
indicates gaps in automatic disease detection for cassava plants. Limited studies have focused on the
effectiveness of transfer learning and the need for more research on this technique to enhance disease
detection (Rajasree, 2023; "Hyperparameter Optimization for Transfer Learning-Based Disease Detection
in Cassava Plants”, 2023). The absence of comprehensive model performance evaluations and
comparisons with other models further underscores the need for more rigorous and comparative studies
(John, 2022).

In addition, the scalability and generalisation of disease detection models are critical areas that require
more attention. Studies often need more discussions on the scalability of their models and how they can
be generalised across different environments and cassava varieties (De Bock, 2022). This limitation hinders
the broader application of these models in diverse agricultural settings.

Furthermore, many researchers have emphasised the challenges related to the manual identification of
diseases, which is time-consuming and costly. The lack of timely disease recognition affects cassava plant
yields significantly (Dharani, 2022). Addressing this challenge with automated systems could enhance the
efficiency and productivity of cassava farming.

Lastly, the ethical considerations of Al and machine learning in agriculture are not extensively discussed.
Issues such as bias, transparency, and privacy are crucial for the responsible deployment of these
technologies. Addressing these ethical challenges is necessary to ensure that the benefits of Al and
machine learning are equitably distributed and that the technologies are used responsibly (Omaye, 2024).

Addressing ethics and research gaps is crucial for effective Al in agriculture. Fairness, transparency, and
privacy build trust and promote equitable technology use. Critical research gaps include improving model
performance with unbalanced datasets, enhancing disease management strategies, transfer learning
efficiency and model scalability. Automated systems for timely disease recognition can significantly boost
cassava farming efficiency. Integrating ethical considerations with targeted research will lead to robust,
accurate, and fair solutions for cassava disease detection, ultimately enhancing crop health, productivity,
and food security.

This section aligns with the research objectives outlined in section 1.2, specifically objective one (RO1),
which focuses on reviewing and synthesising existing literature on the application of machine learning in
classifying diseases on cassava leaves (see section 1.2.1).
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3. Methodology

3.1 Libraries used

1. Jupyter Notebook: It is an open-source web application that allows for the creation and sharing
of documents containing live code, equations, visualizations, and narrative text. It is widely used
in data science for interactive data analysis and visualization.

2. Keras: It is a high-level neural networks APl written in Python that runs on top of TensorFlow. It
enables fast experimentation and development of deep learning models by providing an intuitive
and user-friendly interface.

3. MLflow: It is an open-source platform designed to manage the machine learning lifecycle. It
facilitates experiment tracking, model versioning, and deployment, providing a seamless way to
manage and reproduce machine learning experiments.

4. OpenCV: Open-Source Computer Vision Library is an open-source computer vision and machine
learning software library. It contains numerous functions for image processing, computer vision
tasks, and real-time operations, making it widely used for image and video analysis.

5. Pandas: It is a powerful data analysis and manipulation library for Python that provides data
structures like Data Frames to efficiently handle, analyse, and process structured data. It supports
various functions for data cleaning, transformation, and aggregation, making it essential for data-
driven research and exploration.

6. Python: It is a high-level programming language known for its readability and versatility. It is
widely used in data science, machine learning, and scientific computing due to its extensive
libraries and community support.

7. Scikit-learn: It is a machine learning library that implements various machine learning algorithms
and data pre-processing techniques that can be leveraged for effective data splitting and
evaluation of models based on regression and classification.

8. TensorFlow: It is an open-source machine learning framework developed by Google. It provides a
comprehensive ecosystem for building and deploying machine learning models, supporting both
deep learning and traditional machine learning algorithms.

9. Visual Studio Code: It is a widely-used, open-source code editor developed by Microsoft that
provides a versatile and customizable environment for programming. It supports numerous
programming languages, debugging tools, and extensions, making it ideal for developing, testing,
and maintaining code in data science and software development projects.

Download links for all these are at appendix 8.5.

The methodology for disease detection in cassava leaves involves a comparative analysis of Convolutional
Neural Networks (CNNs) with different parameters. The goal is to evaluate the performance of each model
in accurately identifying and classifying diseases affecting cassava plants. The process begins with
collecting and preparing a robust dataset of labelled images of cassava leaves, each representing a specific
disease. These images undergo standard preprocessing steps, including resizing, normalisation, and data
augmentation, to ensure consistency and enhance the model's generalisation ability across diverse data
samples.

Once the dataset is prepared, model of CNN trained and optimized with different parameters. CNNs are
utilized for their strength in handling image data, allowing the model to learn complex features from the
images automatically using kernels. After training, each model's performance is evaluated using metrics
such as accuracy, precision, recall, and F1-score. The results from these evaluations are then compared to
determine which model offers the best performance for cassava leaf disease detection (Hong et al., 2023).
This comparative approach ensures that the most effective model is identified, providing valuable insights
into the suitability of each technique for this specific application.
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3.2 Workflow

Lifecycle of training and evaluation process

Data Explarotary Data Feature Modg} Trai_nir_ng and Evaluation of Results and
Collection Data Analysis Preprocessing Engineering Selection Optimization Models Interpretation

Figure 2: machine learning workflow

Visual Studio Code, an extensive and feature-packed Integrated Development Environment that helps to
properly structure directories and provides an impressive development environment for programmatical
computations, was leveraged to carry out the whole machine learning process.

1.

10.

11.

Firstly, the dataset is downloaded from Kaggle, and the pre-processing is done to make it more
accessible and easier to load, as explained in section 3.5.

It is then split into 80-20 ratio using a stratified sampling technique to ensure imbalanced class
distribution as explained in section 3.5.1

The dataset is then loaded into the Keras library and converted into tensors; TensorFlow internally
handles the image data to convert it into tensors, as explained in section 3.5.2

The training data is then pre-processed by normalising it and using data augmentation techniques
such as rotation, flipping, and zooming to increase the diversity of the training data and improve
model generalisation, as explained in sections 3.5.3 and 3.5.4.

The Keras library, which provides a high-level API for Deep Learning is used to program the CNN
architecture using layers such as Conv2D, MaxPooling, Dense, Flatten, Dropout, and
Normalisation, as explained in section 3.6.

The CNN model was compiled using optimisers such as Adam and RMSProp. The loss functions
used for this study are binary cross-entropy and focal loss, which are explained in section 3.7.
The model was then trained using the GPU for accelerated training and Nvidia CUDA to leverage
multicore parallelism.

All the parameters were logged using the MLflow library, which helped in experimentation
tracking, artefact logging, and metrics logging. This allowed for easy comparisons for multiple
runs, which reduced manual work significantly.

The model created was then tested on the test split to check the model's performance using
metrics such as accuracy, F1 score, recall and precision, as explained in section 3.8.

An iterative process of hyperparameter tuning, including multiple epochs, different batch sizes,
and different optimisers, was used to tune and optimise the CNN model, all of which was logged
using the MLflow library.

Generated and visualised the confusion matrix to assess model performance across different
classes. Analysed these metrics to understand the model's strengths and weaknesses and
documented the findings; a detailed discussion is in section 4.

All the models are trained using an RTX 3060 Laptop GPU.

3.3 Data collection

Kaggle

was utilised as a valuable resource for the project’s data collection phase to acquire a

comprehensive dataset. The dataset, “Cassava Leaf Disease Classification,” was sourced from Kaggle’s
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repository, a well-established platform for data science and machine learning competitions. The keywords
for searching the dataset were “Cassava Leaves Dataset” and “CNN Leaves Dataset”. This dataset includes
over 20,000 images of cassava leaves with a shape of 800x600 pixels in RGB format, each labelled with
one of the five possible disease classes or a healthy class (refer to appendix 8.2 for dataset link). This
dataset was selected due to its extensive collection of images and multiple diseases in the plant.
Moreover, its availability in the public domain made it a great choice for this research. The Exploratory
Data Analysis of the data is further explained in section 3.4.

3.2.1 Distribution of the classes

Cassava Bacterial Blight (CBB) .

Cassava Mosaic Disease (CMD)

Distribution of Classes in Cassava Leaves

Cassava Brown Streak Disease (CBSD)

Class Name

Cassava Green Mottle (CGM)

Healthy

0 2000 4000 6000 8000 10000 12000
Count

Figure 3: Distribution of classes in the dataset

Figure 3 shows that the distribution of classes within the cassava leaf dataset highlights a significant
imbalance, with Cassava Mosaic Disease (CMD) being vastly overrepresented compared to other classes
like Cassava Bacterial Blight (CBB), which is underrepresented. This imbalance presents challenges for
training machine learning models, as the model may become biased toward the CMD class, leading to
poor performance in detecting less frequent diseases like CBB. Such imbalances can result in high false
negatives for minority classes, which is problematic for accurate disease detection in real-world
applications. To mitigate these issues, data augmentation, oversampling, or class weighting may be
necessary to ensure balanced model performance across all classes refer section 3.5.4.

3.4 Exploratory Data Analysis
The dataset contains over 20,000 images of the leaves with five types, which consist of the categories as
follows:

3.4.1 Healthy

Figure 4: Healthy cassava leaves sample

Figure 4 depicts a healthy cassava leaf characterized by its vibrant green colour and uniform pigmentation
across the surface. The leaf displays the typical structure of a cassava plant, with multiple elongated lobes
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radiating symmetrically from a central point, resembling the shape of a palm. Each lobe is smooth and
free from any spots, discolouration, or lesions, indicating that the plant is healthy. The leaf's overall
appearance, with its lush and unblemished texture, suggests that the cassava plant is thriving without
signs of common diseases like Cassava Mosaic Disease (CMD) or Cassava Brown Streak Disease (CBSD).

3.4.2 Cassava Bacterial Blight

Cassava Bacterial Blight (CBB) Cassava Leaves

wﬂv 7y
A W 3

Figure 5: Cassava Bacterial Blight infected leaves sample

Figure 5 depicts cassava leaves exhibiting symptoms of Cassava Bacterial Blight (CBB), a significant
bacterial disease affecting cassava plants. The leaves show characteristic signs of infection, including
yellowing (chlorosis) and brown to dark brown necrotic spots. These spots are often irregular in shape and
are typically surrounded by a yellow halo, indicative of the bacterial infection spreading through the leaf
tissue. The affected areas may also display a wilted appearance, particularly around the margins of the
necrotic spots.

3.4.3 Cassava Brown Streak Disease (CBSD)

Cassava Brown Streak Disease (CBSD) Cassava Leaves

Figure 6: Cassava Brown Streak Disease (CBSD) infected leaves sample

Figure 6 depicts cassava leaves displaying symptoms characteristic of Cassava Brown Streak Disease
(CBSD), a viral disease severely impacting cassava crops. The leaves exhibit a distinct yellow chlorotic
pattern, with mottling and vein banding that are typical of CBSD infection. The yellowing is irregular and
dispersed, often concentrated around the secondary veins, while the primary veins may remain green,
creating a striking contrast.
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3.4.4 Cassava Green Mottle (CGM)

Figure 7: Cassava Green Mottle (CGM) infected leaves sample

Figure 7 showcases cassava leaves affected by the Cassava Green Mottling (CGM), which results in a
distinct mottling pattern. The leaves exhibit a combination of dark green and light green patches, giving
them a mottled appearance. This irregular discolouration is a hallmark of CGM, which typically manifests
as scattered patches of healthy green tissue interspersed with lighter, chlorotic areas. The condition can
affect the plant's overall vigour, leading to reduced photosynthetic efficiency and potentially impacting
crop yield.

3.4.5 Cassava Mosaic Disease (CMD)

Figure 8: Cassava Mosaic Disease (CMD) infected leaves sample

Figure 8 depicts cassava leaves affected by Cassava Mosaic Disease (CMD), one of the most devastating
viral diseases impacting cassava crops. The leaves in the images display the characteristic symptoms of
CMD, including a pronounced mosaic pattern with a mix of light green, yellow, and dark green areas. This
mottling effect is caused by the virus disrupting the normal chlorophyll production in the leaf tissues,
leading to irregular patches of discolouration. Additionally, the leaves may show signs of distortion,
reduced size, and a crinkled appearance, all typical indicators of CMD.

These insights align with the research objective outlined in section 1.2, specifically objective two (RO2).
The objective aims to apply exploratory data analysis techniques to identify images and diseases infecting
the leaves and describe the diseases (see section 1.2.1).

3.5 Data Preprocessing and Feature Engineering
For the data preprocessing phase, a custom script was developed to organise the dataset into a more
structured format suitable for machine learning tasks. The original dataset from Kaggle consisted of
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images stored in a single folder, with their corresponding disease labels provided in a CSV file. The script
systematically processed each image using the pandas library based on its label to streamline the training
process and ensure that the data was appropriately organised.

The script first reads the CSV file, which contains the mapping between each image file and its associated
disease label. Using the mapping, the script then categorises the images into their respective disease
classes. A separate folder is created for each disease class. The script subsequently moves each image into
the corresponding folder based on its label, resulting in a directory structure where each disease class has
its folder containing all relevant images. Creating a distinct directory for each disease prepares the data
for efficient loading, augmentation, and training for the CNN model, allowing the use of Keras and
TensorFlow inbuilt functions.

v [@ train_images

v [ train_images

> Im Cassava Bactenal Blight (CBB)
custom python script to > I Cassava Brown Streak Disease (CBSD)

structure data

> I Cassava Green Mottle (CGM)

> I Cassava Mosaic Disease (CMD)
> Im Healthy

Figure 9: Data pre-process script output

3.5.1 Train test split

The Cassava leaf dataset was split into training and testing subsets using an 80-20 ratio with stratified
sampling. Stratified sampling ensures that each class is proportionally represented in both the training
and testing sets, preserving the original class distribution (Kohavi, 1995). Train data contains 20,897
images and testing data contains 4179 images, see figure 10 and 11 for distribution of split data.

3.5.1.1 Benefits of stratified sampling

e Maintains class distribution: This method keeps the same proportion of each class in both the
training and test sets, ensuring balanced representation across all classes (He & Garcia, 2009).

e Reduces bias: Stratified sampling minimizes bias towards more frequent classes, providing a fair
evaluation of the model's performance (Japkowicz & Stephen, 2002).

¢ Improves model evaluation: By ensuring all classes are represented, stratified sampling offers a
more reliable assessment of the model's ability to generalize to new data (Sokolova & Lapalme,
2009).

Stratified sampling is essential for the cassava dataset to avoid over-representation of certain classes and
under-representation of others, ensuring that the model learns effectively from all types of disease classes
and can accurately evaluate its performance (He & Garcia, 2009).
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Figure 10: Distribution of training data
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Figure 11: Distribution of test data
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3.5.2 Loading of images

convert to tensors using
Keras

Figure 12: Conversion from image to tensors

To load the images into a data frame for training, the Keras, TensorFlow, and OpenCV libraries were used
to convert the images into tensors for the machine learning algorithm to train on. As in Figure 12, all the
images are converted into a tensor dataset. The number represents the intensity of the RGB (Red, Green,
Blue) channel for each pixel in an 800x600-pixel image.

3.5.3 Normalisation of images

Normalisation Operation
(pixel value / 255)

Image to Tensor

Figure 13: Normalising tensors for efficient training

For several reasons, the normalisation of images is a crucial preprocessing step in developing
Convolutional Neural Networks (CNNs), as shown in Figure 13. Primarily, normalisation helps to
standardise the input data, which can significantly improve the training efficiency and overall performance
of the model. (LeCun et al. (1998). Moreover, it also helps accelerate the training and prevent internal
covariate shifts (loffe & Szegedy, 2015). For the efficient training of a CNN model, every image is
normalised before training the model by dividing each pixel value by 255, as RGB values range from 0-255.
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3.5.4 Data augmentation

Augmentation techniques applied on cassava dataset

Rotated Image

D2 PO L L LA
O A R S Y

Figure 14: Various data augmentation techniques

Data augmentation is a powerful technique used in deep learning to artificially expand a dataset's size and
variability by applying various transformations to the training data. These transformations include
rotations, translations, zooming, flipping, and shearing, as shown in Figure 14. Data augmentation's
primary goal is to enhance models' generalisation ability by exposing them to a broader range of scenarios,
thereby reducing overfitting to the training data (Shorten & Khoshgoftaar, 2019). By increasing the
diversity of training examples, data augmentation helps models handle better input data variations, such

as changes in orientation, scale, or lighting conditions, which are common in real-world applications.

3.5.6 Image resizing
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Original Image (800x600)

Resize Operation on the dataset

Resized Image (227x227)

100
pixels

Figure 15: Image resizing operation

Every image is resized to 227x227 pixels using OpenCV and Keras Figure 15. Resizing images before training
a CNN model is a critical preprocessing step for several purposes. First, CNNs typically require input images
to be of a consistent size to ensure that the network architecture, particularly the fully connected layers,
can be applied uniformly across all images. Inconsistent image sizes would necessitate varying network
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architectures or lead to errors during the forward pass (Krizhevsky et al., 2012). It also helps to reduce
computational complexity. High-resolution images contain more pixels and, consequently, more data,
which can significantly increase the computational load and memory requirements during training. By
resizing images to a smaller, fixed size, it is possible to balance maintaining essential features and reducing
the data's dimensionality, accelerating the training process and utilising less computation power without
significantly compromising model performance (Simonyan & Zisserman, 2014).

3.6 Model selection and training

The Convolution Neural Network consists of numerous parameters and layers to design the architecture
and classify the image data. These layers are organised into multiple learning stages, incorporating
convolutional layers, non-linear processing units, and subsampling layers (Khan et al., 2020). The
architecture is composed of repeatedly stacked feature stages. Each stage contains a convolution module,
a pooling/subsampling module, a normalisation module, and a dropout layer to prevent overfitting (Nitish
Srivastava et al., 2014). After these feature extraction stages, the output is passed through a flattened
layer to convert the multidimensional feature maps into a one-dimensional vector. This vector is then fed
into one or more dense layers for further processing and feature interpretation. Finally, the output layer,
a fully connected module with a softmax activation function, converts the network's outputs into a
probability distribution across the target classes. Then, the class that has the highest probability is
selected.

Architecture of the CNN model

Convolution
Operation

Batch and Feature : Dropout
Normalization Extraction Max Pooling " Layer
using

kernels.

Fully
| Flatten Layer —| Connected |—| Output Layer
Dense Layer

Input Layer f—»

Figure 16: Layers in a typical CNN model

3.6.1 Layers

The CNN architecture consists of a wide array of layers created using Keras and TensorFlow. All the layers
are explained below, and the architecture that showed the best results is Figure 17. The deep learning
CNN model has approximately 7 million trainable parameters.
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Layer (type) Output Shape Param #

batch_normalization (BatchNormalization) (None, 227, 227, 3) 12
conv2d (Conv2D) (None, 227, 227, 32) 896

batch_normalization_1 (BatchNormalization) (None, 227, 227, 32) 128
max_pooling2d (MaxPooling2D) (None, 113, 113, 32) 0

dropout (Dropout) (None, 113, 113, 32) 0

conv2d_1 (Conv2D) (None, 113, 113, 64) 18,496

batch_normalization_2 (BatchNormalization) (None, 113, 113, 64) 256
max_pooling2d_1 (MaxPooling2D) (None, 56, 56, 64) 0

conv2d_2 (Conv2D) (None, 56, 56, 128) 73,856

batch_normalization_3 (BatchNormalization) (None, 56, 56, 128) 512
max_pooling2d_2 (MaxPooling2D) (None, 28, 28, 128) 0
dropout_1 (Dropout) (None, 28, 28, 128) 0

conv2d_3 (Conv2D) (None, 28, 28, 256) 295,168

batch_normalization_4 (BatchNormalization) (None, 28, 28, 256) 1,024
max_pooling2d_3 (MaxPooling2D) (None, 14, 14, 256) 0

flatten (Flatten) (None, 50176) 0

dense (Dense) (None, 128) 6,422,656

dense_1 (Dense) (None, 64) 8,256

dense_2 (Dense) (None, 5) 325

Total params 6,821,585 (26.02 MB)

Trainable params 6,820,619 (26.02 MB)

Non-trainable params 966 (3.77 KB)

Figure 17: CNN model summary

3.6.2 Input Layer

The input layer is configured to receive images of 227x227 pixels with three colour channels (RGB). This
layer is crucial for ensuring that the image data is appropriately formatted before being processed by the
subsequent layers. The specified dimensions balance the need for computational efficiency and the
retention of critical image details. At the same time, the three colour channels allow the model to utilise
colour information effectively, which is often vital in distinguishing between different classes.

3.6.3 Batch Normalisation
Batch Normalisation is applied to normalise the input layer by adjusting and scaling the activations
(Krizhevsky et al., 2012), as explained in section 3.5.3.

3.6.4 Convolution Layers

The convolution operation in Convolutional Neural Networks (CNNs) involves applying a filter (or kernel)
across an input image to produce a feature map. This process detects local patterns, such as edges or
textures, by multiplying element-wise between the input's filter and overlapping regions and then
summing the results (LeCun et al., 1998). Key aspects include using padding to maintain spatial dimensions
and striding to control the movement of the filter across the image. The resulting feature maps retain the
spatial hierarchy of features, making CNNs particularly effective for image recognition tasks (Goodfellow
et al., 2016). Figure 18 showcases the convolution operation on an image.

Figure 18: Convolution operation on tensor to extract features (Wicht, 2018)
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3.6.5 MaxPooling2D: Pooling Layer
MaxPooling layers reduce the feature maps' spatial dimensions (height and width) while retaining the
most essential information. This is achieved by taking the maximum value from a window (e.g., 3x3) within
the feature map. By doing so, MaxPooling reduces the computational complexity and controls overfitting
by progressively reducing the spatial size of the representation, allowing the network to focus on the most
critical features (Zafar et al., 2022). Figure 19 depicts an example of a MaxPooling operation on a tensor

using a 2x2 filter.

12 (20 [ 30 | ©
BN 2 [ 0 | 2x2Max-Pool [N 30
34 | 70 | 37 | 4 112 | 37
112 (100 25 | 12

3.6.6 Dropout layer

Figure 19: Example of MaxPooling operation

Dropout is a regularization technique used to prevent overfitting in neural networks. During training,
Dropout randomly sets a fraction of the input units to zero at each update during the forward pass, which
helps to prevent the model from becoming too dependent on any one feature. (Nitish Srivastava et al.,

2014).

el
sl |

W
S,

-

X%
‘ " .'p ‘w
1\";&

(a) Standard Neural Net

(b) After applving dropout.

Figure 20: Dropout in fully connected dense layer (Nitish Srivastava et al., 2014)

3.6.7 Flatten layer

The flatten layer transforms the 2D matrix of the feature map into a 1D vector that can be fed into fully
connected layers. This step is crucial as it bridges the convolutional and fully connected layers, allowing
the extracted features to be used for classification tasks (Simonyan & Zisserman, 2014). Figure 21 shows

the flattening operation on a multidimensional tensor to convert it into a one-dimensional vector.
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FLATTENING LAYER

Figure 21: Flattening of multi tensors to transfer to dense layer (Khan et al., 2022)

3.6.8 Dense layer

A dense layer, also known as a fully connected layer, is a fundamental component of deep learning
architectures, particularly in neural networks. In this layer, each neuron is connected to every neuron in
the preceding layer, allowing for the comprehensive integration of features extracted from previous layers
(Goodfellow et al., 2016). This full connectivity enables the network to learn complex patterns by
combining features in various ways, which is crucial for image recognition and classification (LeCun et al.,
2015). The dense layer applies a linear transformation to the input, followed by an activation function that
introduces non-linearity, thus helping the model learn intricate relationships within the data
(Schmidhuber, 2015). Figure 22, showcases a fully connected dense layer.
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Figure 22: A fully connected dense layer (Neutelings, n.d.)

output
layer

Output layer

The output layer comprises five neurons, each representing a class in the classification task. It employs
the softmax activation function explained in section 3.7.3 to convert the network’s raw outputs into a
probability distribution, ensuring that the sum of the probabilities equals 1. This facilitates a clear

interpretation of the model’s predictions, with the class assigned the highest probability being identified
as the predicted label.
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3.7 Parameters

3.7.1 Batch size

Batch size refers to the number of training examples processed in one iteration during a Convolutional
Neural Network (CNN) training. Large batch sizes can speed up training and provide stable gradient
estimates but may require significant memory and lead to poorer generalization. Conversely, a small batch
size uses less memory and can improve generalization through noisier gradient estimates but may slow
down training due to more frequent updates (LeCun et al., 2012).

3.7.2 RelU

Rectified Linear Unit is used as the activation function in the layers due to its ability to introduce non-
linearity while being computationally efficient. Unlike sigmoid or tanh, ReLU helps mitigate the vanishing
gradient problem by setting negative values to zero, which accelerates the training process and improves
convergence without adding significant computational overhead (Nair & Hinton, 2010; Glorot et al., 2011).
It is a de facto standard for deep learning applications; hence, for this study, it is used for all the
experiments. Figure 23 illustrates the geometrical intuition of ReLU.

The RelU function is defined as
f(x) =max (0,x)

It outputs the x if it's positive, and zero otherwise.

Graph of ReLU activation function
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Figure 23: Graph of RelU activation function

3.7.3 Softmax

The Softmax function is the final output layer for multi-class classification tasks. Here, the output
probabilities are five. It calculates the probability distribution of the classes in the output layer, allowing
the network to make a decision based on the class with the highest probability (Jing et al., 2022). The
Softmax function is crucial for converting the neural network's raw output into probabilities, enabling the
model to make accurate predictions (Polat & Mehr, 2019).

o(x) = ,ixl ]_,V i is the current class, k is total number of classes
j=1¢
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Graph of Softmax activation function
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Figure 24: Graph of softmax function

3.7.4 Padding

Padding in CNNs involves adding extra pixels around the borders of an image to preserve spatial
dimensions during convolution operations, which get lost in convolution operations see section 3.6.4. This
technique ensures that spatial information, especially at the edges, is retained, enhancing the network's
ability to learn features across the entire image. Additionally, padding aids in position encoding, which is
crucial for tasks requiring spatial understanding, such as object localisation (Innamorati et al., 2019; Islam,
2021; Liu et al., 2018). For example, if a 227x227 image is passed, and if padding is not applied after the
convolution operation, the output image will be of shape less than the original image; utilising padding,
the output shape will be the same as the input image see Figure 25, preserving the spatial dimension
which is crucial for feature extraction.
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Figure 25: Padding operation on an image tensor (K E, n.d.)

3.7.5 Epochs

An epoch in machine learning is one complete pass through the entire training dataset during which the
model's parameters are updated to minimise the loss function (Goodfellow et al., 2016). Multiple epochs
are typically required to allow the model to improve its performance iteratively.

3.7.6 Optimizers (Adam and RMSProp)

Deep Learning uses a concept called gradient descent, which is a fundamental optimisation technique
used to minimize the loss function by iteratively updating model parameters in the opposite direction of
the gradient, general equation of gradient update is described below.

9{t+1} =60;—1n- VG](Bt)
where,
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@ is loss function.

t is the current gradient.

V is partial derivate of 8 w.r.t j, j is the current weight.
e 7 is the learning rate.

For this study, two state-of-art optimizers, namely Adam and RMSProp, are tested, as explained below.

3.7.6.1 RMSProp

RMSProp (Root Mean Squared Propagation) is an optimization algorithm that builds on AdaGrad by
adaptively adjusting the learning rate during training. It does this by using an exponentially decaying
average of past squared gradients, allowing it to dynamically adjust the learning rate for each parameter.
This helps prevent the learning rate from decreasing too rapidly, enabling more stable and efficient
training of neural networks compared to standard Gradient Descent. Algorithm on how it works is
explained below.

e The gradient is calculated, g, = Vg, where g;is the gradient of the loss function 6.

e Accumulate squared gradients: E[g 2]t = BE[g?]t-1 + (1-B) gt? where B is the decay rate, typically
setto 0.9.

e Compute the adaptive learning rate: nt = n / V(E[g?]t + €), where n is the initial learning rate and
€ is a small constant to prevent division by zero, often set to 1e-8.

e Update the parameters: 8t+1 =0t - nt x g;

3.7.6.2 Adam

The Adaptive Moment Estimation optimizer, an extension of gradient descent, combines the advantages
of both momentum and RMSprop by adapting the learning rate for each parameter, improving the
convergence speed and performance stability of deep neural networks (Kingma & Ba, 2015). It is an
adaptive learning rate optimization algorithm that combines the advantages of two other popular
methods: AdaGrad and RMSprop. It computes individual adaptive learning rates for different parameters
based on the estimates of the first and second moments of the gradients, making it particularly effective
for training deep neural networks (Kingma & Ba, 2014). The mathematical formulation is explained in
Figure 26.

For each Parameter w’
(j subscript dropped for clarity)
ve=pF1xv1 — (1 —051) % gt
2
st = P2 * s¢—1 — (1 — B2) * g;

Lt
Awt = —

—— 3k
T]m gt

Wip1 = we + Awy

n : Initial Learning rate

g¢ : Gradient at time t along w’

vy Fxponential Average of gradients along w;

s¢ : Pxponential Average of squares of gradients along wj

B1, Bs : Hyperparameters

Figure 26: Adam optimizer mathematical concept (Kathuria, 2018)
27




3.7.7 Loss Functions

3.7.7.1 Categorical Cross Entropy

The categorical cross-entropy loss function is commonly used in multi-class classification tasks because it
penalises incorrect predictions, encouraging the model to assign high probabilities to the correct class.
This loss function is particularly appropriate for this study, which involves a dataset with more than two
classes, as it ensures that the model's predictions closely align with the actual class labels, thereby
enhancing classification accuracy (Goodfellow et al.,, 2016). The sigmoid function is used for binary
classification since this dataset contains five classes; using sigmoid is futile. For mathematical intuition,
see Figure 27.

 f(s),
Si Softmax
CNN / Crosi;Esr;tropy ot
Sigmoid -
r v f(sl) {___'__\I
| ¢ ' GT |
CE == tlog(f(s)) oo
C'=2 i

CE = — 3 tilog(f(s)) = —tlog(f(s1)) — (1 — t1)log(1 — f(s1))

=1

Figure 27: Categorical Cross Entropy mathematical concept (allglenn, 2023)

3.7.7.2 Focal loss

Focal Loss is a specialised function designed to address the challenge of class imbalance in classification
problems, a common issue in computer vision tasks such as object detection and multiclass classification
using CNNs. Lin et al. (2017) proposed that focal Loss modifies the standard cross-entropy Loss by
introducing a scaling factor that adjusts the loss contribution from easy-to-classify examples.

Focal Loss = FL(pt) = —at(1 — pt)ylog(pt),
Where:
e Pt;: The predicted probability for the true class label.
e a;:Aweighting factor that balances the importance of positive and negative examples (optional).

e y:The focusing parameter that reduces the relative loss for well-classified examples, placing more
focus on hard-to-classify ones. Commonly, y is set to 2.

This method focuses the learning process on hard-to-classify, minority-class instances, thereby improving
the model's ability to handle imbalanced datasets effectively (Lin et al., 2017). Since this study uses an
imbalanced dataset, it is an exciting loss function for optimising the model.

3.8 Evaluation metrics

e True Positive: It refers to the instances that are correctly predicted as belonging to a specific positive
class. Also referred to as TP.

e True Negative: It refers to the instances that are correctly predicted as belonging to a specific negative
class. Also referred to as TN.

e False Positive: It refers to the instances that are incorrectly predicted as belonging to a specific
positive class. Also referred to as FP.

e False Negative: It refers to the instances that are incorrectly predicted as belonging to a specific
negative class. Also referred to as FN.
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3.8.1 Accuracy

It is defined as the ratio of correctly predicted instances to the total instances in the dataset. It provides a
straightforward metric for overall model performance, indicating the proportion of correct classifications
out of all classifications made (Sokolova & Lapalme, 2009).

(Total Number of Correct Predictions) (TP +TN)
(Total Number of Predictions) " (TP +TN + FP + FN)

Accuracy =

3.8.2 Recall
Also known as sensitivity or true positive rate, measures the ability of a model to correctly identify all
relevant instances of a particular class. In the context of multiclass classification, recall is calculated for
each class individually. It indicates the proportion of actual positive instances that were correctly classified
by the model, making it a critical metric in scenarios where missing a positive instance has a high cost
(Powers, 2020).
Recall = & V iis the numer of classes
(TP; + FN;)’
3.8.3 Precision
It is a measure of a model's accuracy in identifying true positive instances out of all instances it predicted
as positive. In multiclass classification, precision is calculated for each class individually, indicating the
proportion of instances predicted as a particular class that actually belong to that class. Precision is crucial
when the cost of false positives is high, as it reflects the model's ability to minimise incorrect positive
predictions (Powers, 2020).
Precision = & V i is the numer of classes
(TP; + FP)’
3.8.4 F1-Score
It is a metric that combines precision and recall into a single value, providing a balanced measure of a
model's accuracy. The harmonic mean of precision and recall ensures that both false positives and false
negatives are considered in the evaluation. In multiclass classification, the F1 score is calculated for each
class individually and can be averaged to provide an overall performance measure (Sokolova & Lapalme,
2009). The F1 score is instrumental when the dataset has a class imbalance, which is true in this case, as
it provides a more comprehensive view of model performance than accuracy alone or when the costs of
false positives and false negatives are both high. Focusing on precision and recall, the F1 score provides a
more holistic view of a model's accuracy (Powers, 2020).
Precision; X Recall;

F1 — Score =2 %X — , V i is the numer of classes
Precision; + Recall;

Developing and implementing a CNN model for detecting and classifying cassava leaf diseases aligns with
the third research objective outlined in section 1.2. Specifically, objective three (RO3) uses image data to
develop and implement a CNN model for disease detection and classification (see Section 1.2.1).

4. Results

This study aimed to compile a CNN which gives the highest possible accuracy based on multiple
parameters. An iterative process of optimizing the model and fine-tuning it was used. The best model
achieved a training accuracy of 99% and a test accuracy of over 90%. An average testing accuracy indicates
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the overfitting of the model due to an imbalanced class of the dataset, although data augmentation see
section 3.5.4 was implemented. All the images were trained and tested for shape (227x227) pixels.

However, a balanced approach was able to achieve 90% accuracy.

4.1 Overall result of the experiments

Activation Train
Run Name Function . Optimizer | Epochs UEIEE Duration Dropc.)ut Accuracy | Precision | Recall F1
(CCE=Categorical parameters R Ratio Score
(mins)
Cross Entropy)
bedecked-
- CCE,ReLU Adam 50 | 1,94,36,101 22 05 45% NA NA | NA
bemused-
penguin- CCE,ReLU Adam 100 | 1,32,76,171 60 0.1 68% 046 | 056 | 05
717
;ac:f:fles Focalloss,ReLU | RMSProp | 10 | 1,32,76,171 5.6 0.1 61% 037 | 061 | 046
fficient-
ek(;f'zezr‘; CCE,RelU | RMSProp | 50 36,41,413 19 0.2 65% 042 | 045 | 0.43
%‘ig:‘;%‘; CCE, ReLU Adam | 100 | 1,94,36,101 43 0.2 63% 035 | 056 | 0.43
placid-
i CCE,ReLU Adam 100 | 68,21,585 49 0.2 93% 093 | 0.94 | 0.94
"';:g:‘;‘:' Focalloss,ReLU | RMSProp | 36 | 1,32,76,171 18 0.1 61% 037 | 0.61 | 0.46

Figure 28: Evaluation chart of different CNN model variants
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Figure 29: Graph of training accuracy over epochs

Figure 29 illustrates the training accuracy of experiments on different neural network configurations for
cassava leaf disease detection, highlighting the importance of balancing model complexity, regularisation,
and hyperparameter settings. The first experiment, placid-snake-567, used the Adam optimizer with a
ReLU activation function, 100 epochs, and a moderate dropout rate of 0.2, achieving the highest accuracy
of 93%. This suggests that a balanced approach with sufficient epochs and proper regularization can help
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the model generalize well. In contrast, the second experiment, bemused-penguin-717, with a lower
dropout rate of 0.1 and fewer trainable parameters, achieved an accuracy of 68%, indicating potential
overfitting due to insufficient regularization. The third experiment, bedecked-lynx-31, implemented a
higher dropout rate of 0.5 but only trained for 50 epochs, resulting in an even lower accuracy of 64%,
suggesting underfitting where the model could not learn effectively due to excessive. The rest of the runs
have similar results of above 60% accuracy in test data. How the loss function decreased with each
iteration is explained below.

Confusion Matrix
2500

Cassava Bacterial Blight (CBB) - 162 14 4 &

@

2000

Cassava Brown Streak Disease (CBSD) - 2 376 3 26 9
— 1500
T
8
: Cassava Green Mottle (CGM) - 3 13 B4k 36 8
2
- 1000
Cassava Mosaic Disease (CMD) - 3 15 18 5
- 500
Healthy - 17 20 23 41 447

Cassava Bacterial Blight (CBB) -
Cassava Green Mottle (CGM) -
Cassava Mosaic Disease (CMD) -

Cassava Brown Streak Disease (CBSD) -

Predicted Label

Figure 30: Confusion matrix for best model placid-snake-567

The diagonal entries represent the number of correct predictions, indicating that the model performed
best at identifying CMD, with 2522 correct predictions. Other diseases like CBB, CBSD, and CGM showed
fewer correct predictions, with some misclassifications. For instance, CBB was sometimes confused with
other categories, as indicated by the off-diagonal values, such as 14 instances where CBB was misclassified
as CBSD. The model also correctly identified 447 healthy samples but made some errors, as shown by
misclassifying healthy samples as other diseases. While the model is highly effective in detecting CMD, it
struggles to distinguish between other diseases, suggesting a need for further refinement or balanced
training data to improve accuracy across all categories.

31




Training Loss Over Steps for Different Runs
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Figure 31: Graph of loss over epochs

Figure 31 illustrates the loss over epochs while training; on the x-axis, epochs represent the number of
iterations the model has undergone, while the y-axis denotes the loss value, which measures the error
between the predicted outputs and the actual values. From experiments, it is evident that most runs
achieved a loss of less than 0.5 in a mere 15-20 epochs, indicative of the prowess of the Adam optimizer
see section 3.6.7.2. Several runs, such as bedecked-lynx-31 and bemused-penguin-717, start with a high
loss but experience a rapid decline within the first few epochs, reflecting the early phase of training where
the model quickly adjusts to the data. In contrast, runs such as victorias-gnat-76 suffered from a vanishing
gradient problem, as it remained stuck at a loss value of 1.5 throughout the training period, where Focal
Loss was used.

4.2 Key findings

e  While focal Loss is known to better tackle imbalanced datasets, contrary to Lin et al. (2017),
it did not outperform Categorical Cross-Entropy loss in this instance. This result underscores
the need for further research and experimentation to enhance the understanding and
application of loss functions in deep Learning.

e While increasing the dropout layer can help mitigate overfitting (Nitish Srivastava et al., 2014),
it is essential to note that it also comes with a trade-off. In this case, the trade-off was a
significant decrease in the model's overall accuracy run bedecked-lynx-31 illustrates the same.

e Increasing the layers of CNN ramped up the model's complexity and total trainable
parameters. This, in turn, led to a longer training time and a reduction in the model's
generalisation ability, highlighting the need for careful consideration in model design.

e Deep Learning using CNN has significantly improved using state-of-the-art optimisers such as
Adam, which achieved over 90% accuracy in training in a mere 20 epochs (run name: efficient-
koi-221).

e Adam optimizer performed faster convergence and better accuracy than RMSprop optimizer.

5. Discussions

This section discusses the significance of the literature review based on different aspects of the research
and how it aligns with or differs from other findings.

5.1 Overfitting and class imbalance

Despite using dropout layers and data augmentation, the finding that there is overfitting to the CMD class
aligns with existing literature highlighting the challenges of class imbalance in deep learning models
(Kamilaris & Prenafeta-Boldu, 2018). In plant disease detection, the class imbalance can lead to models
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becoming biased towards more prevalent classes, as seen with the CMD class in this study, which has over
10,000 images. This is consistent with previous findings, where CNNs perform better in dominant classes
due to their higher representation in the training data (Abayomi-Alli et al., 2021; Lu et al., 2021).

5.2 Impact of dropout layers on model accuracy

The observation that increasing the dropout rate reduces the overall accuracy supports the findings of
Srivastava et al. (2014), who noted that while dropout helps in the prevention of overfitting by randomly
dropping neurons, excessive dropout can lead to underfitting, where the model fails to learn adequately
from the training data. From Figure 28 for the run bedecked-lynx-31, the dropout layer used is 0.5, which
means fifty per cent of neurons will deactivate while training, which led to underfitting, rendering
insignificant results.

5.3 Model complexity and generalisation

Increasing the complexity of the CNN model by adding more layers resulted in a longer training time and
reduced generalisation, which aligns with findings from (He et al., 2016; Lu, 2023). These studies indicate
that deeper networks can learn more complex features but are also more prone to overfitting, mainly
when training data is limited or imbalanced. The results align with the broader understanding that while
deeper architectures like ResNet can enhance performance, they require careful management of training
resources and overfitting risks (He et al., 2016; Lu, 2023).

5.4 Effectiveness of optimizers: Adam vs. RMSprop

The superior performance of the Adam optimizer used by runs placid-snake-567, bemused-penguin-717,
bedecked-lynx-31, achieving over 90% accuracy within 20 epochs see Figure 28, supports the findings of
Kingma and Ba (2015), who demonstrated Adam's effectiveness in adapting learning rates based on
gradient moments, leading to faster convergence and better performance than other optimizers like
RMSprop. This study confirms that Adam's adaptive learning rate capabilities make it suitable for complex
classification tasks, such as cassava disease detection, where rapid and efficient learning is crucial (Kingma
& Ba, 2015).

5.5 Focal Loss vs. Categorical Cross Entropy

Despite the theoretical benefits of focal loss in handling class imbalance (Lin et al., 2017), its performance
in this study was not superior to categorical cross-entropy. For the run (victorious-gnat-76), where the
focal loss was used with the RMSprop optimizer, the training accuracy was only 63%, with the loss
plateauing around 1.5, indicating a possible vanishing gradient problem. This result suggests that while
focal loss can benefit specific contexts, its effectiveness may be limited when used with specific optimizers
or network architectures. These findings suggest that the choice of loss function and optimizer must be
carefully considered based on the specific characteristics of the dataset and the model architecture (Lin
et al, 2017).

5.6 Accuracy in context of model variations

Accuracy remains a critical metric in evaluating the performance of different CNN configurations. As seen
in this study, placid-snake-567 achieved the highest accuracy of 93%, which significantly surpasses the
performance of another study (Ding, 2022), which achieved an accuracy of 75%. This can be attributed to
Categorical Cross Entropy (CCE) loss with the Adam optimizer, suggesting that this combination is
particularly effective for cassava leaf disease classification (Kingma & Ba, 2015). In contrast, runs using
Focal Loss, such as victorious-gnat-76 and carefree-mole-118, achieved lower accuracy levels, indicating
that while Focal Loss is designed to handle class imbalance, it may not be as effective as CCE in this specific
application. The lower accuracy observed in these runs aligns with findings from Lu et al. (2023) that
suggest focal loss may require more careful tuning and may not universally outperform traditional loss
functions like CCE, especially in multiclass scenarios. Additionally, models with a higher number of
trainable parameters, such as bemused-penguin-717, did not achieve the highest accuracy, suggesting
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that increasing model complexity does not necessarily translate to better performance, as He et al. (2016)
noted.

6. Conclusions

This study, which focused on using Convolutional Neural Networks (CNNs) to detect and classify diseases
in cassava leaves, evaluated different architectures, optimisations, and loss functions. The findings are
clear: the CNN model using Categorical Cross Entropy with the Adam optimiser achieved the highest
accuracy of over 90%, reinforcing the credibility of the research.

This work's implications include the potential for deploying these models in real-world agricultural
settings. This would enable farmers to detect diseases early and manage crops more effectively, thereby
significantly reducing losses and improving yield. The study also underscores the importance of addressing
class imbalance and optimising model parameters, which are critical for improving model performance in
practical applications.

This research demonstrates the effectiveness of deep learning techniques, particularly CNNs, in
agricultural disease detection. The comparative analysis of different optimisers and loss functions
contributes to the existing knowledge by identifying optimal configurations for cassava disease
classification, providing a valuable reference for future studies.

6.1 Revisiting research questions
RQ1: How can machine learning models be effectively utilized to detect and classify diseases in cassava
leaves based on image data?

This study comprehensively explores using Convolutional Neural Networks for disease detection in cassava
leaves. By employing various CNN architectures and optimisers, the research demonstrates that machine
learning models can be effectively used to analyse image data to classify cassava diseases. The successful
classification of diseases such as CMD, CBB, and CGM, as evidenced by the results from different runs
(e.g., placid-snake-567 achieving 93% accuracy), shows that CNNs are capable of detecting subtle features
in images that are indicative of specific diseases. This aligns with previous research highlighting the power
of CNNs in image-based classification tasks (Hoeser et al., 2020; Lu et al., 2023).

RQ2: What impact do the identified diseases have on cassava crop health and yield, and how can early
detection improve agricultural outcomes?

The study indirectly addresses the impact of identified diseases on cassava crop health and yield by
focusing on CNNs' early detection capabilities. Accurate early detection of diseases such as CMD, which is
overrepresented in the dataset, implies that actionable insights can be provided to farmers and
agricultural stakeholders, leading to timely interventions. The research demonstrates that machine
learning models can effectively analyse image data to classify different cassava diseases, achieving 93%
accuracy in one instance. This study aligns with previous research emphasising the importance of early
disease detection for maintaining crop health and maximising yield, such as the work of Hoeser et al.
(2020) and Lu et al. (2023).

RQ3: Which machine learning model of CNN demonstrates the highest accuracy and effectiveness in
detecting and classifying diseases in cassava leaves?

The study evaluates different CNN architectures, optimisers, and loss functions to identify the most
effective model for disease detection in cassava leaves. The results indicate that the CNN model using
Categorical Cross Entropy with the Adam optimiser (placid-snake-567 run) demonstrates the highest
accuracy and effectiveness, achieving a 93% accuracy rate. This finding is consistent with the literature,
which often cites Adam as a highly effective optimiser for training deep learning models due to its adaptive
learning rate capabilities (Kingma & Ba, 2015). In comparison, models using Focal Loss with RMSprop, like
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victorious-gnat-76, achieved lower accuracy, highlighting the superior performance of the Adam optimiser
in this context.

6.2 Limitations

Basic CNN model used: This study used a basic CNN model due to computation limitations. A
hybrid approach such as Transfer Learning requires more computation power.

Insufficient Layers of CNN: CNN works on the principle of extracting features using kernels
(section 3.6.4); however, in this study, a low number of layers is used due to limited computing
power.

Data Imbalance: The data collected from Kaggle is exceptionally imbalanced, with CMD
dominating features, which led to incorrect classification on several models (see Appendix 8.4).

No use of Bagging: Bagging refers to combining multiple machine learning models to train
separately and make predictions using all three to obtain more accurate predictions.

Inadequate Data: Deep Learning algorithms require a substantial amount of data to perform
effectively, and the data present in Kaggle is extremely limited, with approximately 20,000 images.
This data can only contribute to a small number of features from overall images, leading to
underfitting.

Detection Only: This study only focuses on the type of disease the plant has, which is limited to
four; it does not discuss how to tackle them.

6.3 Assumptions

Independent Runs: Each run is assumed to be independent of the others, meaning that the
results of one run do not influence another. This independence is crucial for drawing valid
conclusions from comparisons.

No External Interference During Training: It is assumed that the training process was not
interrupted or influenced by external factors, such as hardware failures or significant changes in
computational resources, which could affect the training dynamics and the resulting loss values.
No Data Leakage: Data leakage is not just a technical term but a potential threat to model
generalisation. It occurs when training data contains more information than expected, such as
information from test data, leading to poor generalisation of real-world unseen data.

6.4 Future work and implications

The classification of disease in cassava can be further improved using a more hybrid approach to
developing a machine learning model, such as XGBoost, to train the model and CNN for feature
extraction.

The use of a functional (non-sequential, not used in this study) model allows for the creation of
more sophisticated deep learning models that go beyond the linear stack of layers. This can
further help create models with non-linear shared layers, multiple inputs beyond images, and
extra information that can be used for training. This approach will significantly increase the
effectiveness of disease management, providing reassurance and confidence in the system's
capabilities.

A more diverse dataset, which contains huge amounts of image data of cassava leaves, would help
the algorithm, particularly deep learning, extract more features and generalise the model more
for better performance on unseen data.

One promising direction is to develop a system that identifies the presence of a disease and
assesses its severity. The model could simultaneously predict the disease type and severity level
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by incorporating multi-task learning approaches. This information could be invaluable for farmers,
allowing them to prioritise interventions and allocate resources more effectively (Kamilaris &
Prenafeta-Boldu, 2018).

e Additionally, the proactive nature of real-time monitoring and early warning systems could be a
game-changer in disease management. By using temporal data, such as satellite imagery or sensor
data, to monitor changes in plant health over time, farmers could predict the potential spread of
diseases and assess the risk to crops. This proactive approach holds the potential to significantly
reduce the overall impact of diseases on cassava production, instilling hope and optimism for a
healthier crop yield (Picon et al., 2019).

If more time had been available, the study could have focused on several improvements. A larger and
more balanced dataset could have been developed to address class imbalance through additional data
collection or advanced augmentation techniques. Exploring more sophisticated algorithms, such as
XGBoost, RandomForest, and advanced CNNs with different image sizes, could have provided more
profound insights. Additionally, experimenting with new pooling methods like Local Average Pooling and
MinPooling might have enhanced feature extraction. Integrating advanced models like LSTMs and GANs
could also have improved the model's ability to detect and classify diseases by capturing complex patterns
and generating synthetic training data.
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Downloaded: 25/08/2024
Approved: D3/06/2024

Karmash Katwani

Registration number: 230140589
Information School [ak.a iSchool)
Programme: MSc Data Sciance

Dear Kamash
PROJECT TITLE: Disease Detection in Cassava Leaves

APPLICATION: Reference MNumber 061348

This letter confirms thal you have signed a Universily Research Ethics Committee-approved sell-declaration to confirm that your research will
imvalve only axisting resaarch, clinical or olher data that has baen robustly anonymised. You have judgead it 1o ba unlikely thal this projact
would cause olfenca o thasa who orginally providad the data, should they become awara of il

As such, on behall of tha University Rasearch Ethics Committes, | can confirm that your project can go ahead on tha basis of this sali-
declaration.

It during tha course ol the project you naed lo deviale significantly from the above-approved documeniation pleass inform me sinca full ethical
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