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Chapter 1: Introduction

~
The global waste crisis, driven by rapid urbanization and industrial expansion, s d\.ﬂj\
poses significant environmental challenges, particularly in Saudi Arabia, where

the country generates approximately fifteen million tons of solid waste annually

[22]. Plastic waste, a major component of this volume, contributes to soil

degradation, groundwater pollution, and marine ecosystem damage when .
improperly managed [21]. In Jeddah, for instance, the largest landfill receives < . o | . - . ¢ & o &
over 5,000 tons of waste daily, threatening nearby communities with pollution- _@ﬁ)ﬁ\ uh@y‘ DJQ‘)‘} Lﬁ..d\ u‘)M\ :ﬁy‘
related health risks [16]. The recycling rate in Saudi Arabia remains below 5%, Y

stark contrast to global standards [17], due to inadequate infrastructure, limited

public awareness, and reliance on inefficient manual sorting methods.

Figure 1. Plastic Recycling Rates: Saudi Arabia Vs. Global Average Vs. Germany (Packaging
50%
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1.2 Thesis Objectives

The main objective of this study is to develop an intelligent classification system
for plastic waste using Al to enhance waste management in Saudi Arabia,
aligning with Vision 2030 sustainability goals [16]. The specific objectives are as
follows:

Apply Convolutional Neural Networks (CNNs) to classify plastic waste based
0nimage data [26].

Evaluate the accuracy of classifying several types of plastic waste using
CNNs in realworld scenarios [26]

Compare the Al-based classification system with traditional manual sorting
methods in terms of accuracy and efficiency [2].

[dentify key challenges in training a CNN model for plastic waste
classification, particularly regarding data quality and availability [25]

Apply optimization techniques to enhance the accuracy of the CNN-based
classification system in diverse scenarios [29].

Assess the quanfitative and qualitative impacts of Al integration on
environmental sustainability and economic outcomes in Saudi Arabia 6]
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1.3 Thesis ComntribDbutiom
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This thesis is organized into sewveral chapters to systematically address the
rescarch objectives. Chapter 1 introduces the global waste cnsis, particularliy imn
Sawudi Aarabia [ZZ2]. amnd outhines the research problerm, objectives, and

contributions . Chapter 2 presaents an overview of theoretical literature undaernEimnEmimnc
the study, Ncluding deep leaming, CRNMNs |, GARMs , and loT applications in waste
management. Chapter 3 reviews prewvious siudies omn Al in waste managerment,
identifyimg rescarch gaps [Z24]. Chapter 4 details the proposed Al-based
classification systerm and its architecture. Chapter S discusses expaerimental
resulis and their implications. Finally, Chapter & prowvides a conclusion anmnd
suggesis directions for future work .
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Table 4:

Study

Advancing
Plastic Waste
Classification

Automation of
Plasiic
Recycling

Deap
Learning for
Recyclable
Products

WasteGAN
for Robotic
Sorting

Al for Circular
Economy

Al and loT for
Sustainabiity

Deap
Learning for
E-Waste
Management

Commercial
Automated
Sorting

Alin
Underserved
Commmamities

Bibliometric:
Analysis of
Recycling
Trends

S

Synthesis Matrix for Literature Review:

Author
5

Cheoi at

Bin
Diasj

Ahrmed

Bacchi

BoZit

Yadav

Cize &
Kony
Eha

Alexan
dridis

Mwoke
di

Tsuchi

mote &
Kajika

wa

Year

2092

2024

2023

2024

2023

2024

2024

2022

2024

2022

Research Design

Experimental
study on YOLO
models

Case study of
sorting facility

Experimental
CNIN model

Experimental
GAN model

Policy and case
study analysis

Framewaork
design for loT +
Al

Supervised
learning for e-
waste

Analysis of
sorting
technologies

Surveys and case
studies

Bibdiometric
analysis

Key Findings/Results.

Achiewed 31.7%
classification accuracy;
improved precision for
PET and PET- plastics
ower tradiional mathods.

Automated sorting
improved accaracy by
30%. reducad manual
laber, enhanced
efficiency in specific
facilities.

BB% accuracy in
recyclable product
classification; reduced
ermors and improved
operational efficiency.

WasteGAN enhancad
sorting accuracy by 15%
via synthetic training
data.

Emphasized Al's role in
respurce optimization,
cost savings, and
addressing policy gaps
for circular economy.

Improved waste
management efficiency
by 40%: reduced
processing times with kT
and Al integration.

High accuracy in
identifying recyclable e-
waste components;
cross-applicability for
plastic recyding.

Increasad throughput with
automation but struggled
with complex materials
like multiayer plastics.

Enhanced segregation
accuracy and community
participation; cost barriers
hindered scalabiity.

Highlighted interast in Al
for recyeling: need for
practical applications and
interdisciplinary
approaches.

Methodology

YOLO deep learmning
algorithm with image
sensors and pneumatic
systems.

Laser and optical sorting in
controlled facility.

CNN model trained on
labeled datasets.

GAN-generated data for
robaotic sorting systems.

Case study reviews and
policy framework analysis.

loT sensors and Al-based
real-time maonitoring
framework.

Supervised leaming on
labeled e-waste datasets.

Data-driven analysis in
Material Recovery Faciities
(MRFs)

Surveys and Al
implementations in low-
TESOUIGE Areas.

Analysis of 25,000+ studies
on recycling trends and
technologies.

Limitations

Scalability issues; high
sensitivity to Bghting
conditions.

Limited to one faclity;
findings lack generalizabiity.

Small dataset size; imited
diversity in tramning data.

High computational
complexity; costly training
processes.

High implementation costs;
lack of cohesive global

policies.

Integration challenges with
heterogensous technologies.

Material complexity; reliant
on high-quality datasets.

1.5 -focused findings: limited
global relevance.

High costs limited scalability
in underserved settings.

Lack of practical case
studies or real-workd
application insights.
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Chapter 4: Experimental Methodology, Results, and Discussion (J.ui\ A.EA) Gl Tda
4.1 Introduction (el o 2T el gl

This chapter presents a comprehensive empirical framework for the development
and evaluation of deep learning models for the automated classification of waste.

In a consolidated approach, this chapter integrates the description of the followed —’L\S) J@‘im 5 ) sa 10,61 7) L.‘;L)Jm b)) s 22,564 e‘—‘\iiw‘ :QUQ:\M
methodology with a thorough analysis of the experimental results, ensuring a _(J_Ugﬂj fd_,lﬁj fx_,j_..'ag

cohesive and logically consistent scientific narrative. The chapter begins with a
detailed description of the dataset and the preprocessing pipeling, followed by the
training and evaluation strategy. Subsequently, the performance of each individual
and hybrid model is presented and analyzed, culminating in a comprehensive Gjbuj ‘PyTorcthpenCV GliSa sPython dal e\qs;m\ :&\\9.\;\1\

comparative analysis aimed at identifying the optimal solution that balances
accuracy, efficiency, and stability. NVIDIA GTX 950M. o

These experiments were designed to achieve two primary objectives: first, to
rigorously evaluate the efficacy of the Transfer Learning strategy using a range of
well-established Convolutional Neural Network (CNN) architectures. Second, to
explore the performance of advanced hybnid architectures, thereby pushing the
boundaries of classification accuracy in this domain. All experiments were
conducted on a public dataset comprising 22,564 images for training and 10,617
images for testing and validation, classified into two primary categories: "Organic
(0)" and "Recyclable (R)". A computing environment equipped with an NVIDIA
GeForce GTX 950M Graphics Processing Unit (GPU) was utilized to accelerate
the computationally intensive training process. A standardized training
methodology, including the Adam optimizer, Cross-Entropy loss function, and an
early stopping mechanism, was uniformly applied to ensure a fair and robust

_ www.midocean.ae
comparison across all models.
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4.3 Experimental Design and Training Methodology
.(2¢lICNN-Transformer) ) zased (358 1 jaY) Aagidl)

4.3.1 Architectures Under Investigation

To provide a comprehensive evaluation, a diverse set of architectures . .
representing different generations of CNN evolution and advanced .9%97.65 sz‘ LJ.\.uaﬂ‘ 48, d g :M\ 49,1

hybrid models were selected:

+ Single Models: ResNet18, VGG16, DenseNet121, EfficientNet-
B0, MobileNetV/3.

+ Hybrid Models: An Ensemble Model (combining the top three
single models) and an innovative CNN-Transformer
architecture.

4.3.2 Transfer Learning and Fine-Tuning Strategy

The transfer learning strategy was applied to all single models. All parameters of
the pre-trained network were initially frozen by setting their requires grad attribute
to False to preserve the leamned generic features. The final classifier layer was
then replaced with a new layer tailored to the binary classification task. For
certain models like ResNet18, a fine-tuning approach was implemented by
unfreezing the final convolutional blocks to allow the model to adapt its high-level
features to the specific nuances of waste imagery.

www.midocean.ae
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Table 5: Comparative Performance Metrics of Tested Models

Best Validation
Accuracy (%)

CNN-Transformer

97.65%

Approx. Training Precisio Recall

Time

~1.3 hours

n

ResNet18 96.22% ~5 hours 0.94 0.94 0.94
Ensemble Model 96.00% (Evaluation Only) | 0.96 0.96 0.96
DenseNet121 95.46% ~2.2 hours 0.95 0.95 0.95
VGG16 95.13% ~1.3 hours 0.96 0.96 0.96
EfficientNet-BO 94.22% ~44 minutes 0.94 0.94 0.94
MobileNetV3 93.79% ~18 minutes 0.94 0.94 0.94

www.midocean.ae
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4.7 Final Recommendation

Based on its superior performance across all key metrics—accuracy, stability, and
innovation—the hybrnd CHNMN-Transformer model is the definitive recommendation
for the proposed system. This choice is justified by its high accuracy of 97_.65%, its
excellent tramning stability, and its alignment with the research theme of utilizing
emerging technologies. This research successfully demonstrates that applying
advanced hybrnd architectures can achieve state-of-the-art results in automated
waste classification, paving the wavy for effective, real-world applications that
contribute to sustainability goals.
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